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Abstract

Microalgae have emerged as sustainable biofactories producing diverse bioactive compounds
with significant applications in nutrition and cosmetics. Their high metabolic versatility makes
them promising alternatives to conventional resources for addressing global challenges such
as malnutrition, food insecurity, and environmental degradation. This review provides an inte-
grated perspective on microalgal bioactives, highlighting their role in functional foods, dietary
supplements, and maternal and infant nutrition, as well as their incorporation into cosmetic
formulations for anti-aging, photoprotection, hydration, and microbiome support. Mech-
anistic insights reveal antioxidant, anti-inflammatory, and extracellular matrix-preserving
effects, alongside UV absorption and barrier reinforcement. The review also discusses their
biochemical diversity, mechanisms of action, safety, regulatory considerations, and emerging
technologies for formulation and delivery. Al-driven and machine-learning approaches using
microalgae for cosmetic and nutritional applications have also been discussed. Overall, mi-
croalgae serve as a cornerstone for next-generation nutraceuticals and cosmeceuticals, aligning
with sustainability and circular-economy principles.

Keywords: microalgae; nutraceutical; cosmeceutical; bioactive compounds; commercial
applications; artificial intelligence

1. Introduction

In an era marked by unprecedented global population growth, projected to reach
9.22 billion by 2075 [1], the formidable challenges to food security, nutrition, and pub-
lic health necessitate the exploration of sustainable, nutrient-rich, and health-enhancing
food sources. This population growth, combined with reduced arable land and rising
environmental issues, highlights the urgent need for new biological solutions [2].

Microalgae and macroalgae have emerged as transformative biological resources for
addressing global challenges in food security, sustainability, and human health. These
photosynthetic organisms exhibit remarkable metabolic flexibility, enabling the biosynthe-
sis of high-value compounds, including proteins, polyunsaturated fatty acids, pigments,
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vitamins, polysaccharides, and phenolic compounds [3-5]. Compared with macroalgae,
microalgae offer several advantages that underpin their growing importance in diverse
applied applications. Microalgae generally display higher growth rates and biomass pro-
ductivity, can be cultivated year-round in controlled systems such as photobioreactors
and fermenters, and provide more consistent biochemical profiles, thereby minimizing
variability associated with seasonal and geographic factors that commonly affect macroal-
gae [6,7]. In addition, their cellular structure facilitates efficient downstream processing and
biotechnological optimization, enabling scalable, sustainable, and standardized production
of high-value bioactive compounds. Furthermore, their ability to thrive in diverse aquatic
environments and modest resource requirements positions microalgae as sustainable alter-
natives to conventional agriculture.

Among the proposed solutions, microalgae serve as versatile biofactories with applica-
tions across multiple sectors. Their biochemical richness supports diverse uses, including
bioenergy (biodiesel, bioethanol), environmental remediation (CO; capture, wastewater
treatment), agriculture (biofertilizers, animal feed), and industrial biotechnology. Figure 1
provides an integrated overview of these multifaceted roles.
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Figure 1. Integrated overview of microalgae applications in human health and biotechnology.

While their contributions to energy and environmental sustainability are significant,
the role of microalgae in human health, particularly nutrition, stands out as most impactful.
Their rapid biomass accumulation, efficient solar energy conversion, and modest resource
requirements further position them as superior alternatives to conventional agriculture,
particularly in addressing global malnutrition, which accounts for more than 3.5 million
deaths annually [8]. In addition to their nutritional role, microalgae provide a sustainable
platform for innovation in cosmetics and personal care. Bioactive pigments, polyphenols,
and polysaccharides derived from microalgae exhibit anti-aging, photoprotective, and
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skin-repairing properties, aligning with the growing demand for natural and eco-friendly
cosmeceuticals.

Together, these attributes position microalgae at the intersection of sustainability,
nutrition, and health. Their integration into functional foods, supplements, and biomedical
formulations reflects a paradigm shift toward holistic, preventive healthcare strategies that
emphasize natural, safe, and environmentally responsible solutions [7,9]. Although several
reviews have examined the role of microalgae in biotechnology, most have focused narrowly
on industrial applications, such as biofuels and wastewater treatment, or on isolated
biomedical applications. In contrast, this review offers a holistic perspective by integrating
nutritional and cosmetic applications with mechanistic insights, safety considerations, and
market trends. It further introduces computational and Al-driven approaches, such as
machine learning, genome-scale metabolic modeling, and smart biorefineries, as emerging
tools for sustainable microalgal applications.

2. Nutritional Applications of Microalgae

The diverse portfolio of bioactive compounds synthesized by microalgae underpins
their growing relevance in health-oriented industries. While these molecules, ranging from
pigments and lipids to polysaccharides and peptides, form the biochemical basis of their
nutraceutical and therapeutic potential, their broader nutritional significance lies in how
they are incorporated into human diets. Moving from molecular diversity to practical
utility, the following section highlights the nutritional applications of microalgae, focusing
on their role as whole foods, supplements, functional ingredients, and contributors to
global food security and human well-being.

2.1. Microalgae as Natural Foods and Dietary Supplements

Microalgae are recognized as nutrient-dense organisms that provide high levels of
protein, essential fatty acids, vitamins, minerals, and bioactive compounds, making them
valuable for combating malnutrition and formulating functional foods [8].

Among the most commercially successful applications of microalgae is their use as
whole foods and dietary supplements. Spirulina (Cyanophyceae) and Chlorella (Chloro-
phyta) are the most established species, together representing over 90% of global microalgal
biomass production [10]. Their dominance reflects robust cultivation traits, validated safety,
and well-documented nutritional and therapeutic potential [11]. They are marketed world-
wide in tablet, powder, and capsule forms and are increasingly incorporated into smoothies,
snack bars, and fortified products (Table 1). Their nutrient density, including protein levels
of 58-65% dry weight, a complete essential amino acid spectrum, and a comprehensive
array of vitamins (provitamin A, E, K, B12), essential minerals (iron, calcium, magnesium,
zinc), and omega-3 fatty acids, combined with a long history of safe human use, underpins
their widespread acceptance [8,12].

Regulatory validation has been critical in advancing their market presence. The U.S.
Food and Drug Administration (FDA) and the European Food Safety Authority (EFSA) have
granted Spirulina and Chlorella Generally Recognized as Safe (GRAS) status, enabling their
use in a broad range of supplements and nutraceutical products [2,12]. This recognition,
supported by extensive toxicological studies, has bolstered consumer confidence and driven
their growing role in sports nutrition, weight management, and wellness markets [13].

The economic significance of microalgae-based supplements is considerable. Annual
production reaches approximately 10,000 tons for Spirulina and 4000 tons for Chlorella,
contributing to a multi-billion-dollar industry [14]. The global value of Spirulina is projected
to exceed USD 779 million by 2026, with phycocyanin alone expected to reach over USD

https:/ /doi.org/10.3390/phycology6010017


https://doi.org/10.3390/phycology6010017

Phycology 2026, 6, 17

4 of 39

232.9 million by 2025 [14]. Overall, the algae-based supplement market is forecasted to
reach USD 2.52 billion by 2025, with microalgae accounting for nearly 60% of this sector [8].

Table 1. Commercial microalgae-based products for nutritional supplements, functional foods,
beverages and maternal/infant nutrition.

Product Brand/Factory Country Category Approx. Price (USD)
NOW Certified Organic Spirulina 1000 mg e
(120 tablets) NOW Foods USA Supplement (tablets) $16-20
Nutrikraft Spirulina Tabs 500 mg (120 tabs) Nutrikraft Netherlands Supplement (tablets) ~$12-15
On Target Living Spirulina/Chlorella 50/50 On Target Living USA Supplement (tablets) ~$45-55
Original Sup erfogng)COhlorella Spirulina Original Superfoods Netherlands Supplement (tablets) ~$35-40
Olé Blue Spirulina Powder (100 g) Olé Blue Spain Powder ~$18-22
SpiruUp Organic Drink (240 mL) Spirulina Becagli Italy Beverage (detox drink) ~$3-4 per bottle
Sol-ti Blue Spirulina SuperAde (14.9 fl 0z) Sol-ti USA Functional Beverage ~$5-6
Spirulina Elixir Algorigin Switzerland Functional sports drink ~$4-5 per serving
: Y Solabia-Algatech Supplement & beverage ~$25-30 (per
Astaxanthin Ready-to-Mix Powder Nutrition France/Israel mix 30 servings)
Fruit Drink with Szgg;lrlin)a (Apple & Peach, Cocowoods.cz Czech Republic Functional Juice ~$2.50-3.00
Go Raw Spirulina Seed Bar (14 g) Go Raw USA Snack Bar ~$1.25-1.50 per bar
Spireat Spirulina Bio Snack (35 g) Spireat Italy Snack Bar ~$2.00-2.50
Mulberry Cacac;_—;iggulma Seedbar Elemental Superfood USA Snack Bar ~$20-25 per box
Roo’Bar High Protein Chia & Spirulina (60 g) Roobar EU/Middle East Snack Bar ~$2.00-2.50
Spirudle—Spirulina Vegan Pasta (4 x 75 g) Beatus Natura Italy Pasta ~$6-8 per pack
Natoo Organic Spl;g(l)lg; Pasta (Chiocciole, Natoo Ttaly Pasta ~$5-6
Spring Spirulina Premium Pasta . N e
(Linguine/Fusilli, 500 g) Spring Spirulina Italy Pasta $6-7
Premibio Prim?éifnilﬁl nt-Based Infant Premibio USA Infant Formula ~$35-40 per can
Else Nutrition Plant-Based Toddler Formula Else Nutrition Canada Infant/Toddler Formula ~$40-45 per can
Kendamil Organic Infant Formula (with . RO
‘Algal DHA) Kendamil UK Infant Formula $50-55 per can
Bebe M Organic Rice-Based Anti-Reflux Bebe M Germany Infant Formula ~$30-35 per pack
Infant Formula
BHK's Prenatal DHA Algae Oil Softgels BHK USA Prenatal Supplement ~$20-25
Mama’s Select Prenatal DHA Supplement Mama’'s Select USA Prenatal Supplement ~$25-30
Nordic Naturals Algae Omega Prenatal Nordic Naturals USA Prenatal Supplement ~$30-35

Microalgae also represent a promising source of essential nutrients for maternal and in-
fant health (Table 1). Species such as Spirulina, Chlorella, and Dunaliella salina (Chlorophyta)
are rich in iron, vitamin A (f3-carotene), vitamin B12, folate, and long-chain polyunsatu-
rated fatty acids, which are critical for fetal development, cognitive growth, and immune
function in infants [15,16]. Incorporating microalgal powders or extracts into maternal
diets improves micronutrient status, prevents anemia, and enhances the nutritional quality
of breast milk [14]. For infants, these nutrients can be delivered through fortified formulas,
complementary foods, or dietary supplements, providing bioavailable alternatives to tradi-
tional sources such as fish oils while supporting sustainable and environmentally friendly
production [17]. The combination of high-quality proteins, bioactive compounds, and
essential micronutrients offers a holistic approach to preventing deficiencies and promoting
overall health in both mothers and infants.

Unlike traditional crops, microalgae can be cultivated in controlled aquatic systems
with minimal land, freshwater, or agricultural inputs, while producing high yields of
nutrient-dense biomass [6]. Their environmental advantages, combined with their rich
nutritional and bioactive profiles, place microalgae at the forefront of next-generation func-
tional foods and supplements that advance both human health and global sustainability.
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2.2. Microalgae in Animal Feed and Indirect Human Nutrition

Microalgae represent a sustainable alternative to conventional feed ingredients, help-
ing meet the growing global demand for animal protein while reducing environmental
stress [18]. With high photosynthetic efficiency, rapid growth, and minimal land and water
requirements, they provide proteins, essential fatty acids, vitamins, pigments, and bioactive
compounds, making them ideal for enriching animal diets [19]. Their composition can also
be tailored by cultivation conditions to improve feed quality.

Aquaculture remains the most established application, in which microalgae provide
essential nutrition for larval fish and shrimp due to their small cell size, digestibility, and
biochemical richness [20]. Species such as Nannochloropsis (Eustigmatophyceae), Isochrysis
(Haptophyta), and Tetraselmis (Chlorophyta) improve survival, pigmentation, immunity,
and growth. Marine species, rich in EPA and DHA, enhance the lipid profile of farmed
fish, producing seafood with superior nutritional value [21]. Replacing fishmeal and fish
oil with algal biomass reduces reliance on wild fisheries, alleviating ecological and eco-
nomic pressures while improving fatty acid content and coloration of fillets [22,23]. These
advantages are borne out in controlled feeding trials across taxa: in Pacific white shrimp
(Litopenaeus vannamei), supplementing diets with Nannochloropsis at 0.5-2% increased re-
silience to thermal shock, while 1-2% elevated reactive oxygen species consistent with
activated stress responses, without compromising lipid /EPA digestibility under clear-
water tank conditions [24]; a 49-day clear-water study using a blend of Aurantiochytrium
(DHA-rich) and Nannochloropsis confirmed that 0-100% fish-oil substitution maintained
growth (final weight ~16.6 g), feed conversion (~1.47) and survival (>97%), while preserv-
ing muscle n-3/n-6 PUFA profiles even at full replacement [25]. On the protein side, a
deoiled Nannochloropsis co-product (post-oil extraction) replaced fishmeal at 33-100% in
rainbow trout (Oncorhynchus mykiss) over 64 days, with the 100% replacement diet deliv-
ering similar growth, feed conversion, and survival to fishmeal controls and the lowest
feed cost per kilogram of fish [26]. In Atlantic salmon (Salmo salar) sea-cage grow-out,
full fish-oil replacement with Schizochytrium oil maintained performance and fillet quality
while reducing dioxin-like contaminants (Polychlorinated dibenzo-p-dioxins and dibenzo-
furans and Dioxin-like polychlorinated biphenyls) by 70-79%, highlighting a co-benefit for
indirect human nutrition via cleaner omega-3 sources [27]. Beyond growth and product
quality, immunomodulatory effects are evident: in red hybrid tilapia (Oreochromis spp.),
dietary Isochrysis galbana at 2.5-5% over 14 days consistently enhanced innate immune
markers (phagocytosis, respiratory burst, lysozyme) and upregulated lipid /UFA metabolite
signatures in spleen metabolomics, indicating functional immunostimulation at modest
inclusion levels [28]. At farm scale, supplementing giant tiger prawn (Penaeus monodon)
diets with benthic algae (Chaetomorpha sp.) and microsnails (Stenothyra sp.) improved
productivity (133%), feed efficiency (89%), and profitability (146%) versus conventional
feeds, with no extra costs reported [29]. Comparable outcomes are observed across finfish
systems: in gilthead seabream (Sparus aurata), substituting 67% of fish oil with microalgae
blends (Microchloropsis / Isochrysis; Phaeodactylum /Isochrysis; Schizochytrium / Phaeodactylum)
led to midgut microbiota adaptation and shifts in presumptive metabolic pathways (e.g.,
fucose metabolism), supporting functional accommodation to microalgae-based lipids [30];
for Japanese flounder larvae (Paralichthys olivaceus), rotifers enriched with growth-phase-
optimized Tisochrysis lutea (deceleration phase) increased larval growth and survival and
boosted n-3 HUFA to levels comparable with fish-oil-enriched rotifers, providing a fish-
oil-free enrichment option [31]; in red tilapia fry, 10% Vischeria magna (EPA-rich) improved
growth, FCR and PER over the control, whereas fucoxanthin-rich Mallomonas furtiva alone
did not, underscoring EPA-focused supplementation in starter feeds [32]; in common carp
(Cyprinus carpio), Spirulina or Chlorella replacing 25% fishmeal for 60 days increased final
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weight and SGR and improved digestibility and protease/lipase activities while main-
taining FCR, indicating feasible partial fishmeal substitution [33]; and in zebrafish larvae
(Danio rerio), rotifer enrichment with industrial microalgae showed paste forms of Nan-
nochloropsis oceanica (Eustigmatophyceae) and Tetraselmis chui (Chlorophyta) outperforming
freeze-dried forms for length and weight at 15-30 days postfertilization, with enriched
rotifers improving growth versus microdiets alone [34].

In poultry, microalgae supplementation enhances egg quality and meat composition.
Spirulina and Chlorella increase omega-3 fatty acids, antioxidants, and yolk pigmentation,
reducing reliance on synthetic additives. Enriched eggs are marketed as functional foods,
providing essential fatty acids and carotenoids for human health [19]. In broilers, sup-
plementation improves growth, immune status, and oxidative stability, producing meat
with better nutritional and sensory qualities [35]. Beyond nutrition, algae-derived polysac-
charides (ADPs) protect against stress. In heat-stressed broilers, ADP supplementation
improved intestinal morphology, reduced apoptosis, reinforced tight junction integrity;,
enhanced antioxidant defenses, and modulated immune pathways by activating Nrf2 and
downregulating NF-«B signaling, lowering TNF-a and IL-1f3 expression [36].

In ruminants, microalgae supplementation improves milk and meat fatty acid profiles
by increasing omega-3 and conjugated linoleic acid [37]. Such modifications align with
functional food trends, offering consumers enriched products while reducing dependence
on conventional feed. For instance, supplementation with DHA-rich Schizochytrium sp.
in Qaidamford cattle enhanced antioxidant capacity, elevated glutathione peroxidase ac-
tivity, increased EPA and DHA deposition, improved the n-3 PUFA profile, and enriched
flavor-related volatile compounds, ultimately improving beef sensory quality [38]. In
addition to microalgae used in poultry nutrition, selected marine macroalgae, including
Sarcodiotheca gaudichaudii (Rhodophyta), have been investigated as feed supplements in
poultry production systems. Dietary inclusion of red seaweed that contained S. gaudichaudii
in laying hen diets was shown to improve specific host responses; supplementation at 2%
enhanced gut morphology (increased villus height and surface area), shifted gut microbiota
toward beneficial bacteria (e.g., Bifidobacterium longum and Streptococcus salivarius), and
increased cecal short-chain fatty acid concentrations, indicating potential prebiotic effects
that support digestive health [39]. In an infection challenge model, feed supplemented
with S. gaudichaudii (2% and 4%) prevented adverse effects of Salmonella enteritidis on body
weight and egg production, and reduced pathogen colonization in the gut relative to control
diets, providing in vivo protection against this poultry pathogen [40]. Complementary
in vitro work on cultivated red seaweed extracts demonstrated that water extracts of S.
gaudichaudii at 400-800 ng/mL, when combined with tetracycline, completely inhibited S.
enteritidis growth, and purified components such as floridoside significantly potentiated
antibiotic activity, suggesting functional antimicrobial potential that could support feed
supplementation strategies [41].

Overall, integrating microalgae into animal feed benefits both animals and humans.
Algal nutrients, such as DHA, EPA, carotenoids, and antioxidants, are transferred into
animal-derived foods, thereby indirectly supporting human health [42]. Additionally,
bioactive compounds such as polysaccharides, 3-glucans, and pigments enhance animal
immunity, modulate gut microbiota, and reduce infection risks [16,43], thereby lower-
ing antibiotic dependence and contributing to antimicrobial resistance mitigation [44].
Antioxidant-rich carotenoids and polyphenols also protect animal tissues from oxidative
stress, enhancing welfare and productivity [1]. By recycling CO, and nutrients into biomass,
reducing reliance on fishmeal and additives, and enriching animal products with health-
promoting compounds, microalgae play a vital role in sustainable agriculture, the circular
bioeconomy, and global food security [19].

https:/ /doi.org/10.3390/phycology6010017


https://doi.org/10.3390/phycology6010017

Phycology 2026, 6, 17

7 of 39

2.3. Enrichment of Functional Foods and Beverages

The incorporation of microalgae into functional foods and beverages represents one
of the most dynamic developments in the nutraceutical and food industries. By enriching
bakery products, snacks, pasta, dairy alternatives, and beverages, microalgae provide not
only essential macronutrients and micronutrients but also a diverse spectrum of bioactive
compounds (Table 1). These attributes simultaneously elevate nutritional quality, introduce
natural colorants, and align with consumer preferences for clean-label, sustainable, and
plant-based food options.

The enrichment of bakery goods such as bread, biscuits, cakes, and cookies with
microalgae (e.g., Spirulina and Chlorella) significantly improves their protein, fiber, and
mineral composition while imparting natural green or blue pigmentation [45]. For example,
incorporating Limnospira platensis (formerly Arthrospira platensis) (Cyanophyceae) into
sourdough crostini enhanced both nutritional and functional properties, albeit with only a
minor effect on loaf volume [46]. Comparative studies demonstrate that adding L. platensis,
Chlorella vulgaris, Tetraselmis suecica, or Phaeodactylum tricornutum to wheat crackers boosts
antioxidant activity and biochemical richness [47]. These improvements directly support
consumer demand for naturally colored bakery goods with health-promoting qualities [48].

Microalgae fortification in snack products such as energy bars, chips, and extruded
snacks enhances protein and omega-3 fatty acid content while introducing natural pigments,
such as phycobiliproteins and carotenoids [14,43]. The global proliferation of Spirulina- or
Chlorella-enriched snack bars, chips, and seed-based bars illustrates the strong commercial
viability of microalgae in this sector. Incorporation of algal biomass into pasta, noodles, and
breakfast cereals improves their essential amino acid content and micronutrient density
while providing natural pigmentation derived from chlorophylls, carotenoids, and phy-
cobiliproteins [19,49]. This not only enhances antioxidant activity but also eliminates the
need for synthetic colorants [50]. Commercial Spirulina-enriched pasta brands, for example,
highlight the value of microalgae as functional fortifiers that combine nutrition with natural
aesthetic appeal [51].

Microalgae have found increasing applications in plant-based yogurts, cheeses, and
frozen desserts. Their proteins contribute to improved texture and emulsification, while
algal polysaccharides act as natural thickeners [52]. Fortification with algal omega-3
fatty acids, particularly EPA and DHA, helps overcome nutritional gaps in vegan dairy
substitutes [42]. Additionally, the high digestibility of microalgal proteins, combined with
their complete amino acid profiles, makes them competitive with animal-derived proteins
in terms of quality [53]. This functional and nutritional synergy is highly attractive to the
growing consumer segment committed to plant-based diets [3].

Microalgae-enriched beverages, including functional juices, smoothies, and sports
drinks, are gaining traction as consumers demand natural, nutrient-rich options. Species
such as Spirulina and Haematococcus lacustris (formerly Haematococcus pluvialis) (a source of
astaxanthin) are incorporated to enhance antioxidant, anti-inflammatory, and immunomod-
ulatory properties [4,43]. Microalgal proteins also improve beverage stability due to their
oil-holding and solubility capacities [54]. Phycocyanin from Spirulina, now widely used as
a natural blue pigment, exemplifies how microalgal compounds add both nutritional value
and visual appeal to beverages, positioning them as premium functional products [14].
Table 1 presents representative commercial microalgae products, illustrating their transition
from niche supplements to mainstream nutrient-dense and functional foods. The rapid
expansion of microalgae-enriched foods and beverages reflects strong consumer trends
toward clean-label, plant-based, and sustainable products. Microalgae not only provide
dense nutrition but also produce bioactives with therapeutic potential for treating lifestyle
diseases such as obesity, cardiovascular dysfunction, and cancer [43]. With Spirulina-
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and Chlorella-based products already representing the majority of commercial microalgal
applications, the incorporation of microalgae into snacks, pasta, dairy alternatives, and
beverages underscores their transition from niche supplements to mainstream functional
ingredients. Market projections anticipate continued growth, cementing microalgae as key
contributors to the next generation of sustainable nutraceuticals and functional foods [55].

2.4. Role in Addressing Malnutrition and Food Security

Malnutrition and food insecurity remain pressing global challenges, particularly in
low- and middle-income regions. Microalgae are emerging as a powerful tool in combat-
ing global malnutrition and food insecurity due to their exceptional nutritional density
and biochemical versatility. These photosynthetic microorganisms produce high-quality
proteins with complete essential amino acid profiles, making them a viable alternative to
conventional protein sources, particularly in regions with limited access to animal-based
nutrition [8]. Species such as Spirulina (Limnospira platensis) and Chlorella vulgaris are widely
used in nutritional interventions, with protein contents reaching up to 70% of dry biomass
and high digestibility.

Microalgae are rich in micronutrients often lacking in conventional diets, including
provitamin A (f3-carotene), vitamins B12, C, and E, iron, zinc, calcium, and omega-3 fatty
acids [19,56]. These nutrients are available in bioavailable forms, enhancing absorption and
effectively correcting deficiencies such as iron-deficiency anemia and vitamin A and B12
deficiencies, which are key contributors to “hidden hunger” [1]. Notably, species such as
Isochrysis galbana, Euglena gracilis, and Tetraselmis suecica offer diverse micronutrient profiles,
further broadening the nutritional applications of microalgae [43].

Microalgae have been successfully integrated into food fortification programs and
public health initiatives, particularly targeting vulnerable populations such as children,
pregnant women, and the elderly. Spirulina supplementation has demonstrated efficacy
in improving iron status and reducing anemia in malnourished communities [57]. The
synergistic effects of microalgal nutrients and bioactives also enhance immune function
and help reduce the risk of chronic diseases, extending benefits beyond basic nutrition [58].

From a food security perspective, microalgae offer significant advantages over tradi-
tional crops. Their rapid growth, high biomass productivity, and ability to be cultivated
year-round on non-arable land using freshwater, brackish water, or wastewater make
them a sustainable and scalable solution [6]. Microalgae also contribute to environmental
resilience by capturing CO, and transforming nutrient-rich waste streams into valuable
biomass, aligning with circular economy principles.

Global organizations such as WHO and UNICEF have recognized the potential of
microalgae, particularly Spirulina, for humanitarian nutrition programs. Its low growth
requirements, high nutrient density, and ease of distribution make it suitable for school feed-
ing initiatives and emergency food aid [59]. Community-based cultivation models further
improve accessibility and allow locally tailored nutrition strategies, reducing dependence
on global supply chains.

Despite these benefits, microalgae face challenges such as high production costs, strong
taste or odor, and the need for advanced processing, which limit widespread adoption [6].
Overcoming these barriers through biorefinery approaches, strain selection, and consumer
education is essential for scaling microalgae-based solutions.

Overall, microalgae represent a scientifically validated, nutritionally potent, and
environmentally sustainable resource for addressing malnutrition and enhancing global
food security. Their integration into food systems supports Sustainable Development Goal
2 (Zero Hunger) while promoting resilient and low-impact agricultural practices.
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2.5. Safety, Digestibility, and Regulatory Perspectives

Microalgae are recognized for their rich nutritional composition, including proteins,
essential fatty acids, vitamins, pigments, and antioxidants, but their safe use requires
careful regulation and processing. Safety concerns arise from species-specific toxins, such
as microcystins and okadaic acid, and from potential contamination with heavy metals,
pesticides, or microbes in uncontrolled environments [8,60]. While species like Spirulina,
Chlorella, Dunaliella salina (Chlorophyta), and Schizochytrium (Fungi) have Generally Recog-
nized as Safe (GRAS) status, broader adoption of novel strains is limited by insufficient
toxicological and nutritional data [19]. Ensuring safety requires rigorous screening, species
authentication, and adherence to good manufacturing practices.

Digestibility varies across species due to differences in cell wall composition. Rigid-
walled species such as Chlorella and Nannochloropsis require cell disruption methods,
whereas species like Dunaliella and Isochrysis are more readily absorbed [43,61]. Anti-
nutritional factors, including trypsin inhibitors and phenolics, further limit nutrient utiliza-
tion, necessitating processing strategies such as fermentation, enzymatic hydrolysis, bead
milling, or high-pressure homogenization [62]. However, intensive treatments can increase
costs and reduce nutritional quality. Genetic engineering offers a promising approach to
enhance digestibility, nutrient yields, and tolerance to suboptimal growth conditions. In
this regard, Erpel et al. [63] reported that transgenic Chlamydomonas reinhardtii express-
ing a heterologous phytase exhibited enzymatic activity under gastrointestinal pH and
temperature conditions, thereby enhancing phytate hydrolysis and increasing nutrient
(phosphorus) availability from algal biomass, which supports its potential to improve
digestibility in animal feed systems. Furthermore, site-specific CRISPR-Cas9-mediated
knock-in of a bacterial phytase gene into the nuclear genome of C. reinhardtii demonstrated
stable expression of an enzyme capable of releasing bound phosphorus, thereby illustrating
a mechanistic route to improve nutrient bioavailability in microalgal biomass [64]. Beyond
digestibility, pathway engineering has enabled higher nutrient yields, as demonstrated
in Nannochloropsis oceanica, where synthetic stacking of lipid and fatty-acid biosynthesis
modules significantly increased eicosapentaenoic acid (EPA) content and its accumulation
in neutral lipids under controlled culture conditions [65]. In parallel, tolerance to subopti-
mal growth conditions has been enhanced through genetic modulation of stress-response
pathways; for example, overexpression of heat-shock-related regulators in Phaeodactylum
tricornutum improved thermal tolerance and antioxidant capacity, supporting sustained
growth and productivity under elevated temperature stress [66].

Regulatory frameworks differ globally. In the European Union, species not consumed
before May 1997 are regulated as novel foods under Regulation (EU) 2015/2283, requiring
EFSA’s detailed, species-specific safety assessments. In the United States, the FDA oversees
microalgae through the GRAS framework; while Spirulina, Chlorella, and Schizochytrium
are approved, formal safety notifications supported by toxicological data are increasingly
expected. Asian countries are also advancing regulatory systems: Japan and South Korea
focus on contaminant limits and labeling standards, while China’s State Administration for
Market Regulation (SAMR) is strengthening oversight of ingredient safety and markets.
Despite regulatory progress, commercialization remains limited to a few well-characterized
strains with established safety profiles, while many others face barriers due to insufficient
data and high approval costs [67]. Broader adoption will require harmonized international
regulations, streamlined approval pathways, and stronger collaboration between academia,
industry, and regulators to ensure safe and sustainable market expansion. Consumer
acceptance also influences commercialization. The natural pigments, flavors, and textures
of microalgae may limit palatability, though encapsulation and processing innovations
can improve sensory properties and bioactive stability [14,60]. With growing demand for
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functional foods, advancing the use of microalgae in nutrition will require robust safety
assessments, harmonized global regulations, cost-effective bioprocessing, and strategies to
strengthen consumer confidence [19,51].

3. Microalgae for Cosmetic Uses

Beyond their medical and pharmaceutical significance, microalgae have gained in-
creasing attention in cosmetic science. Their diverse metabolism enables the production
of bioactive compounds, such as carotenoids, phycobiliproteins, sulfated polysaccharides,
polyunsaturated fatty acids, phenolics, and peptides, with multifunctional roles in skin
and hair care. These molecules provide antioxidant, photoprotective, moisturizing, anti-
inflammatory, and barrier-supporting effects, which are essential for maintaining healthy
skin and mitigating the signs of aging. Driven by consumer demand for natural and
sustainable ingredients, the cosmetics industry is transitioning toward safer, eco-friendly
formulations. It has been reported that the global market for algae-derived cosmetic ingre-
dients and products is projected to exceed USD 1.3 billion by 2030 [68], reflecting strong
commercial momentum for the use of algae in anti-aging and photoprotective applications.
Microalgae fit this trend, offering renewable, high-yield biomass consistent with green
chemistry and circular economy principles. Their bioactives show potential as natural alter-
natives or complements to synthetic compounds, supporting anti-aging, photoprotective,
and antimicrobial benefits [69,70].

3.1. Microalgal-Derived Bioactive Compounds for Cosmetic Use
3.1.1. Carotenoids

Carotenoids are lipophilic pigments with high singlet-oxygen quenching and radical-
scavenging capacity [60]. In skin, they attenuate lipid peroxidation, stabilize cellular
membranes, and modulate redox-sensitive and inflammatory signaling (e.g., Nrf2 activa-
tion, NF-«B suppression), thereby helping to preserve the extracellular matrix (ECM) by
down-regulating MMPs and supporting pro-collagen synthesis [69,71]. These actions trans-
late into functional benefits central to anti-aging and photoprotection, notably elasticity
and hydration maintenance and wrinkle mitigation.

Astaxanthin, a high-value carotenoid predominantly produced by Haematococcus lacus-
tris, has attracted significant attention in the cosmetics industry due to its remarkable ability
to neutralize reactive oxygen species and protect the skin from UV-induced aging (Table 2).
Many studies have examined the activity of astaxanthin across various cosmetic applica-
tions. For instance, Zhou et al. [72] conducted a meta-analysis of randomized controlled
trials (N = 11; 9 oral RCTs and 2 open-label topical /combined studies) using astaxanthin
derived from Haematococcus lacustris, which reported significant improvements in skin
moisture (SMD = 0.53) and elasticity (SMD = 0.77) compared with placebo, although effects
on wrinkle depth were less consistent across studies. In a recent study, Nurdianti et al. [73]
developed a radiance serum incorporating an astaxanthin—zeaxanthin nanoemulsion (AZ-
NE) exhibiting potent antioxidant activity. The formulation demonstrated excellent stability,
efficient ex vivo skin penetration, and substantial in vivo anti-wrinkle efficacy, achieving
80% to 93% wrinkle reduction after 28 days of topical application. Mechanistically, astax-
anthin engages Nrf2/ARE signaling, suppresses NF-«B, and inhibits MMP-1, providing a
biological rationale for these clinical endpoints [74]. Ongoing and recent clinical investiga-
tions continue to assess topical and nutricosmetic astaxanthin regimens for improvements
in photoaging.

Fucoxanthin, the hallmark carotenoid of brown algae and diatoms such as Phaeo-
dactylum tricornutum, has emerged as a focal point in cosmeceutical research due to its
multifaceted skin benefits (Table 2). This marine-derived compound exhibits potent an-
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tioxidant activity, neutralizing reactive oxygen species and mitigating oxidative stress, a
primary driver of photoaging [75]. Mechanistically, fucoxanthin downregulates matrix
metalloproteinases (MMPs), enzymes responsible for collagen degradation, while simulta-
neously promoting procollagen synthesis, thereby supporting dermal structure and elastic-
ity. Additionally, its ability to modulate melanogenesis through tyrosinase inhibition and
suppression of melanogenic signaling pathways positions fucoxanthin as a promising agent
for skin brightening and pigmentation control [76]. A study using fucoxanthin concentrate
from Phaeodactylum tricornutum demonstrated significant increases in procollagen synthesis
and reductions in MMP expression at concentrations of 12.5-25 pg/mL. Furthermore, an
eight-week clinical trial involving a cream containing 0.03% fucoxanthin reported measur-
able improvements in skin elasticity, hydration, and wrinkle reduction, without adverse
effects [77]. In addition to structural benefits, fucoxanthin exhibits anti-pigmentary activity.
Shimoda et al. [78] demonstrated that topical fucoxanthin (0.01-1%) inhibited tyrosinase ac-
tivity and suppressed melanogenesis-related mRNA expression (MC1R, tyrosinase-related
proteins) in UVB-irradiated models, leading to reduced pigmentation. Oral administration
(10 mg/kg) produced effects similar to those observed with topical application, suggest-
ing systemic and topical applicability for skin-brightening formulations. Animal studies
further support its photoprotective role. Liu et al. [79] reported that dietary fucoxanthin
(0.001-0.01%) prevented UVA-induced photoaging in hairless mice by maintaining skin
barrier function, reducing wrinkle formation, and modulating ceramide composition and
natural moisturizing factor synthesis. These effects were linked to inhibition of collagen
degradation and inflammatory responses in the dermis. Despite these promising outcomes,
formulation challenges remain. Fucoxanthin’s poor water solubility and structural instabil-
ity under heat and light necessitate advanced delivery systems. Fucoxanthin’s poor water
solubility and structural instability under heat and light necessitate advanced delivery
systems. Recent work on solid lipid nanoparticles (SLNs) achieved encapsulation efficien-
cies of ~98% and improved oral bioavailability by over 2700% compared to crystalline
fucoxanthin, while topical lipid nanoparticle hydrogels enhanced photostability and skin
permeation without systemic absorption [80]. Similarly, oil-in-water emulsions stabilized
with whey protein isolate improved fucoxanthin bioaccessibility to over 90%, indicating
potential for cosmetic emulsions [81].

Lutein and zeaxanthin have been investigated for cutaneous photoprotection and
anti-aging benefits, particularly against blue light and UV-induced oxidative stress [82].
These carotenoids act as natural filters for high-energy visible light (400-500 nm) and
exhibit strong antioxidant activity, reducing reactive oxygen species (ROS) and preserving
extracellular matrix (ECM) integrity mechanisms that parallel those described for other
carotenoids. Recent clinical and mechanistic studies provide compelling evidence. In a
double-blind, placebo-controlled trial, oral supplementation with 10 mg lutein and 2 mg
zeaxanthin isomers for 12 weeks significantly improved skin luminance, enhanced overall
tone, and increased the minimal erythemal dose (MED), indicating greater resistance to
UV-induced erythema. These effects were accompanied by modulation of melanogenesis
pathways and reduction in pro-inflammatory cytokines, suggesting both skin-brightening
and anti-inflammatory benefits [83]. At the molecular level, lutein supplementation has
been shown to downregulate UVA1-induced expression of oxidative stress markers and
MMP-1, a key enzyme in collagen degradation, in human skin biopsies. This was demon-
strated in a randomized, crossover study in which lutein reduced HO-1, ICAM-1, and
MMP-1 mRNA expression following UVA /B exposure, supporting its role in ECM preser-
vation and wrinkle prevention [84]. Mechanistically, these carotenoids act by quenching
ROS, activating the Nrf2 pathway, and inhibiting melanogenic enzymes, consistent with
their ability to filter blue light and UV radiation. Their lipophilic nature allows them to
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accumulate in skin tissues, where they stabilize cell membranes and mitigate oxidative
damage, contributing to improved elasticity, hydration, and tone.

3.1.2. Phycobiliproteins (C Phycocyanin)

C-phycocyanin (C-PC), a water-soluble phycobiliprotein derived from cyanobacteria
such as Limnospira platensis, is widely recognized for its vivid blue color and potent an-
tioxidant and anti-inflammatory properties. Beyond its role as a natural colorant, C-PC
has demonstrated significant photoprotective and anti-photoaging effects in skin models
exposed to ultraviolet B (UVB) radiation [85].

Recent in vivo evidence supports the anti-photoaging efficacy of C-phycocyanin (C-
PC). Zhou et al. [85] demonstrated in a UVB-induced photoaging BALB/c-nu mouse model
that topical C-PC using a nanodispersion as a delivery system significantly reduced epi-
dermal thickening, restored dermal collagen organization, and elevated hydroxyproline
levels. The treatment enhanced antioxidant enzyme activities (SOD, CAT, GSH-Px), de-
creased malondialdehyde content, and suppressed pro-inflammatory cytokines (IL-1c,
IL-1pB, IL-6, TNF-«). Moreover, C-PC downregulated MMP-3 and MMP-9 and inhibited
the phosphorylation of MAPK (JNK, ERK, and p38), thereby mitigating oxidative and
inflammatory pathways associated with wrinkle formation. In another study, Jang and
Kim [86] demonstrated that Spirulina-derived C-PC significantly improved the survival of
UVB-irradiated HaCaT keratinocytes (from 50.8% to 80.3%) and reduced ROS generation
by over 50%. C-PC also restored barrier protein expression (involucrin, filaggrin, loricrin)
and decreased MMP-1 and MMP-9 levels, confirming its role in preserving the ECM and
mitigating oxidative stress.

Mechanistic insights extend to anti-melanogenic activity. C-PC modulates pigmen-
tation by upregulating ERK phosphorylation and downregulating p38 MAPK, leading
to MITF degradation and suppression of tyrosinase [87]. This dual pathway regulation
reduces melanin synthesis, suggesting potential for skin-brightening applications alongside
anti-aging benefits. Formulation advances are addressing C-PC’s inherent instability under
heat and light. Recent work on cubosome-based nanocarriers achieved high encapsulation
efficiency (~87%) and tripled C-PC stability under UV exposure compared to free solution.
These carriers also improved transdermal permeability and sustained antioxidant activity,
positioning C-PC as a viable active for next-generation cosmeceuticals [88].

3.1.3. Mycosporine-like Amino Acids (MAAs)

Mycosporine-like amino acids (MAAs) are small, water-soluble molecules synthe-
sized by algae and cyanobacteria as natural sunscreens. Representative compounds such
as shinorine and porphyra-334 exhibit strong UV absorption across UVA (320-400 nm)
and UVB (280-320 nm) ranges, with molar extinction coefficients up to 58,800 M-l.em1,
making them highly efficient photoprotective agents [89]. Beyond primary UV screening,
MAAs provide secondary antioxidant defense, mitigating reactive oxygen species (ROS)
generated during UV exposure and reducing oxidative stress in skin cells [90]. Recent ex-
perimental studies confirm their multifunctional bioactivity. For instance, MA As extracted
from Gracilaria gracilis (red macroalga) demonstrated anti-collagenase and anti-elastase
activity (ICso values: 0.028-0.059 mg-mL~! for collagenase inhibition), suggesting potential
for anti-aging formulations (Table 2). These extracts also showed sun protection factor
(SPF) values of 5.55-9.34 in vitro, validating their photoprotective efficacy [91]. Similarly,
MAAs isolated from Lyngbya sp. (Cyanophyceae) exhibited strong free radical scavenging
capacity and structural stability under UV exposure, reinforcing their role as eco-friendly
alternatives to synthetic filters [92]. Photostability and biodegradability are key advan-
tages of MAAs over conventional UV filters such as oxybenzone and octinoxate, which
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have raised environmental concerns due to their coral reef toxicity. MAAs are inherently
biodegradable and non-toxic, aligning with global trends toward reef-safe and sustainable
sunscreen ingredients. Their eco-toxicological profile, combined with high photostability,
positions them as promising candidates for next-generation sun care products [93].

Recent technological and patent developments highlight the growing commercial
interest in MAAs. A 2025 patent review identified a surge in formulations incorporating
MA As into sunscreens, anti-aging creams, and antioxidant serums, often combined with na-
noemulsions or self-preserving systems to enhance stability and SPF performance. Patented
products report MAA concentrations ranging from 0.001% to 15%, with claims of improved
water resistance and protection against electromagnetic radiation [89]. Additionally, recent
extraction optimization studies have improved MAA yields from macroalgae such as Bangia
fuscopurpurea and Gelidium amansii (Rhodophyta), addressing supply chain challenges for
commercial-scale production [94].

3.1.4. Polysaccharides and Exopolysaccharides

Red microalgae such as Porphyridium purpureum (formerly Porphyridium cruentum)
secrete sulfated exopolysaccharides (SEPs) that exhibit multifunctional benefits in cosmetic
formulations (Table 2). These polymers form a hydrating, protective film on the skin surface,
reducing transepidermal water loss (TEWL), improving barrier integrity, and imparting a
soft, smooth after-feel [95]. Their humectant properties help maintain skin hydration, while
anti-inflammatory activity provides soothing effects for sensitive or irritated skin.

Recent in vitro and in vivo studies confirm these benefits. A study on Porphyrid-
ium-derived SEPs (derived from a mutant of P. purpureum LIMS-PS-1061) demonstrated
upregulation of aquaporin-3, filaggrin, involucrin, loricrin, elastin, and fibrillin-1 genes
critical for hydration and barrier reinforcement. These polysaccharides also promoted
fibroblast migration, supporting wound healing and elasticity restoration [96]. Antioxidant
and anti-pollution properties are reinforced by their ability to scavenge free radicals and
shield against environmental aggressors. Comparative studies on Porphyridium strains
revealed strong antioxidant activity (up to 74% hydroxyl radical scavenging at 1 mg-mL~!),
attributed to their high sulfate content and unique monosaccharide composition (xylose,
glucose, galactose) [97].

From a safety perspective, the Cosmetic Ingredient Review (CIR) Expert Panel con-
cluded that Porphyridium-derived ingredients show low irritation and sensitization poten-
tial under current use conditions. A human repeat insult patch test (HRIPT) on 107 sub-
jects using 0.000545% Porphyridium extract confirmed non-irritating and non-sensitizing
properties. However, systemic toxicity data remain limited, and further studies are recom-
mended for complete safety determinations [98]. Porphyridium-derived polysaccharides
fit seamlessly into modern ‘sensitive skin” and ‘urban defense’ formulations by delivering
hydration, soothing effects, and antioxidant protection, making them ideal for moisturiz-
ers, anti-aging creams, and pollution-shielding serums [99]. Recent advances in cosmetic
technology incorporate these biopolymers into nanoencapsulation systems to improve
stability, preserve bioactivity, and address challenges related to large-scale production and
quality consistency.

3.1.5. Lipids and Polyunsaturated Fatty Acids

Microalgae produce a wide spectrum of structural and signaling lipids, including
neutral lipids, glycolipids, and phospholipids, which serve as emollients, conditioners,
texture modifiers, and carriers for lipophilic actives in cosmetic formulations [100]. These
lipids enhance sensorial properties and contribute to formulation stability through natural
emulsifying and surfactant functions.
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PUFA-rich fractions, particularly eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA), have demonstrated significant benefits for skin health (Table 2). Experimental
studies show that EPA and DHA restore barrier function and reduce transepidermal water
loss (TEWL) by reinforcing the lipid matrix and stimulating ceramide synthesis [101].
They also modulate inflammation by generating specialized pro-resolving mediators that
inhibit pro-inflammatory cytokines such as TNF-« and IL-6, reducing oxidative stress and
irritation in UV-exposed skin [102]. These mechanisms collectively help improve elasticity
and hydration, as confirmed by topical application studies in cosmetic dermatology.

Beyond PUFAs, glycolipids such as monogalactosyldiacylglycerols (MGDGs) and
sulfoquinovosyl diacylglycerols (SQDGs) from microalgae exhibit anti-inflammatory and
antioxidant properties, making them valuable for anti-aging and reparative formulations.
Lipidomic analyses reveal their potential for controlled-release systems and nanocarrier
technologies, enabling efficient delivery of lipophilic actives in skin care [103].

Neutral lipids, primarily triacylglycerols (TAGs), are key components in cosmetic
formulations due to their ability to enhance sensorial properties, provide emolliency, and
act as carriers for lipophilic actives such as pigments and fragrances. Experimental studies
on microalgal oils have demonstrated their effectiveness in improving skin hydration
and softness when incorporated into emulsions and creams. For instance, a study has
evaluated extracts from various microalgae species, including Tisochrysis lutea (Haptophyta),
Nannochloropsis oculate (Eustigmatophyceae), Isochrysis galbana (Haptophyta), Dunaliella
salina, and Mychonastes homosphaera (formerly Chlorella minutissima) (Chlorophyta), for their
sun protection and skin benefits. SPF values reached approximately 30 for T. [utea and
M. homosphaera, while N. oculata extract achieved SPF 12.5. In vivo application of creams
containing N. oculata extract significantly enhanced skin hydration within 1 h, though no
improvement in a disturbed skin barrier was observed [104]. These results demonstrate the
potential of lipid-rich microalgal extracts as multifunctional ingredients for moisturizing,
photoprotective, and anti-aging formulations.

3.1.6. Proteins and Peptides

Microalgae are emerging as sustainable platforms for producing proteins and peptides
with multifunctional roles in cosmetics. Among these, antimicrobial peptides (AMPs), short,
cationic peptides with broad-spectrum activity, are gaining attention for their membrane-
targeting mechanisms, which differ from traditional antibiotics. While AMPs are primarily
explored for pharmaceutical applications, their topical potential aligns with cosmetic needs
such as microbiome balance, blemish control, and odor management. Recent studies empha-
size that AMPs derived from microalgae can inhibit pathogenic bacteria without disrupting
commensal skin flora, supporting their use in preservative systems and biofunctional
claims for next-generation formulations [105].

Beyond antimicrobial activity, microalgal peptides exhibit antioxidant, anti-inflammatory,
and signaling properties relevant to skin repair and soothing. Experimental evidence shows
that peptides derived from Limnospira platensis and Chlorella vulgaris significantly inhibit
skin-aging enzymes, including elastase (84%), collagenase (90%), and tyrosinase (66%),
while demonstrating strong antioxidant activity (ABTS ICsp = 23.44 ug/mL), supporting
their role in anti-aging and skin-brightening formulations [106]. Recent innovations focus
on delivery systems to overcome peptide instability and poor skin penetration. Nanoen-
capsulation strategies, such as liposomes, niosomes, and ethosomes, have been successfully
applied to enhance peptide bioavailability and reduce irritation, enabling their incorpo-
ration into serums, creams, and masks for visible skin benefits [107]. Collectively, these
findings position microalgal proteins and peptides as multifunctional cosmetic actives that
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provide antimicrobial protection, antioxidant defense, and regenerative signaling, while
supporting sustainability and clean-label trends.

Table 2. Microalgae-Derived Bioactive Compounds used in Cosmetic Applications.

Microalgae Strain Cultivation Conditions Concentration/Yield Bioactive Class Ref. Applications
Nitrogen starvation in id
Haematococcus lacustris photobioreactors under light Up to 3.21% DW (ggatrzi?::r?toﬁm) [108]
intensity of 250 pmoly,+, m2s1
; Biomass rate of 0.51 g L~! .
. Hybrid open—closed pond - & Carotenoid
Haematococcus lacustris cultivation system and as(t)ag(zanthm Cgrlltent of (Astaxanthin) [109]
.52 ug mL
Optimized nutrients (—50% N, Bi 016¢ L1
Phaeodactylum +50% P, zero Si), glycerol, 10mass up 1o 1.6 g Carotenoid Antioxidant
tricornutum low-intensity blue light andz(l):lizo;antlllln of (Fucoxanthin) (1101 : Ur\I/' ;())r)gteirtlion
(100 pmol m~—2 s71). ’ 58 . ECM preservation
: . Anti-inflammator;
Walne medium under optimized ° A ory
conditions (temperature of 30 °C, * Anti-pigmentation
. H of 6.5, light intensity of Fucoxanthin up to Carotenoid
Isochrysis galbana p .18 y P : 111
eS8 100 pmol/m? /s, air flow rate of 134 mg/g DW (Fucoxanthin) (1]
1.0 L/min and CO, flow rate of
0.2 L/min)
Methanol extraction under
. . optimized conditions (42.4 °C, . . . .
Tetraselmis suecica 121.0 hand 125 g/L biE)mass Lutein 22.3 mg/g biomass  Carotenoid (Lutein) [112]
loading)
: : : Ultrasound-assisted extraction for . Phycobiliprotein
Limnospira platensis 15 min; alkaline medium Up to 200 mg/g biomass Y (C—Pg) [111] . ROS scavenging
F thaw twice (20 mi ) . Anti-inflammatory
) ) ) reeze-thaw twice (20 min each), s : MAPK inhibiti
Limnospira platensis agitated 24 h at 120 rpm, 1:50 54.65 mg C-PC-g~ ! DW Phycz)gj}}gl)'otem (113] : MAPK 1111;) plr elsls(i)gn
biomass/solvent ratio
Exopolysaccharides of P.
Porphyridum purpureum purpureun upregulated genes
Iy mutant of P. purpureum : Sulfated .
(formerly Porphyridium LIMS-PS-1061 under white light . suchas aquaporin-3, Exopolysaccharides [96] N Hyd.ra‘aor'\
cruentum) filaggrin, involucrin, loricrin, . Barrier reinforcement
elastin, and fibrillin-1 genes . Anti-inflammatory
Porphyridium purpureum 50 salinity 29.1 pg-cell ! Exopolysaccharides [114]
Nitrogen starvation; shaken three
Nannochloropsis oculate times a dayL I;lgﬁlt intensity of EPA value increased by 5% Elcosapeptaenom [115]
100 umol m~2 s~ 1; 23 °C for N. acid
oculate 15-30 °C.
Using 5 L Fermentor optimization Barri .
Schizochytrium sp. Conditions (60 g/L glucose, DHA 61.3% of total FA Docosahexaenoic : Srer epalt
(Fungi) 5 ¢/L of Yeast extract, and (~341 mg/g DW) Acid [116] ° Hydration
& & g 8/8 . Anti-inflammatory
inoculum volume of 8%)
engineered strain
Schizochytrium sp. OACL-ACC/Apex10 Docosahexaenoic
(Fungi) (Overexpression genes LIKE 7048/L acid (1171
MAE and DGA1 in Apex10)
MAAs (shinorine,
. bostrychine-A,
o Py Solvent extraction; Sun protection factor of porphyra-334,
Gracilaria gracilis HPLC/UV/MS analysis 5.669039;5a_r6t12-ghr§gta/srﬁic5o p alything, [91]
' ' mycosporine- e UV absorption
Phosphate of 0.235 ﬁnt}omlcllant
g/L and Nitrate of 4.622 g/L ° nti-collagenase
Fischerella sp. under optimized extraction
© 1:;06 r(; chge) conditions: Time of 41 min, 57.07% MAA [118]
yanophy temperature of 50 °C, sonication
time of 30 min, methanol ratio of
81.59, and solvent volume of 3.0
The algae cultivated, and their . . .
proteins were subsequently Aolkahne extraction yleldec‘l)
Chlorella vulgaris extracted, enzymatically 72 }/;rf)rt(;rirrz %oﬁl%a;;?u??nclgz ° Peptides [106] . Antioxidant
Limnospira platensis hydrfolyzgd w1t£l1 a}llcalasi, and Peptides: elastase inhibition . Anti-aging enzyme
ractionated throug 84%, collagenase 90% inhibition
ultrafiltration e Microbiome balance
.. . . . o Peptides
Chlorella sorokiniana ~ Enzymatic hydrolysis; UF <3kDa  DPPH scavenging 22.04% (LSSATSAPS (1S9)) [119]
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3.2. Mechanisms of Action Relevant to Cosmetic Efficacy

Microalgal bioactives exert multifaceted effects on skin health and cosmetic perfor-
mance through biochemical and biophysical pathways. These mechanisms collectively
address oxidative stress, inflammation, extracellular matrix (ECM) integrity, photoprotec-
tion, pigmentation, barrier function, and microbiome balance, key determinants of skin
aging and resilience (Figure 2).
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Figure 2. Overview of key mechanisms by which microalgal bioactives support cosmetic efficacy.

3.2.1. Antioxidant Defense and Redox Homeostasis

Skin is continuously exposed to oxidative insults from UV radiation, pollutants, and
endogenous metabolic processes, leading to the generation of reactive oxygen species
(ROS) [120]. Excess ROS initiates lipid peroxidation, protein carbonylation, and DNA dam-
age, which activate signaling cascades that upregulate matrix metalloproteinases (MMPs)
and compromise barrier integrity [121]. Microalgal compounds such as carotenoids (e.g.,
astaxanthin, fucoxanthin), phycobiliproteins (C-phycocyanin), mycosporine-like amino
acids (MAAs), phenolics, and sulfated polysaccharides exhibit potent antioxidant proper-
ties [122,123]. These molecules neutralize ROS directly and enhance endogenous antiox-
idant systems, including superoxide dismutase (SOD), catalase, and glutathione peroxi-
dase [124]. By restoring redox homeostasis, these actives prevent oxidative signaling that
drives MMP induction, reduce inflammatory mediators, and preserve collagen and elastin
networks, thereby mitigating wrinkle formation and structural deterioration.

3.2.2. Anti-Inflammatory Modulation

Chronic parainflammation, a low-grade, persistent inflammatory state, accelerates
skin aging and compromises structural resilience by sustaining cytokine-driven damage
to the extracellular matrix and barrier function [125]. Among microalgal bioactives, as-
taxanthin has demonstrated strong immunomodulatory potential by inhibiting NF-«B
signaling, which reduces the expression of pro-inflammatory cytokines such as IL-6 and
TNEF-o; these molecular effects correlate with improved skin elasticity and hydration in
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clinical trials [74,126]. Similarly, C-phycocyanin (C-PC) suppresses UVB-induced cytokines,
including IL-1a/ 3, IL-6, and TNF-«, while attenuating MAPK phosphorylation (ERK,
JNK, p38), thereby reducing erythema and histological markers of photoaging in murine
models [85]. In addition, sulfated polysaccharides exhibit soothing and anti-irritant effects,
as demonstrated by human repeat insult patch tests that confirm their low irritation po-
tential [127]. Collectively, these mechanisms support skin comfort, alleviate redness, and
maintain homeostasis, making microalgal actives promising candidates for formulations
targeting sensitive or inflamed skin.

3.2.3. ECM Preservation and Anti-Wrinkle Effects

The extracellular matrix (ECM) provides structural integrity to the skin through
collagen, elastin, and associated glycoproteins. However, exposure to ultraviolet (UV)
radiation and environmental pollutants accelerates ECM degradation by upregulating
matrix metalloproteinases (MMPs), particularly MMP-1, MMP-3, and MMP-9, which break
down collagen and elastin, leading to wrinkle formation and loss of elasticity [128]. This
process is further exacerbated by oxidative stress and chronic inflammation, which activate
signaling pathways such as MAPK and NF-kB, promoting collagen fragmentation [129].

Microalgal carotenoids, notably astaxanthin, exert protective effects by inhibiting
oxidative stress and inflammatory signaling, while simultaneously stimulating collagen
synthesis through activation of the TGF-f3 pathway and suppression of MMP-1 expres-
sion [74]. Preclinical and clinical studies confirm that astaxanthin supplementation reduces
wrinkle depth, improves elasticity, and increases collagen fiber density in UV-exposed
skin [130]. Similarly, fucoxanthin demonstrates dual activity by reducing oxidative stress
and inhibiting MMP expression while enhancing procollagen synthesis. In vitro studies
show fucoxanthin significantly decreases MMP-1, MMP-2, and MMP-9 expression and
increases procollagen levels in fibroblasts, while clinical trials report improved skin mois-
ture, elasticity, and wrinkle reduction after eight weeks of topical application [76,131].
Furthermore, C-PC complements these effects by attenuating UVB-induced oxidative
stress and reducing MMP-3 and MMP-9 expression. Animal studies reveal that C-PC
treatment prevents dermal collagen fiber loosening, increases hydroxyproline content,
and inhibits MAPK phosphorylation (ERK, JNK, p38), thereby preserving ECM integrity
under photoaging conditions [85,86]. Collectively, these mechanisms highlight the syn-
ergistic role of microalgal bioactives in maintaining ECM structure, reducing wrinkle
formation, and promoting skin firmness, making them promising candidates for advanced
anti-aging formulations.

3.2.4. Photoprotection and Photostability

Ultraviolet (UV) radiation is a major extrinsic factor contributing to photoaging, oxida-
tive stress, and DNA damage in skin cells. Microalgal metabolites provide a multi-layered
defense against these effects. MAAs act as natural UV filters by absorbing UVA and UVB
wavelengths and dissipating the energy harmlessly, while also functioning as antioxidants,
a dual mechanism that prevents photodamage and oxidative stress [132,133]. In addition
to MAAs, carotenoids such as astaxanthin and fucoxanthin, along with C-phycocyanin
(C-PC), serve as secondary photoprotectants. These compounds do not directly absorb
UV but mitigate downstream effects of UV exposure by reducing reactive oxygen species
(ROS) generation and suppressing inflammatory signaling pathways, including NF-«B
and MAPK cascades [69,87]. This synergistic activity makes microalgal bioactives highly
suitable for incorporation into sunscreen formulations, after-sun care products, and adja-
cent photoprotective regimens, offering both immediate UV defense and long-term skin
health benefits.

https:/ /doi.org/10.3390/phycology6010017


https://doi.org/10.3390/phycology6010017

Phycology 2026, 6, 17

18 of 39

3.2.5. Pigmentation Balance and Brightening

Hyperpigmentation is a multifactorial condition primarily driven by tyrosinase ac-
tivity, oxidative stress, and inflammatory signaling, which collectively stimulate melano-
genesis and uneven skin tone [78]. Tyrosinase catalyzes the rate-limiting steps in melanin
synthesis, and its overexpression under oxidative stress conditions leads to excessive pig-
ment deposition [134]. Recent studies highlight the potential of microalgal bioactives,
particularly fucoxanthin and MAA-rich extracts, to modulate melanogenesis through an-
tioxidant and signaling pathways. Fucoxanthin has been shown to inhibit tyrosinase
activity and downregulate melanogenic gene expression, while also reducing oxidative
stress markers in melanocytes [78,134]. Similarly, MAAs contribute indirectly by mitigating
UV-induced ROS and inflammatory cascades, thereby reducing melanocyte hyperactiva-
tion [69]. These mechanisms position microalgal compounds as promising candidates for
brightening and tone-evening regimens, offering a natural alternative to conventional de-
pigmenting agents. However, current evidence is largely preclinical or based on short-term
trials, and dose-response relationships along with long-term clinical validation remain
critical research priorities before widespread cosmetic adoption.

3.2.6. Barrier Function and Hydration

The skin barrier plays a critical role in maintaining hydration and protecting against
environmental stressors. Disruption of this barrier leads to increased TEWL, dryness, and
compromised resilience. Microalgal bioactives offer multiple strategies to reinforce barrier
integrity and improve hydration. Sulfated polysaccharides derived from Porphyridium
species form moisture-retentive films on the skin surface, creating a physical layer that
reduces TEWL and enhances subjective comfort [135]. These polysaccharides exhibit high
water-binding capacity and film-forming properties, making them valuable in moisturizing
formulations. In addition, PUFAs from microalgal lipids contribute to barrier repair by
supporting the organization of lipid lamellae within the stratum corneum. This structural
reinforcement complements humectants and emollients in topical products, improving
skin hydration and elasticity [136]. Furthermore, astaxanthin, a potent carotenoid an-
tioxidant, has demonstrated significant improvements in skin hydration and elasticity in
human clinical trials. These effects are attributed to its ability to reduce oxidative stress,
preserve extracellular matrix components, and maintain lipid integrity, thereby indirectly
supporting barrier function [72]. Collectively, these mechanisms highlight the synergistic
role of microalgal polysaccharides, lipids, and carotenoids in restoring barrier function
and optimizing skin hydration, positioning them as multifunctional actives for advanced
cosmetic formulations.

3.2.7. Microbiome Considerations and Antimicrobial Activity

The skin microbiome plays a pivotal role in maintaining cutaneous health, influencing
barrier function, immune modulation, and overall resilience against pathogens. Disruption
of this delicate microbial balance, known as dysbiosis, can lead to conditions such as
acne, dermatitis, and malodor. In this context, microalgal metabolites offer innovative
solutions for microbiome-aware cosmetic formulations. Among these metabolites, AMPs
have garnered significant attention for their broad-spectrum activity against bacteria, fungi,
and viruses, coupled with a low propensity to develop resistance. AMPs act by disrupting
microbial membranes and modulating immune responses, making them ideal candidates
for next-generation cosmetic preservatives and targeted antimicrobial strategies [137].
Recent studies highlight microalgae as a sustainable source of AMPs, leveraging their ease
of cultivation, genetic engineering potential, and ability to express complex peptides in
chloroplasts [138].
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Eumble and bumble.

Beyond AMPs, microalgae produce diverse bioactive compounds, such as phenolics,
fatty acids, and phycobiliproteins, that exhibit antimicrobial and antibiofilm properties,
further supporting skin health and product preservation [139]. These compounds can help
mitigate opportunistic pathogens without disrupting beneficial commensals, aligning with
the growing demand for microbiome-friendly cosmetics [140]. Although clinical cosmetic
data remain limited, integrating microalgal AMPs and related metabolites into formulations
represents a promising frontier for personal care preservation, blemish control, and odor
management, while reducing reliance on synthetic preservatives that may trigger irritation
or resistance.

3.3. Cosmetic and Personal Care Applications of Microalgae

Microalgae have gained significant attention in the cosmetic industry due to their
ability to produce a wide range of bioactive compounds with multifunctional benefits.
These include antioxidants, pigments, polysaccharides, fatty acids, and UV-protective
molecules that support skin health, hydration, and protection against environmental stres-
sors. Their natural origin and sustainability make them ideal for formulating eco-friendly
products that meet growing consumer demand for clean beauty solutions. Applications
span various categories, including anti-aging and daily skin care, sun care and after-sun
products, color cosmetics and hybrid formulations, hair and scalp care, spa treatments,
facial masks, exfoliating scrubs, and skin brightening solutions. Figure 3 summarizes the
main cosmetic applications of microalgae and highlights commercial products formulated
with algae-derived ingredients across multiple categories.

BIARR(TZ —

o Sunscreens
After-sun lotions &

BIARRITZ
s

O+ 2

Lip plumping boosters

Foundations

Algae-based masks

Scrubs

Exfoliating treatments

Color Cosmetics and Hybrid Anti-Aging and Daily Skin
Products Care Anti-aging creams
[ m—] [ — Serums

Moisturizers

,f‘ € ¢/,
- eans 3
’hg
an
\'ir@
Face cleansers

Toner alternatives

Buizijeynay pue
Buuayybg upis

Brightening masks
Creams with algal metabolites

Figure 3. Overview of Cosmetic Applications of Microalgae and Representative Commercial Products.

3.3.1. Anti-Aging and Daily Skin Care

Microalgae have emerged as sustainable sources of bioactive compounds for cosmetic
and dermatological applications. They synthesize carotenoids, MAAs, sulfated polysac-
charides, phycobiliproteins, and polyunsaturated fatty acids, which exhibit antioxidant,
photoprotective, moisturizing, and anti-inflammatory properties [69]. These activities
target key aging mechanisms, including oxidative stress, collagen degradation, and bar-
rier dysfunction, making microalgae promising candidates for anti-aging and daily skin
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care [141]. Growing consumer demand for natural and eco-friendly products further
supports their integration into cosmetics [142].

Skin aging is a multifactorial process influenced by intrinsic and extrinsic factors.
Intrinsic aging is genetically programmed and associated with a gradual loss of dermal
elasticity and hydration, while extrinsic aging is driven by environmental stressors, pri-
marily UV radiation. UV exposure induces ROS, which activate matrix metalloproteinases
(MMPs) that degrade collagen and elastin, leading to wrinkles and sagging. Glycation
further accelerates aging by forming advanced glycation end-products (AGEs) that stiffen
collagen fibers [143]. These pathways highlight the need for multifunctional strategies tar-
geting oxidative stress, photodamage, and glycation. Recent experimental studies provide
quantitative evidence supporting the use of microalgae-derived ingredients for anti-aging
and daily skin care. In an in vitro human keratinocyte model, astaxanthin significantly
inhibited UVB-induced oxidative stress and apoptosis-related endpoints, supporting direct
protection against photo-oxidative damage, a central factor in extrinsic skin aging [144]. In
addition, exopolysaccharides from Porphyridium purpureum showed hydration- and barrier-
relevant activity in skin models: Aquaporin 3 (AQP3) expression increased to 1.66- and
2.80-fold, filaggrin (FLG) to 1.72- and 3.23-fold, involucrin (IVL) to 1.12- and 2.60-fold, and
loricrin (LOR) to 1.86- and 3.60-fold, compared with control; in a fibroblast scratch assay;,
wound recovery after 16 h reached 54.7% with EPS versus 40.3% in untreated cells [96].
Complementing these cellular results, an in vivo UVB photoaging model demonstrated
that topical C-phycocyanin significantly reduced epidermal thickening, with epidermal
thickness approximately 28.92% lower than the UVB model group, alongside improvements
in oxidative-stress parameters [85].

Microalgal carotenoids, such as astaxanthin and fucoxanthin, counteract oxidative
stress by scavenging ROS and inhibiting MMP activity, thereby preserving dermal struc-
ture [72,77]. MAAs provide natural UV protection and antioxidant protection, while
sulfated polysaccharides enhance hydration and barrier function by upregulating genes
involved in moisturization and elasticity [96]. Additionally, Dunaliella salina carotenoids
mitigate glycation, reducing collagen stiffening and improving skin resilience [143]. These
mechanisms collectively address the major biochemical drivers of skin aging.

Among microalgal metabolites, carotenoids are the most studied. Astaxanthin from
Haematococcus lacustris improves skin elasticity and hydration in clinical trials [72], while fu-
coxanthin from diatoms stimulates procollagen synthesis and reduces MMP expression [77].
MA As offer photoprotection and antioxidant benefits, and recent advances in their biosyn-
thesis support scalable production [132,133]. Sulfated polysaccharides from Porphyridium
purpureum act as natural moisturizers and antioxidants, while phycocyanin from Spirulina
and peptides from Chlorella vulgaris contribute anti-inflammatory and collagen-stimulating
effects [145,146].

Several species dominate cosmetic applications. Haematococcus lacustris is the main
source of astaxanthin, Phaeodactylum tricornutum provides fucoxanthin, and Dunaliella salina
supplies [3-carotene and colorless carotenoids with antiglycation properties [143]. Porphyrid-
ium purpureum offers sulfated polysaccharides for hydration, while Chlorella and Spirulina
extracts deliver peptides and phycobiliproteins for antioxidant and anti-inflammatory
benefits [147]. In addition, polysaccharide fractions from red macroalgae Sarcodiotheca
gaudichaudii have demonstrated anti-inflammatory and cytoprotective effects, along with
improved scratch-wound healing in vitro, supporting a mechanistic rationale for skin
barrier recovery and the mitigation of stress pathways associated with skin aging [148].
Furthermore, S. gaudichaudii has been described in the cosmetic patent literature (US Patent
No. 9717932) for use in anti-aging formulations, including skin-conditioning and elastase-
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related applications, indicating its emerging relevance as a marine-derived ingredient for
topical anti-aging products [149].

Microalgal ingredients are formulated into topical creams, serums, sunscreens, and
oral supplements. Nanoemulsions of astaxanthin and zeaxanthin improve stability and
skin penetration [73], while MAAs are explored as reef-safe UV filters [132]. Moisturizers
enriched with red-algal polysaccharides enhance hydration and reduce transepidermal
water loss [96]. Oral astaxanthin supplementation complements topical use, improving
elasticity and reducing wrinkles [72].

Despite these advances, challenges remain. Clinical evidence for many compounds is
limited, and regulatory approval for MAAs as UV filters is pending. Safety assessments
such as human repeat insult patch tests (HRIPT) are essential to confirm a low sensitization
risk [98]. Large-scale production requires synthetic biology and process optimization,
while variability in bioactive content demands standardization [142]. Future research
should prioritize robust clinical trials, omics-driven strain improvement, green extraction
technologies, and integration into circular biorefineries to ensure sustainability. Advanced
delivery systems such as nanoencapsulation will further enhance stability and efficacy.
Addressing these gaps will enable microalgae to play a central role in next-generation,
eco-friendly skin care solutions.

3.3.2. Sun Care and After-Sun

Microalgae have attracted growing interest as natural sources of photoprotective
and skin-repairing agents for sun care and after-sun formulations. Their ability to thrive
under intense solar radiation has led to the evolution of unique metabolites, including
MAAs, carotenoids, sulfated polysaccharides, and antioxidant pigments, which collectively
provide broad-spectrum UV protection and post-exposure skin recovery [150,151]. These
compounds offer an eco-friendly alternative to synthetic UV filters such as oxybenzone
and octinoxate, which are increasingly restricted due to their environmental impacts on
marine ecosystems [150].

MAAs are among the most studied microalgal metabolites for sunscreen development.
These water-soluble molecules absorb UVA and UVB radiation (309-362 nm) with high
molar absorptivity and exhibit antioxidant and anti-inflammatory properties, making them
ideal for multifunctional sun care products [89,132]. Recent patents highlight their incorpo-
ration into formulations with enhanced SPF, water resistance, and stability [89]. Carotenoids
such as astaxanthin and B-carotene from Haematococcus lacustris and Dunaliella salina act as
natural sunscreens by neutralizing reactive oxygen species and preventing photooxidative
damage [69]. These pigments also inhibit UV-induced matrix metalloproteinases, preserv-
ing collagen integrity and reducing photoaging [151]. Recent experimental studies provide
direct support for algal actives in sun-care/after-sun applications. In human keratinocytes
(HaCaT), a chitosan-nanoparticle formulation loaded with an MA A-rich algal extract pro-
vided complete protection at low-moderate UVA doses (5-30 ]/ cm?) and still retained
64.7% protection efficacy at a lethal UVA dose (60 ]/ cm?); in post-treatment conditions it
restored viability to 100% at 30 J/ cm? and ~43% at 60 J/cm? [152]. Complementary UVB-
focused evidence was reported using a lipid extract from the microalga Nannochloropsis
oceanica: UVB exposure (60 m]J/cm?) reduced keratinocyte viability by ~30%, while low
extract doses (<0.003 mg/mL) increased survival to nearly 100% and attenuated oxida-
tive/inflammatory readouts [153]. At the formulation/skin-model level, an oil-in-water
nanoemulsion containing 1% algae extract (Dictyopteris justii YP17501) (Rhodophyta) was
tested on excised pig-skin membranes and showed limited UVB-induced barrier damage,
with a 15% decrease in electrical resistance compared with 50% for the control [154].
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Beyond photoprotection, microalgal extracts support skin repair after UV expo-
sure. Sulfated polysaccharides from red microalgae exhibit strong moisturizing and
anti-inflammatory effects, reducing erythema and restoring barrier function [96]. Polar
microalgae extracts have demonstrated the ability to protect keratinocytes from oxidative
stress and UVB-induced damage while downregulating pro-inflammatory cytokines, accel-
erating recovery in inflamed or sunburned skin [125]. Carotenoids and phycobiliproteins
further contribute to soothing effects by scavenging reactive oxygen species and modu-
lating inflammatory pathways. These properties make microalgal bioactives suitable for
after-sun gels, lotions, and soothing sprays designed to reduce redness, oxidative stress,
and dehydration.

Although MAAs and other microalgal compounds show excellent photostability and
biocompatibility, regulatory approval for their use as primary UV filters is still pending
in most jurisdictions [89]. Safety assessments, including human repeat-insult patch tests,
are essential to confirm a low sensitization potential. Current trends favor their inclusion
as boosters or secondary actives in hybrid formulations while regulatory frameworks
evolve [150]. Advances in synthetic biology and metabolic engineering are expected to
overcome supply limitations of MAAs and carotenoids, enabling cost-effective, large-scale
production [133]. Omics-driven strain improvement, green extraction technologies, and
integration into circular biorefineries will enhance sustainability and reduce environmental
impact. Furthermore, innovative delivery systems such as nanoemulsions and bio-carriers
are being explored to improve skin penetration, stability, and synergistic effects in multi-
functional sun care and after-sun products.

3.3.3. Color Cosmetics and Hybrid

The color cosmetics market is undergoing a significant transformation driven by con-
sumer demand for clean-label, sustainable, and multifunctional products. This shift has
given rise to hybrid formulations, often referred to as “make care,” which combine decora-
tive functions with skincare benefits. Microalgae have emerged as promising ingredients in
this segment due to their ability to produce natural pigments and bioactive compounds
that deliver both aesthetic appeal and functional properties [51]. Unlike synthetic dyes,
microalgal pigments such as carotenoids, chlorophyll derivatives, and phycobiliproteins
offer vibrant colors while providing antioxidant, anti-inflammatory, and photoprotective
effects, aligning with the growing trend of skinification in makeup [155].

Microalgal bioactives perfectly fit the hybrid beauty concept by combining color with
hydration, anti-aging, and barrier-supporting properties. For example, carotenoid-rich
extracts incorporated into tinted moisturizers or serum foundations enhance skin elasticity,
reduce photoaging markers, and provide natural coverage [156]. Similarly, peptides and
sulfated polysaccharides from Chlorella and Porphyridium can be integrated into lip and
cheek products to improve hydration and barrier function [70]. Phycobiliproteins, beyond
their role as colorants, exhibit antioxidant and anti-inflammatory effects, making them
suitable for hybrid formulations targeting sensitive or reactive skin [155].

Carotenoids such as astaxanthin and (-carotene are widely studied for their dual
roles as colorants and skin protectants. Astaxanthin from Haematococcus lacustris imparts
red-orange tones suitable for lipsticks and tinted balms, while 3-carotene from Dunaliella
salina provides golden hues for foundations and BB creams. Phycocyanin from Spirulina
offers a rare natural blue pigment, expanding the color palette for eye makeup and hybrid
products [155]. Beyond coloration, these compounds act as potent antioxidants, reducing
oxidative stress and mitigating UV-induced damage, which makes them ideal for multi-
functional formulations [156]. Additionally, peptides and sulfated polysaccharides from
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Chlorella and Porphyridium can be incorporated into lip and cheek products to enhance
hydration and barrier function [70].

Safety and regulatory considerations are critical for the adoption of microalgal pig-
ments in color cosmetics. While carotenoids and phycobiliproteins are generally recognized
as safe for topical use, their application in lip and eye products requires compliance with
regional cosmetic regulations. Stability and allergenicity testing are essential to ensure
consumer safety and maintain product performance [51]. Formulation challenges also exist,
as natural pigments are sensitive to environmental factors. Phycocyanin, for instance, is
highly susceptible to pH and light degradation, while carotenoids are prone to oxidation.
These limitations necessitate the use of encapsulation technologies, such as liposomes or
biopolymer matrices, and the inclusion of antioxidant systems to preserve pigment integrity
and extend shelf life.

Future perspectives for microalgae in color cosmetics focus on improving pigment
yield, stability, and functionality through advanced biotechnological approaches. Omics-
driven strain selection and metabolic engineering are being employed to enhance pigment
biosynthesis, while green extraction methods reduce environmental impact and align
with sustainability goals. Furthermore, smart delivery systems such as nanoemulsions
and microcapsules are being developed to improve pigment dispersion, color stability,
and bioactive release in hybrid formulations. These innovations position microalgae as a
cornerstone of next-generation color cosmetics, offering a unique combination of natural
aesthetics, skin health benefits, and environmental responsibility.

3.3.4. Hair and Scalp Care

Microalgae have become increasingly relevant in hair and scalp care due to their rich
bioactive compound profile, including proteins, polysaccharides, polyunsaturated fatty
acids, pigments, and antioxidants. These compounds provide multifunctional benefits,
including scalp hydration, anti-inflammatory effects, and stimulation of hair follicle ac-
tivity, making them suitable for shampoos, conditioners, and scalp treatments [157]. The
growing demand for natural and sustainable cosmetic solutions has driven research into
microalgae-based formulations. The mechanisms of action include stimulation of hair
follicle growth through upregulation of keratin and collagen synthesis, antioxidant and
anti-inflammatory effects that reduce oxidative stress and cytokine activity, and inhibition
of 5a-reductase, which lowers dihydrotestosterone (DHT) levels associated with andro-
genic alopecia [158,159]. Additionally, polysaccharides and fatty acids from microalgae
restore scalp hydration and reinforce the skin barrier [160].

Recent experimental studies provide strong evidence for these effects. Oliva et al. [161]
demonstrated that Botryococcus terribilis (Chlorophyta) extract (which contains a novel
compound, C32 botryococcene and methylated-meijicoccene), applied at low micromolar
concentrations, significantly upregulated hair growth-related genes and enhanced keratin
and collagen synthesis in dermal papilla cells without cytotoxicity. Abdoul-Latif et al. [162]
formulated hair care products with Isochrysis galbana extract applied at approximately
9 uL/cm? to rabbit skin; after two months, treated areas showed markedly longer hair
compared to controls. Jang et al. [159] tested Spirulina extracts prepared via distilled water
and ethanol extraction: the water extract exhibited superior anti-inflammatory activity,
while the ethanol extract strongly inhibited 5c-reductase. Both extracts promoted hair
growth in vivo and increased [3-catenin expression. Clinical trials with Algaktiv’s Densidyl,
a blend of Graesiella emersonii (formerly Chlorella emersonii) (Chlorophyta) and Limnospira
maxima (formerly Spirulina maxima) (Cyanophyceae) at 2% concentration, reported a 25.9%
increase in anagen hairs, an 11.4% rise in hair density (10,200 new hairs), and a 26.7%
improvement in scalp moisturization after five months of topical application [163].
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The advantages of microalgae in hair care include their natural origin, sustainability,
and multifunctionality, offering antioxidant, anti-inflammatory, and moisturizing benefits
in a single ingredient. They are generally safe and hypoallergenic, making them suitable
for sensitive scalp care. However, challenges remain, including high production costs,
stability issues during formulation, and regulatory hurdles to cosmetic approval. Continued
innovation in biotechnology and green extraction methods is expected to improve scalability
and cost-effectiveness, while encapsulation and nanotechnology can enhance stability and
targeted delivery. Personalized scalp care formulations containing microalgal bioactives
are anticipated to align with the growing trend toward sustainable, functional cosmetics.

3.3.5. Algae-Based Cosmetics for Spa, Facial Masks, and Skin Scrubbing

Algae serve as multifunctional ingredients in spa treatments, facial masks, and scrub-
bing products. Their richness in sulfated polysaccharides (e.g., fucoidan, alginates),
phlorotannins, carotenoids, phycobiliproteins, peptides, and minerals underlies their hydra-
tion, antioxidant, anti-inflammatory, and photoprotective properties, supporting consumer
demand for natural, sustainable skincare [70,164].

The main mechanism is twofold: film-forming polysaccharides, such as alginates
and fucoidan, enhance skin barrier function and moisture retention, while pigments, such
as phycocyanin, lutein, carotenoids, and phlorotannins, provide ROS scavenging and
anti-inflammatory defense against photoaging [69,165,166]. Fucoidan, notably, exhibits
anti-wrinkle, pigmentation modulation, UV protection, and wound-healing potential,
making it ideal for post-treatment recoveries [167,168].

In spa applications, ex vivo studies using alginate/fucoidan hydrogels with essen-
tial oils demonstrated pseudoplastic rheology and improved permeation in Franz dif-
fusion assays, delivering ~15 mg of calcein out of 75 mg and increasing retention by
~15%, highlighting enhanced delivery in wraps and leave-on masks [169]. In parallel,
fucoidan-rich polysaccharides extracted from Sargassum horneri (Phaeophyceae) showed
anti-wrinkle/anti-photoaging relevance experimentally: in UVB-induced fibroblasts, treat-
ment significantly increased procollagen synthesis and inhibited MMP-1 and MMP-3;
importantly, in a clinical forearm study, a lotion containing the extract reduced TEWL after
3 weeks versus placebo [5].

Facial mask trials include a study by Janssens-Bocker et al. [170], where lyophilized
brown-algae/calcium sheet masks improved hydration, reduced wrinkle depth, balanced
pH, and maintained skin microbiome diversity after multiple applications. Another clini-
cal study with seaweed-complex masks in 57 subjects showed notable improvements in
moisture, brightness, pore refinement, and dryness reduction [171]. A 12-week Spirulina-
enriched topical trial with olive extract enhanced hydration, barrier integrity, brightness,
and dermal echogenicity in 31 women (with an age of 39 to 60 years) [172].

For scrubbing, finely milled macroalgae powders provide gentle mechanical exfolia-
tion, while co-delivered polysaccharides and phlorotannins soothe and hydrate post-scrub
skin (Table 3). Reviews emphasize the necessity of standardization to ensure consistent bar-
rier recovery and anti-inflammatory outcomes [165,173]. Novel research on Auxenochlorella
protothecoides (formerly Chlorella protothecoides)-derived polydeoxyribonucleotides (PDRNs)
demonstrated enhanced keratinocyte and fibroblast proliferation, increased collagen syn-
thesis, and angiogenesis via VEGF and ERK/AKT pathways, signaling strong potential for
exfoliation recovery applications in vitro [174]. Encapsulation techniques stabilize sensitive
pigments and phenolics, enhancing product shelf-life and dermal availability for rinse-off
scrubs and masks [67]. Table 3 summarizes representative commercial products formu-
lated with algae-derived ingredients across multiple categories, including spa treatments,
anti-aging care, sun care, color cosmetics, and hair care.

https:/ /doi.org/10.3390/phycology6010017


https://doi.org/10.3390/phycology6010017

Phycology 2026, 6, 17 25 of 39
Table 3. Some Commercial Cosmetic Products Formulated with Algae.
Key Algae-Derived . X . "
Brand Product Type Algae Source Actives Claimed Benefits Category Approx. Price (USD)
Créme de la Mer (Miracle : Giant sea kelp (Macrocystis pyrifera) Fermented kelp “Miracle Barrier support, soothing, Anti-Aging & Daily -
LaMer Broth™) Facial cream (Phaeophyceae) Broth™” anti-aging Skin Care $3999.99 for 16.5 Oz
Cylindrotheca fusiformis
(Bacillariophyceae), Parachlorella
GENIUS Liquid beijerinckii Alguronic Acid®; - . ; Anti-Aging & Daily
ALGENIST Collagen® Serum (Chlorophyta)Exopolysaccharides, microalgae oil Firming, smoothing, radiance Skin Care $131.49 for 3.4 F10z
Auxenochlorella protothecoides
(Chlorophyta) Oil
: A0 Ao -
ALGENIST Triple Algae Eye Renewal Eye balm Microalgae blend Alguronic Acid™ + algae Puffiness, dark circles, fine lines Anti Aglng & Daily $55.29 for 0.5 Oz
Balm complex Skin Care
Undaria Algae™ Body . Brown seaweed (Undaria . . . Elasticity, firming, deep Anti-Aging & Daily
OSEA Oil Body oil pinnatifida) Undaria soak infusion moisturization Skin Care $84 for 9.6 F10z
Undaria Algae™ Body : Brown seaweed (Undaria - s Visibly firms in 4 h; hydration Anti-Aging & Daily
OSEA Lotion Body lotion pinnatifida) Undaria + hyaluronic acid (brand clinical) Skin Care $48 for 5.0 F10z
Algotherm Urban [Flash] Mask Sheet/second-skin mask Green mlcroalga (Ch{orella vulgaris) Chlorella extract; alginates Anti-pollution; +67% hydration Antl—Aglng & Daily ~$68:99 for a pack
+ marine alginates (brand test) Skin Care containing 5 masks
[Glow-Age] Targeting Brown macroalgae (Alaria esculenta; Alaria extract; sea-fern Radiance; instant tightening Anti-Aging & Daily 5
Algotherm Mask Cream mask Dictyopteris) extract (brand test) Skin Care $60.80 for 50 mL
. Saccharina latissima (Royal sugar . . S A .
Seaweed Oil-Control Gel B L O Qil control; 48-h hydration Anti-Aging & Daily N
The Body Shop Cream Gel-cream kelp) (Phaeop()g};cg:)e) /Laminaria Seaweed extract (brand) Skin Care (oil-balance) $21.05 for 50 mL
Laboratoires d ALGA MARIS SPF50 Sun Red algae (Gelidium
a %riir[r)gss € Milk/Family SPF50+ Sunscreen (face/body) corneum—formerly Gelidium Alga-Gorria® UV protection; water-resistant Sun Care & After Sun ~$34.49 for a 150 mL
Spray sesquipedale)
Laboratoires de ALGA MARIS SPF50 - Iy . UV + blue-light protection; Color Cosmetics & Sun
Biarritz Tinted Sun Croam Tinted sunscreen Red algae (Gelidium corneunt) Alga-Gorria® complexign ul:r)ﬁfying Care ~$27.95 for a 50 mL
S . . . . . e Remineralizing; purifying; body ~$52.02 for 10 sachets/40 g
Thalgo Micronised Marine Algae Professional spa wrap Micro-crushed marine algae Minerals; alginates contour start Spa Treatments (Body) per sachet
VOYA Orgar‘lli\?riza(\;v ;;;j Leaf Professional wrap Laminaria (Phaeophyceae) leaves Whole-leaf seaweed Detoxifying; firming; softening Spa Treatments (Body) $24.75 for %Ii:iﬁl(scontaining
VOYA Lazy Days Detoxifying Seaweed Bath Fucus serratus Hydrating alginates Moisturizing; relaxation Spa/At-Home Ritual ~$33.91 for400 g
Bumble and bumble Seaweed Nourishing Shampoo Royal sugar kelp; Pacific sea kelp; Kelp extracts; Chlorella Scalp hydration'; lightweight Hair & Scalp Care ~$121.61 for 1000 mL
Shampoo green microalgae vulgaris cleansing
Bumble and bumble Seaweed Nqurlshlng Conditioner Royal sugar kelP; Pacific sea kelp; Kelp extracts; ‘Chlorella Hydration; frizz reduction Hair & Scalp Care ~$119.27 for 1000 mL
Conditioner green microalgae vulgaris
Bumble and bumble Seaweed Whipped Scalp Scalp scrub Trio of seaweeds + Dead Sea salt Kelp + Chlorella extracts Gentle exfohagon; supports Hair & Scalp Care ~$45.60 for 200 mL
Scrub scalp environment
L'Oréal Paris Pure Clay Face Mask Face mask Palmaria palmata Red algae extract Deep Cl:ralg_s;r;gli‘ﬁ:sf:hatlon; Daily Skin Care $21.96 for 1.7 Oz
Garnier Super Purifying Charcoal Sheet mask Algae extract (brand disclosure) Algae extract + charcoal Purifying; pore cleansing; Daily Skin Care ~$4.08 for sheet

Sheet Mask

hydration

* The prices were calculated in US dollars, based on the official exchange rate of 1.17 USD per euro, and reflect the prices listed in December 2025.
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Advantages of algae-based formulations include multifunctionality, structural benefits,
natural positioning, and growing clinical evidence. However, challenges remain: bioactive
variability from species or seasonal change, color/odor concerns, limited controlled trials,
and potential heavy-metal contaminants [173]. Safety and regulatory compliance require
validated testing for elemental impurities (As, Cd, Pb, Hg) and microbial safety per MoCRA
and international standards, with ingredient-specific assessments necessary [175].

Future research should prioritize well-designed randomized controlled trials that
incorporate objective measures, such as transepidermal water loss (TEWL), profilometry,
and colorimetry, to validate efficacy. Equally important is the molecular standardization of
key algal components, such as fucoidan and alginates, to ensure consistent performance.
Advances in encapsulation technologies will be critical for stabilizing microalgal pigments
and enhancing bioavailability, while robust quality control protocols must be implemented
across production. Integrating algae-derived actives into circular biorefinery systems
and framing them within sustainable product narratives will strengthen alignment with
consumer expectations and global eco-conscious trends.

The formulation and commercialization of cosmetic products, including those contain-
ing microalgae-derived ingredients, are subject to comprehensive regulatory frameworks
to ensure consumer safety, product efficacy, and compliance with region-specific legal
requirements. In the European Union, Regulation (EC) No. 1223/2009 remains the prin-
cipal legislative framework governing cosmetics placed on the EU market, mandating a
scientific safety assessment, a designated responsible person, and prior notification through
the Cosmetic Products Notification Portal before placing any cosmetic product on the
market [176]. This regulatory framework also enforces bans on animal testing for cosmetic
purposes and requires ingredient safety data to be accessible via the CosIng database. In
addition to sector-specific legislation, the EU’s General Product Safety Regulation (GPSR)
(Regulation (EU) 2023/988) reinforces safety obligations for cosmetic products sold via
online and distance-selling platforms, complementing existing labelling, market surveil-
lance, and responsible person duties outlined in the Cosmetic Products Regulation [177].
Furthermore, ongoing regulatory reviews have targeted amendments to restricted and
prohibited substances, addressing specific ingredient concerns such as certain solvents, UV
filters, and emerging hazard classes.

In the United States, cosmetic products are regulated by the Food and Drug Admin-
istration (FDA) under the Federal Food, Drug, and Cosmetic Act. The Modernization of
Cosmetics Regulation Act (MoCRA), enacted in 2022, significantly strengthened regulatory
oversight by introducing mandatory facility registration, product listing, adverse event
reporting, and enhanced safety substantiation requirements [178]. Although cosmetic
ingredients do not require pre-market approval (except for color additives), manufacturers
remain legally responsible for ensuring product safety. At the global level, algae-based
cosmetic products must also comply with international standards and region-specific regu-
lations, particularly when novel or bioactive algal compounds are used. Overall, regulatory
compliance, ingredient standardization, and robust safety testing are essential to support
the safe and sustainable integration of microalgae-derived ingredients into cosmetic and
personal care products.

4. Computational and AI-Based Approaches

Artificial intelligence and machine learning now enable comprehensive microalgal
workflows, and deep learning models, such as YOLOVS, are integrated into portable mi-
crofluidic platforms to detect and classify species in real time while also tracking pigment
induction (astaxanthin) with an accuracy of 92-97%. Convolutional neural networks also au-
tomate species recognition and growth monitoring on a lab scale, and additionally, machine
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learning viability assays [179,180]. Genome-scale metabolic models and network biology
are useful in engineering bioactive pathways and exploiting stress responses in microalgae.
Recent works also highlight advances in light/dynamic modelling, metabolomics, and
machine learning-augmented flux prediction. Furthermore, protein—protein interactions
reveal regulatory leverage points for carbon fixation and nutrient sensing. This systems
approach is being used in food innovation that seeks to improve pigment and protein
content, thereby aligning computational design with consumer acceptance and scalabil-
ity [181,182]. Data-centric optimisation significantly improves the processes. Additionally,
artificial methodology outperforms traditional response surface methodology in modelling
multivariable bioactive extractions, indicating the potential for hybrid strategies to enable
greener and more scalable microalgal separations. Bibliometric reviews reveal a growing
interest in ultrasonic, enzymatic, and supercritical treatments within circular bioeconomic
frameworks that prioritise efficiency and sustainability [183,184]. These diverse Al and
computational applications are summarised in Table 4, while their conceptual integration
across sensing, modelling, and bioprocess optimisation is illustrated in Figure 4, providing
a clear overview of how digital tools support sustainable microalgal biotechnology.

.'/ AI Methodologies ] [

[ Genomics

}» ‘ Lez‘::::l [ Mgﬂ:m; J H Metabolomics J

; [ PredictiveModelling ]

}q{ Algal Bioactive
Compound

%Oé

Figure 4. Overview of Al methodologies and their relation to algal bioactive compounds.

Modern systems biology approaches, including multiomics (genomics, transcrip-
tomics, proteomics, metabolomics), provide detailed insights into microalgae biology,
revealing key molecules and pathways important for protein quality and yield. The
vast amount of data generated requires advanced computational and statistical methods,
with Al and mathematical modelling offering promising systems approaches for pro-
cessing and analysing microalgae data [185]. According to cosmetic research, microalgal
actives provide benefits such as photoprotection, whitening, moisturization, anti-ageing, and
anti-inflammatory properties. Some works during 2024-2025 focused on ingredient classes
(carotenoids, phycobiliproteins, polysaccharides, and peptides), mechanisms, extraction meth-
ods, and market products. Scientometric mapping over the last two decades shows significant
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growth and international collaboration, facilitating the transition to sustainable, nature-derived
skincare formulations based on mechanistic evidence and safety considerations [69].

Al-enabled platforms monitor and classify some cultures and pigment accumula-
tion for astaxanthin, allowing for more responsive stress induction schedules. Dynamic,
model-guided biofilm production saves water and energy by predicting pigment yields.
Comprehensive reviews till 2025 synthesise upstream and downstream bottlenecks as
well as industrial roadmaps, emphasising the importance of computation in lowering
operational costs and accelerating commercialisation in the food and personal care sec-
tors. Effective management of key risks and constraints is critical to maintaining this
momentum [180,186]. Persistent data scarcity and heterogeneity, characterised by species
variability and low sensor fidelity, can limit model generalisability. This challenge can be
addressed using simulation-based data, modular designs, and adaptive learning. Regu-
latory and safety concerns are paramount, especially with genetically engineered strains
created using CRISPR technology. Other research works from 2020 to 2023 emphasise
the importance of clear biosafety and public acceptance frameworks [187]. So, successful
commercialisation is dependent on the incorporation of artificial intelligence into the strain
selection and formulation processes within intelligent, circular biorefineries designed to
reduce costs and environmental impact. Implementing this necessitates a systematic and
comprehensive approach.

Deep learning can be used to identify species, and machine learning can help with
rapid screening. A hybrid approach can be implemented that combines genome-scale
metabolic models and machine learning to predict trade-offs in pathways and conditions,
with validation from metabolomics, and incorporate findings into food and cosmetic formu-
lations using evidence-based mechanisms, safety assessments, and sensory optimization,
ideally within a smart biorefinery that incorporates artificial intelligence throughout cul-
tivation, harvesting, extraction, and product development. The interconnected layers of
sensing, modelling, processing, application, and governance demonstrate how computa-
tional and Al methodologies can aid in the large-scale extraction of bioactive compounds
from microalgae for nutritional and cosmetic purposes [69,180,188]. Industry technologies,
including Al and 3D printing, are leveraged to drive sustainable innovation in the cosmetic
sector. These technologies support the extraction of bioactive compounds in alignment
with green chemistry principles and enable transparent supply chain management [189].
The convergence of digital tools and stakeholder collaboration facilitates sustainability
at every stage of the value chain, promoting the commercialization and environmental
viability of microalgae-derived bioactive compounds.

Beyond traditional deep learning for species detection, recent research has looked
into advanced Al paradigms to address complex bioprocess challenges [190]. Generative
Al models are being used to create novel metabolic pathways and predict enzyme vari-
ants for improved pigment and protein synthesis, thereby accelerating strain engineering
through in silico simulations [191]. Reinforcement learning algorithms enable adaptive
control of cultivation systems by dynamically adjusting light intensity, nutrient supply, and
stress levels to maximise bioactive yields in changing environments [191]. Furthermore,
digital twin frameworks, virtual replicas of bioreactors, combine real-time sensor data
with predictive models to simulate process outcomes, optimise resource use, and lower
experimental costs [192]. These advancements, combined with multiomics-driven feature
extraction and hybrid Al-physics models, signal a shift towards intelligent, self-optimizing
biorefineries that adhere to circular economy principles and sustainability objectives [187].
Such approaches improve scalability and increase resilience to variation in species per-
formance and environmental conditions, paving the way for next-generation food and
cosmetic formulations [157]. Recent studies have combined Al with multiomics datasets to
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better understand regulatory networks and improve carbon fixation and nutrient sensing.
The advancements collectively establish Al-enabled systems as intelligent and adaptive sys-
tems capable of enhancing commercialisation while adhering to sustainability and circular
economy principles.

Table 4. Al and Computational Applications in Microalgae-Derived Bioactive.

Application Area

Al/Computational Approach Outcomes/Benefits Ref.

Cosmetics Formulation

simulations (ML/DL for ingredient
profiling and formulation design)

Al-driven data analysis & Optimized microalgal cosmetic formulations [69]

(photoprotection, anti-aging, whitening)

Functional Foods &
Nutrition

Al-enabled omics data mining.
Al-informed cultivation & strain Growth prediction and yield forecasting. [193,194]

selection. pathway control for targeted compound biosynthesis

synthetic biology interfaces

MLAs/ Al algorithms. Process optimization and control; nutrient recovery.

Biorefinery & Wastewater hybrid optimization (RSM + ML) model-predictive control pathways [195]
Molecular docking. In silico identification of novel microalgal peptides;
Bioactive Peptide integrated proteomics / Peptidomics multifunctionality prediFtign as anti-inflammatory [196,197]
Discovery + bioinformatics. and antimicrobial.
omics bioprospecting Accelerated candidate triage for health applications
Sustainable business models; transparent
Circular Economy & Al, 3D printing of bioreactors, supply chains. [189,198,199]
Industry 4.0 digital twins improved cultivation via 3D-printed o
photobioreactors
Process Simulation & Digital Twin Frameworks Reduced experlmentz?lvcos.ts; optimized resource [200]
Optimization utilization
Adaptive Cultivation . . Maximized bioacti ields und iabl
p Control Reinforcement Learning (RL) aximize I%E;fvli\rlgr?rfenisun €r variable [201]
Dynamic Process Control ~ ML-based Predictive Scheduling Reduced water and Chergy use; higher pigment [202]
productivity

5. Future Perspectives

The future of microalgae-derived bioactives lies in their integration into sustainable
biotechnological platforms that address global health, nutrition, and environmental chal-
lenges. Advances in synthetic biology and omics-driven strain engineering will enable the
development of high-yield microalgal strains optimized for the production of carotenoids,
phycobiliproteins, polysaccharides, and polyunsaturated fatty acids. Coupled with green
extraction technologies and circular biorefinery models, these innovations will reduce pro-
duction costs and environmental impact, enabling large-scale commercialization. Clinical
validation remains a critical priority; robust, long-term trials are needed to substantiate the
efficacy and safety of microalgal compounds in nutraceutical and cosmetic applications.
Harmonized international regulations and standardized quality control will further accel-
erate market adoption. Future formulations will increasingly rely on advanced delivery
systems such as nanoencapsulation and lipid carriers to enhance bioavailability, stability,
and targeted action, enabling multifunctional products that combine antioxidant, photo-
protective, and anti-aging benefits. Integration with carbon-neutral systems, wastewater
treatment, and CO, capture will position microalgae as a cornerstone of circular economy
strategies. Additionally, the convergence of microalgal biotechnology with personalized
nutrition and microbiome-focused cosmetics will open new avenues for tailored health and
beauty solutions. Overcoming sensory limitations and improving consumer awareness
through education and transparent labeling will be essential for mainstream acceptance.
Collectively, these developments will transform microalgae from niche applications into a
central component of sustainable food, health, and cosmetic industries. The integration
of Al and computational modeling into microalgal biorefineries will be pivotal for future
advancements. Predictive algorithms, digital twins, and omics-informed machine learning
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will optimize cultivation, extraction, and formulation processes, reducing operational costs
and environmental impact. These technologies will also enable personalized nutrition and
smart cosmetic solutions, aligning with Industry and circular economy principles.

6. Conclusions

Microalgae have emerged as versatile biofactories capable of producing a wide array
of bioactive compounds with significant applications in nutrition, cosmetics, and health-
care. Their unique metabolic flexibility, high productivity, and sustainability credentials
position them as promising alternatives to conventional resources in addressing global chal-
lenges such as malnutrition, food security, and environmental degradation. In the cosmetic
sector, microalgal metabolites, including carotenoids, phycobiliproteins, polysaccharides,
polyunsaturated fatty acids, and peptides, offer multifunctional benefits ranging from
antioxidant and photoprotective effects to hydration, anti-aging, and microbiome support.
These attributes align with the growing consumer demand for natural, eco-friendly, and
multifunctional products. Despite these advantages, wider industrial adoption of microal-
gae remains constrained by high capital and operational costs for controlled cultivation,
energy-intensive harvesting and downstream purification, and batch-to-batch variability,
which require strict quality control for cosmetic-grade claims. Additional challenges in-
clude regulatory and scale-up barriers related to safety and efficacy substantiation, as well
as the current lack of large-scale clinical validation.

Future progress will depend on advances in synthetic biology, green extraction tech-
nologies, and integrated biorefinery models to enhance cost-effectiveness and sustainability.
Additionally, innovative delivery systems and personalized formulations will drive the
next generation of microalgae-based products. Computational and Al-based strategies
represent a critical frontier for microalgal biotechnology, offering tools to enhance efficiency,
scalability, and sustainability across nutritional and cosmetic applications. By bridging
scientific innovation with regulatory harmonization and consumer education, microalgae
can transition from niche applications to mainstream solutions, contributing to a circular
economy and promoting global health and environmental resilience.
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