[bookmark: _Hlk210670326]Review Article

From Color to Cure: Bio-functional and Therapeutic Potential of Spirulina-Derived Natural Pigments




.
ABSTRACT

	Spirulina (Arthrospira spp.) produces natural pigments such as phycobiliproteins (notably phycocyanin), carotenoids (including β-carotene and zeaxanthin), and chlorophyll a, which are versatile biomolecules. These natural pigments exhibit a range of bioactivities, including antioxidant, anti-inflammatory, immunomodulatory, neuroprotective, hepatoprotective, anticancer, antimicrobial, and photoprotective effects, highlighting their potential in disease prevention and health promotion. This review provides a comprehensive and integrative synthesis of the chemistry, extraction, and stabilization of Spirulina pigments, along with findings from in vitro and in vivo studies that elucidate their mechanisms of action. Uniquely, it highlights recent advances in culture optimization, green extraction technologies, and formulation strategies for enhancing pigment stability and bioavailability.
Furthermore, this review emphasizes the transition of Spirulina pigments from natural colorants to multifunctional bioactives with translational potential in the food, nutraceutical, cosmetic, and biomedical industries as natural colorants and as bioactive components. However, challenges persist regarding their stability, standardization, bioavailability, and clinical validation, which currently impede their practical applications. By identifying current gaps and proposing future research directions, this work establishes a novel framework for exploiting Spirulina pigments as sustainable aquatic biopharmaceutical resources poised to bridge nutrition, therapeutics, and biotechnology.
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1. INTRODUCTION 

Microalgae are a diverse group of photosynthetic microorganisms that inhabit both marine and freshwater ecosystems [1]. Through photosynthesis, these organisms can transform sunlight, water, and carbon dioxide into biomass, producing a composition full of proteins, lipids, pigments, and other bioactive substances [2]. The taxonomy of microalgae includes a wide range of groups, such as the Chlorophyceae (green algae), Bacillariophyceae (diatoms), Chrysophyceae (golden algae), Rhodophyceae (red algae), and Cyanobacteria, which are prokaryotic organisms commonly referred to as "blue-green algae [3]." Because of their similar morphology, ecology, and applications, some cyanobacteria, like Arthrospira (marketed as Spirulina), are widely recognized and used as microalgae despite being prokaryotic.

With evolutionary origins dating back about 3.5 billion years, Spirulina is among the oldest life forms on Earth [4]. As a member of cyanobacteria, it represents a prokaryotic lineage which is different from true eukaryotic algae. Unlike eukaryotic microalgae, Spirulina lacks a nucleus and membrane-bound organelles. Nevertheless, it possesses remarkable physiological adaptations that allow it to growing in alkaline, saline, and nutrient-rich environments where few organisms can survive [4]. Because of its distinctive helical or spiral-shaped filaments, therefore it is commonly known as "Spirulina." The ecological resilience of Spirulina allows it to flourish under a broad spectrum of environmental conditions. Its high photosynthetic efficiency facilitates rapid growth and consistent biomass production in various cultivation systems. Owing to these attributes, Spirulina is particularly well-suited for large-scale cultivation in modern closed photobioreactors, which are engineered to optimize yield and minimize contamination. Additionally, it can be effectively cultivated in traditional, open raceway ponds [6]. Its ability to adapt has helped it become one of the most widely grown microalgae in the world, with applications in nutrition, biotechnology, pharmaceuticals and sustainable agriculture (Figure 1).

The historical utilization of Spirulina as a nutritional resource extends over several centuries, with documented evidence of its use in various global regions. As early as the 16th century, the Aztecs in Central America was documented to have harvested Spirulina from Lake Texcoco [2]. Referred to as tecuitlatl, meaning "the stone’s excrement." Spirulina biomass was collected, dried, and formed into cakes, which were subsequently sold in local markets. It may not have been a staple of the Aztec diet, but its recognition as a valuable food resource is well documented. Earlier records indicate that Spirulina was traditionally utilized in Africa since at least the 9th century during the Kanem Empire in present-day Chad [5]. Spirulina, also referred to locally as dihe or daei, is harvested by local communities from shallow lakes and small ponds around Lake Chad. The dried product is commonly incorporated into meal broths and sold in markets, forming an integral part of the local food culture.
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Figure 1. Historical timeline of Spirulina use. From early consumption in Lake Chad (9th century) and Aztec harvesting in Mexico (16th century). Spirulina was rediscovered in the 1960s as a nutrient-rich food and commercially cultivated in the 1970s–1990s as a “superfood.” Since the 2000s, it has been applied globally in nutraceuticals, functional foods, and cosmetics.

Today, Spirulina has moved beyond its traditional roots to become a widely recognized nutrient-dense "superfood." Large-scale production was made possible by technological developments in cultivation in the early 1970s, which brought its nutritional and functional qualities to the attention of the world [8]. To ensure a steady supply of biomass for food, nutraceutical, and pharmaceutical applications, commercial cultivation is currently carried out in closed photobioreactors and open raceway ponds [9]. Spirulina is one of the most nutrient-rich microalgae available due to its remarkable composition, which includes 55–70% high-quality protein with all essential amino acids, fatty acids, vitamins (especially B-complex and vitamin E), and minerals like iron, calcium, and magnesium, [6]. Its natural pigments, such as phycocyanin, chlorophyll, and carotenoids, contribute to its vibrant color and provide a variety of biological activities and health benefits.

Natural pigments derived from Spirulina, including phycocyanin, carotenoids, and chlorophylls, are recognized for their important biological activities in addition to their photosynthetic role. These pigments are promising agents for promoting human health and preventing diseases because of their anti-inflammatory, immunomodulatory, antioxidant, and chemopreventive qualities. A thorough analysis of the bioactivities of Spirulina pigments is both necessary and timely given the growing demand for natural, sustainable bioactive compounds. This will help to better understand the pigments' roles in nutrition, the development of functional foods, and therapeutic applications.

2. KEY NATURAL PIGMENTS OF SPIRULINA

2.1 Phycobiliproteins 

Spirulina and other cyanobacteria use phycobiliproteins, a class of water-soluble pigment-protein complexes with vibrant colors, as a key component of their light-harvesting system [7]. They consist of chromophore pigments covalently bonded to apoproteins, forming highly organized complexes that efficiently capture and transfer light energy. They are primarily divided into three groups based on color and absorption characteristics such as phycoerythrin, allophycocyanin, and phycocyanin (Figure 2C), with the latter being the most abundant and biologically significant [8]. Phycocyanin, exhibit significant absorption in the red region of the visible spectrum (600-655 nm) and exhibit pronounced fluorescence [8]. Allophycocyanin and phycocyanin have violet-grey and purple-violet visible spectra, respectively. These optical properties render them essential for photosynthesis and highly valuable as natural food colorants, fluorescent probes, and markers in biomedical research.

Phycocyanin consists of open-chain tetrapyrrole chromophores covalently attached to apoproteins through thioether linkages. These apoproteins are present as α- and β-subunits that assemble into oligomeric structures, starting with the (αβ) monomer, which subsequently organizes into (αβ)3 trimers and ultimately into (αβ)6 hexamers [9]. This hierarchical assembly imparts stability and functionality, facilitating efficient energy transfer within the phycobilisome complex. Collectively, the structural organization, unique spectral properties, and biosynthetic pathways of phycobiliproteins, particularly phycocyanin, underscore their dual importance as essential photosynthetic pigments and bioactive molecules with diverse applications.
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Figure 2. Major natural pigments extracted from Spirulina. Phycocyanin (A), zeaxanthin (B), β-carotene (C) and chlorophyll a (D). 

2.2 Carotenoids

Carotenoids constitute a significant class of lipid-soluble pigments in Spirulina, contributing to its distinctive bluish-green hue and nutritional and functional attributes. Among other carotenoids, β-carotene and zeaxanthin (Figure 2A-B) are the most prevalent and biologically significant carotenoids.

β-carotene is a provitamin A carotenoid, which can be enzymatically cleaved in the human intestine to produce retinol (vitamin A) [10]. This conversion is essential for maintaining normal vision, immune function, epithelial integrity, and cellular differentiation. Spirulina is notably rich in β-carotene, often containing concentrations several times higher than those found in common vegetables, such as carrots and spinach [11]. Additionally, the bioavailability and antioxidant efficacy of β-carotene derived from Spirulina are improved by its natural isomeric profile, which primarily consists of all-trans and 9-cis isomers [12]. The 9-cis isomer, in particular, has demonstrated strong antioxidant properties and may contribute to modulating lipid metabolism and protecting against oxidative stress-related disorders.

Spirulina contains zeaxanthin, a significant carotenoid that belongs to the xanthophyll group of oxygenated carotenoids. Zeaxanthin has a unique and important role in human health, despite being less common than β-carotene. Unlike provitamin A carotenoids, zeaxanthin is not converted into vitamin A; rather, its biological significance is attributed to its antioxidant and photoprotective properties. The xanthophyll cycle, which regulates light harvesting and photoprotection in photosynthetic organisms, depends on zeaxanthin from a photosynthetic perspective. Under high light intensity conditions, zeaxanthin is synthesized from violaxanthin through enzymatic de-epoxidation. This transformation facilitates the dissipation of excess excitation energy as heat, a process known as non-photochemical quenching. Consequently, zeaxanthin prevents the overexcitation of chlorophyll molecules and safeguards the photosynthetic apparatus, particularly photosystem II, from photo-oxidative damage. This process improves the ability of Spirulina to adapt to changing light conditions, guaranteeing effective energy absorption in low light and defense against oxidative stress in high light. Zeaxanthin primarily contributes to ocular protection. Along with lutein, it is a major component of the macular pigment in the retina, where it filters high-energy blue light and protects photoreceptor cells from oxidative stress. Consuming enough zeaxanthin is linked to a lower risk of cataracts and age-related macular degeneration.  Beyond eye health, zeaxanthin has a strong capacity for singlet oxygen quenching and other bioactivities.

In summary, the carotenoid composition of Spirulina, predominantly consisting of β-carotene and zeaxanthin, highlights its potential as a functional food and nutraceutical. In line with consumers' growing interest in natural sources of health-promoting bio-actives, these compounds' synergistic effects provide nutritional benefits for immune system performance, vision, and protection against oxidative stress.

2.3 Chlorophylls and its derivatives

Chlorophyll is the principal photosynthetic pigment in Spirulina, facilitating in the absorption of light energy and the subsequent process of photosynthesis. Spirulina predominantly contains chlorophyll a (Figure 2D), and other chlorophyll types such as chlorophyll b. The substantial chlorophyll content contributes to its characteristic deep bluish-green hue, which complements blue phycobiliproteins and yellow carotenoids. Chlorophyll is essential to the light-harvesting complex and reaction centers of photosystems I and II from a photosynthetic perspective. Chlorophyll molecules primarily absorb light in the red and blue regions of the spectrum, transferring the excitation energy to the photosynthetic reaction center, where it is converted into a chemical energy. 

In Spirulina, chlorophyll operates synergistically with phycobiliproteins and carotenoids to optimize the light capture efficiency across various wavelengths and intensities. Additionally, because of its structure, which makes it easier to quickly quench excess excitation energy, chlorophyll helps to prevent oxidative damage to photosystems.  In addition to native chlorophyll a, chlorophyll derivatives are naturally present in Spirulina or may be formed during processing. These derivatives include pheophytins, pheophorbides, and chlorophyllin. Although chlorophyll contains magnesium in its porphyrin center, pheophytin results from the removal of magnesium, and chlorophyllin is a water-soluble derivative in which magnesium is substitute with copper or sodium. Instead of reducing bioactivity, these changes frequently increase stability and expand the range of possible medical uses.

3. CULTIVATION STRATEGIES FOR OPTIMIZING PIGMENT PRODUCTION IN SPIRULINA 

[bookmark: _Hlk210547418]Environmental factors and cultivation techniques have a major impact on the production of high-value pigments in spirulina.  The two most common methods among the available systems are open raceway ponds and closed photobioreactors (PBRs) each offering distinct advantages and limitations [13–15]. Open raceway ponds are the most widely utilized due to their relatively low construction and operational costs, ease of scale-up, and suitability for large-scale biomass production. However, varying environmental conditions, limited process control, and susceptibility to contamination limit their use, ultimately limiting pigment yield and quality [16]. In contrast, PBRs offer better control over important parameters, such as light intensity and spectrum, temperature, nutrient composition, and pH. This precision facilitates consistent pigment accumulation and supports the development of two-stage cultivation regimes for microalgae. However, PBRs are associated with high capital costs and scale-up challenges, limiting their commercial application to high-value products such as phycocyanin, carotenoids, and chlorophyll derivatives. A hybrid approach, involving biomass generation in open ponds followed by pigment induction in PBRs, has been proposed as a cost-effective compromise [16].

Rigorous control of environmental and nutritional factors is necessary to optimizing pigment synthesis in Spirulina. Temperatures between 30 to 35 °C and alkaline pH values between 9.0 and 10.5 are generally ideal for growth, which concurrently inhibit the growth of contaminants. Light intensity and quality are crucial factor for pigment regulation [17]. Moderate irradiance promotes biomass accumulation and phycocyanin synthesis, whereas high light or enriched blue/ultraviolet wavelengths cause carotenoid accumulation as part of a photoprotective response [18]. Shorter or high-intensity photoperiods may act as stressors, promoting pigment biosynthesis, while continuous or extended photoperiods promote overall growth. Carbon supplementation through bicarbonate addition or CO₂ sparging further augments both biomass and pigment production, whereas sufficient nitrogen availability is crucial for phycocyanin, a nitrogen-rich phycobiliprotein [19]. In contrast, controlled nitrogen limitation has been demonstrated to trigger carotenoid biosynthesis, although this is often associated with a decrease in phycocyanin yield [20]. Similarly, adequate phosphorus and trace metals, particularly Fe, are necessary to sustain chlorophyll biosynthesis and prevent pigment degradation. The optimum conditions to obtain natural pigments from Spirulina is summarized in Table 1. 

In the initial stage, biomass is cultivated under nutrient-rich, moderate-light conditions to optimize growth and accumulate natural pigments [15]. Subsequently, the culture conditions are altered to induce pigment stress responses: high light intensity, blue-light enrichment, or mild nitrogen limitation are employed to enhance carotenoid synthesis, while stable nutrient-rich conditions are maintained to support sustained phycocyanin production [21]. Chlorophyll content is closely associated with iron availability, and further processing can turn chlorophyll into stable derivatives with strong antioxidant properties like pheophytin and pheophorbide.  In order to maximize pigment productivity, mixing and hydrodynamics are essential because they guarantee consistent light distribution and nutrient availability. Gentle continuous mixing minimizes self-shading and maintains filament integrity, whereas excessive shear can damage cells and reduce pigment stability [14, 15]. To avoid pigment deterioration at harvest, extraction techniques specific to the pigment class must be used, along with rapid cooling and protection from light and oxygen.

Collectively, results highlight the fact that the best way to optimize pigment in Spirulina is to employ an integrated approach that includes staged induction, carefully managed environmental factors, and controlled cultivation systems. While open ponds remain advantageous for bulk production, PBRs and hybrid systems offer superior control over high-value pigment yields, particularly when supported by specialized nutrient and light regimes.



Table 1. Development of advanced PBRs to enhance the Spirulina natural pigments
	Targeted pigments
	Optimal conditions 
	Yield 
	Reference

	β-carotene
	PBR, salinity: 3 M, pH ≥ 7, Nitrate 0.5 g/L, Light intensity of 5000 lux, Temperature 30 °C.
	-
	[22]
	Chlorophyll
	PBR, control volume 30%, circulation 2hr
	3.63 mg/L
	[23]
	Carotenoid
	PBR. control volume 20%, circulation 9.5hr
	1.59 mg/L
	[23]
	Phycocyanin
	Plastic column PBR diameter 50 cm, inclined at 158.22 upwards against solar radiation, shading 90%
	149.10 mg/g 
	[15]
	Chlorophyll a
	Flat-plate PBR, red LED 620–680nm
	5.42 mg/L  
	[21]
	Carotenoid
	Flat-plate PBR, red LED 620–680nm
	2.92 mg/L 
	[21]
	Phycocyanin
	Flat-plate PBR, red LED 620–680nm
	67.54 mg/L
	[21]
	Chlorophyll, Carotenoid, Phycocyanin
	PBR, lower intensity ↑ increase of the process energy efficiency. 
↑ off time (up to 8h/day) ↑ pigment production
	-
	[18]
	Chlorophyll a
	240 L raceway reactor system, media: aquaculture wastewater+25% zarrouk
	2.48 mg/L

	[24]
	Chlorophyll b
	240 L raceway reactor system, media: aquaculture wastewater+25% zarrouk
	2.46 mg/L
	[24]
	Carotenoid
	240 L raceway reactor system, media: aquaculture wastewater+25% zarrouk
	8.07 mg/L
	[24]
	Phycocyanin
	240 L raceway reactor system, media: aquaculture wastewater+25% zarrouk
	2.66 mg/L
	[24]
	Chlorophyll
	raceway reactor system, media: aquaculture wastewater+25% zarrouk
	9.68 mg/L
	[25]
	Chlorophyll, Carotenoid, Phycocyanin
	columnar photobioreactor, CO2 fixation rate <10%
	-
	[19]
	Chlorophyll a
	900 L tangential spiral-flow column PBR, CO2 aeration rate (0.210 L/min), CO2 volume concentration (15%), and circulating pump power 30 W
	8.77 mg/L
	[26]
	Carotenoid
	10 L PBR, N-limited condition, 
	45.54 mg/g 
	[20]




4. SUSTAINABLE EXTRACTION TECHNIQUES TO OBTAIN NATURAL PIGMENTS FROM SPIRULINA

[bookmark: _Hlk210547438]Because of their potential uses as safe, multipurpose colorants and bioactive substances in the food, nutraceutical, and pharmaceutical industries, the extraction of natural pigments from spirulina has attracted growing attention. Conventional extraction methods, which frequently utilize organic solvents, may be effective but raise concerns regarding solvent residues, energy consumption, and environmental sustainability [27]. Consequently, green extraction technologies, including ultrasound-assisted extraction (UAE), supercritical fluid extraction (SFE), aqueous mild extraction, and enzymatic-assisted extraction (EAE), are preferred because they are more efficient, environmentally friendly, and maintain better pigment quality.

4.1 Extraction Methods

The physicochemical characteristics of the natural pigments derived from Spirulina play a major role in the choice of extraction technique. Water-soluble phycobiliproteins, such as phycocyanin and allophycocyanin, are typically extracted using gentle aqueous techniques that preserve their structural and functional integrity [28]. In these methods, cells are suspended in buffered aqueous solutions, and disruption is achieved under mild conditions to prevent the denaturation of pigments. Commonly employed techniques include repeated freeze–thaw cycles, which generate osmotic and mechanical stresses leading to cell rupture, and sonication, wherein acoustic energy is applied to enhance the efficiency of cell lysis. [29, 30]. For instance, Tavanandi et al. (2018) demonstrated that ultrasonication combined with freezing and thawing achieved the highest allophycocyanin extraction efficiency, reaching 93.11%. Similarly, Khandual et al. (2021) identified the optimal extraction conditions as a 1:50 biomass/solvent ratio for dry biomass, utilizing the freeze/thaw method for 20 minutes, repeated twice, followed by agitation at 120 rpm for 24 hours. This process yielded a phycocyanin content of 48.88 mg/g biomass, with a purity of 0.47.

[bookmark: _Hlk210547489]In contrast, carotenoids and chlorophylls are hydrophobic pigments embedded in thylakoid membranes. Organic solvents (such as acetone, ethanol, and hexane) are needed for their extraction, which is typically carried out in low light and low temperature conditions to reduce oxidation and photo-degradation [31]. Among green alternatives, ethanol is favored for food applications due to its Generally Recognized as Safe (GRAS) status. El Sayed et al. (2016) demonstrated that ethanol was the most effective solvent for extracting pigments from Spirulina in their study. The extraction yields were 7.08% for chlorophyll a, 32.53% for total chlorophylls, and 2.90% for carotenoids.

In addition to traditional methods, UAE improves pigment recovery through acoustic cavitation, which breaks down cell walls and encourages solvent penetration, cutting down on extraction time and solvent consumption [32]. Meanwhile, SFE using CO₂ (often with ethanol as a co-solvent) provides a clean, selective, and solvent-free technique for carotenoid and chlorophyll recovery [33]. This approach is particularly suitable for high-value food and pharmaceutical formulations. Milovanovic et al. (2025) demonstrated that SFE at 40 MPa and 40 °C resulted in an increase in chlorophyll a content from 12.10 to 272.10 mg/g. A comparative summary of extraction methods, their principles, advantages, and applications are presented in Table 2. Marjanovic et al. (2021) have demonstrated that non-thermal and environmentally friendly techniques, such as UAE, SFE, and deep eutectic solvents, are emphasized for enhancing pigment yield, purity, and stability while maintaining bioactivity. Furthermore, innovative extraction techniques such as SFE and UAE have been demonstrated to enhance the yield and purity of both protein and pigment fractions of Spirulina [34]. These methods offer several advantages, including increased extractability and retention of bioactivity, reduced solvent and energy consumption, and minimized degradation of pigments and protein denaturation. Additionally, they present the potential for the co-extraction of phycocyanin and proteins using integrated biorefinery models. However, challenges persist, such as the feasibility of scaling up and economic optimization, safety and toxicity assessment of novel solvents such as ionic liquids, and understanding the synergistic effects of combined techniques for simultaneous pigment–protein extraction.
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Table 2. Comparative overview of extraction methods for Spirulina pigments.
	Extraction Method
	Targeted Pigments
	Principle
	Advantages
	Limitations
	Applications
	Ref

	Aqueous mild extraction (freeze–thaw, buffer extraction)
	Phycobiliproteins 
	Osmotic and thermal stress disrupts cells, releasing water-soluble proteins
	Simple, low-cost, preserves bioactivity
	Low yield, incomplete cell disruption
	Food-grade phycocyanin, nutraceuticals
	[28–30]
	Enzymatic-Assisted Extraction (EAE)
	Phycobiliproteins
	Enzymes degrade cell walls and membranes to liberate proteins
	High specificity, preserves protein structure
	Cost of enzymes, longer processing time
	High-purity phycocyanin for biomedical use
	[35]
	Ultrasound-Assisted Extraction (UAE)
	Phycobiliproteins, carotenoids, chlorophylls
	Acoustic cavitation disrupts cells and enhances mass transfer
	Rapid, energy-efficient, reduced solvent use
	Risk of heat generation causing pigment degradation if uncontrolled
	Scalable for food and cosmetic pigments
	[32, 36, 37]
	Organic solvent extraction (ethanol, acetone, hexane)
	Carotenoids, chlorophylls
	Solubilization of hydrophobic pigments into organic solvents
	High recovery, well-established
	Solvent residues, environmental impact, oxidation risk
	Food colorants (with GRAS solvents), nutraceutical extracts
	[27, 31]
	Supercritical Fluid Extraction (SFE)
	Carotenoids, chlorophylls
	Supercritical CO₂ dissolves nonpolar compounds; co-solvent aids polar pigment recovery
	Green, solvent-free, selective, preserves bioactivity
	High equipment cost, process optimization needed
	Premium nutraceuticals, pharmaceuticals
	[33, 38, 39]


Table 3. Stabilization strategies for Spirulina pigments.
	Stabilization Strategy
	Mechanism
	Advantages
	Limitations
	Applications
	Ref

	Microencapsulation (spray-drying with maltodextrin, gum arabic, etc.)
	Encapsulation of pigments in a protective carrier matrix
	Protects from heat, light, oxygen; improves dispersibility; scalable
	Possible loss of activity during drying; hygroscopic carriers
	Food colorants, beverages, functional powders
	[40]
	Liposome encapsulation
	Entrapment of pigments in phospholipid bilayers
	High biocompatibility; enhances solubility and bioavailability
	High production cost; stability issues in aqueous systems
	Pharmaceuticals, nutraceuticals, cosmetics
	[41]
	Cyclodextrin inclusion complexes
	Host–guest interactions trap pigments in hydrophobic cavity
	Improves stability, masks taste/odor, increases aqueous solubility
	Limited loading capacity; cost of cyclodextrins
	Nutraceuticals, encapsulated colorants
	[42]
	Antioxidant co-formulation 
	Co-formulants scavenge reactive oxygen species, preventing pigment oxidation
	Simple, low-cost, synergistic effect with pigments
	Limited protection under extreme conditions
	Food formulations, dietary supplements
	[43]
	Process & storage optimization (low temperature, pH control, reduced light exposure)
	Minimizes environmental triggers of degradation
	Easy to apply, no added cost
	Only delays, does not prevent degradation
	General preservation across all applications
	[44, 45]


4.2 Stabilization Strategies

Despite advancements in extraction techniques, Spirulina pigments continue to exhibit instability and are highly prone to degradation owing to external factors such as light, heat, oxygen, pH variations, and trace metal ions. These conditions can lead to alterations in color and a consequent reduction in their applicability and health benefits of the product [40]. Additionally, some pigments are essentially water insoluble, which limiting their application in the food industry. These factors accelerate bleaching and bioactivity loss, thereby restricting the functionality of pigments in industrial applications [46]. To address these challenges, a number of stabilization techniques have been developed.

Microencapsulation techniques, such as spray-drying with maltodextrin or gum arabic, form a protective matrix that enhances the thermal and oxidative stability of Spirulina pigments [40]. Conversely, liposome encapsulation improves solubility and bioavailability, rendering them more suitable for biomedical and cosmetic applications [41]. Cyclodextrin inclusion complexes enhance pigment solubility and prevent photo-oxidation by trapping molecules within hydrophobic cavities. Additionally, antioxidant co-formulants such as ascorbic acid and tocopherols offer synergistic stabilization during processing and storage. Finally, optimizing processing and storage conditions, such as maintaining low temperatures, reducing light exposure, and ensuring a neutral to slightly alkaline pH for phycocyanin, remains essential [44, 45]. The strategies are summarized in Table 3. Collectively, the integration of green extraction technologies with advanced stabilization strategies provides a sustainable pathway for producing natural Spirulina pigments that meet industrial demands for safety, functionality, and stability.

5. BIOLOGICAL ACTIVITIES AND MECHANISMS

5.1 Antioxidant Activity of Spirulina Pigments

The pigments of Spirulina are widely acknowledged as significant contributors to its antioxidant activity. These compounds work by directly scavenging free radicals and indirectly altering the defense mechanisms of cells. A substantial body of in vitro and in vivo studies has consistently demonstrated the strong antioxidant capacity of Spirulina-derived pigments. The ability of radical scavenging assays, like 1,1-diphenyl-2-picrylhydrazyl (DPPH) and 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), to quench free radicals was confirmed, and both cellular and membrane models showed a notable inhibition of lipid peroxidation [47]. Furthermore, ferric-reducing antioxidant power (FRAP) assays highlighted their electron-donating ability. Spirulina pigments have been demonstrated in studies involving both animals and cells to strengthen endogenous antioxidant defences by boosting the activity of glutathione peroxidase, catalase, and superoxide dismutase (SOD) [48]. In addition, Chwil et al. (2024) elucidate that the pigments present in Spirulina, notably phycocyanin, carotenoids, and chlorophyll, are integral to skin protection, antioxidation, and regeneration. These compounds exhibit significant potential for cosmetic and dermatological applications, offering a sustainable and natural approach to skincare and protection.

[bookmark: _Hlk210547589][bookmark: _Hlk210547639]A recent study by Alotaiby et al. (2024) provided further insights into the antioxidant properties of Spirulina pigments by comparing chlorophyll derivatives and other pigments. Their study demonstrated that chlorophyll derivatives, methyl pheophorbide a exhibited the strongest antioxidant activity, followed by pheophorbide a, pheophytin a, and phycocyanin [49]. This ranking reflects the differences in the structural characteristics of the chromophores. Radical-scavenging activity is often correlated with the presence of hydrogen-donating groups, such as hydroxyl (–OH) and amino (–NHR) moieties. While both chlorophyll derivatives and phycocyanin share structural similarities, the presence of a tetrapyrrole chromophore, the hydrogen-donating potential of phycocyanin is diminished as its hydroxyl and amino groups are incorporated into carboxylic and pyrrole units, respectively. This structural limitation likely accounts for its lower radical-scavenging activity compared to of that chlorophyll derivatives. As a result, there are several different mechanisms behind the antioxidant activity of spirulina pigments. At the molecular level, conjugated chromophore structures, including the tetrapyrrole rings of chlorophylls and phycobiliproteins, as well as the polyene chains of carotenoids, enable the efficient quenching of singlet oxygen and the neutralization of reactive oxygen and nitrogen species (ROS/RNS) [50]. In addition to these direct chemical interactions, Spirulina pigments modulate redox-sensitive signaling pathways. Notably, activation of the nuclear factor erythroid 2–related factor 2 (Nrf2) pathway has been observed, resulting in the upregulation of phase II detoxifying and antioxidant enzymes, such as heme oxygenase-1 and NAD(P)H:quinone oxidoreductase-1 [51]. This dual mechanism, direct radical scavenging coupled with the enhancement of endogenous antioxidant defenses, provides Spirulina pigments with robust and sustained antioxidant effects. 

Sun et al. (2024) investigate the impact of dietary supplementation with Spirulina platensis, particularly its pigment-derived bioactives, on intestinal metabolism, oxidative balance, and stress responses in zig-zag eel (Mastacembelus armatus). Metabolomic analysis indicated that eels fed Spirulina exhibited increased levels of antioxidant metabolites, attributed to the bioactivity of pigment compounds. Concurrently, transcriptomic analysis demonstrated enhanced expression of antioxidant enzymes (SOD, catalase (CAT), glutathione peroxidase (GPx) and lipid metabolism genes, suggesting that these pigments contribute to improved oxidative stability and nutrient utilization in the liver [52]. Multi-omics correlation confirmed that supplementation with pigment-rich Spirulina positively modulated intestinal immune and metabolic pathways, thereby reducing cellular stress and inflammation.

Together, the antioxidant qualities of spirulina pigments help to prevent oxidative damage and support a variety of other biological processes, such as hepatoprotective, anti-inflammatory, and chemo preventive effects. These results highlight the potential of Spirulina pigments and their derivatives as functional bioactive compounds for nutraceutical and therapeutic applications in the future.

5.2 Anti-inflammatory activity

The anti-inflammatory properties of Spirulina have been thoroughly documented, with its bioactive pigments, particularly Phycocyanin and carotenoids, playing a pivotal role in modulating inflammatory pathways. Together, these compounds operate through various molecular mechanisms that collectively inhibit the synthesis of proinflammatory mediators and promote immune homeostasis.

Phycocyanin, the predominant phycobiliprotein found in Spirulina, has been demonstrated to suppress the expression of key proinflammatory cytokines, including tumour necrosis factor-α (TNF-α), interleukin-1β (IL-1β), and interleukin-6 (IL-6). Furthermore, C-PC inhibits the expression of inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2), resulting in a reduction in the synthesis of nitric oxide and prostaglandin E₂ (PGE2), both of which are significant mediators of the inflammatory response [53, 54]. At the transcriptional level, C-phycocyanin suppresses the activation of the nuclear factor-κB (NF-κB) pathway, which is a critical regulator of inflammation and oxidative stress responses [55]. Furthermore, phycocyanin has demonstrated potential in wound healing and anti-aging by promoting fibroblast proliferation and collagen synthesis [56].

Certain carotenoids derived from Spirulina, like zeaxanthin, also demonstrated possible anti-inflammatory effects in addition to phycobiliproteins [57, 58]. Zeaxanthin exhibits significant antioxidant activity and has been reported to attenuate microglial activation in neuronal models, thereby reducing neuroinflammation [59]. These carotenoids further modulate peripheral immune responses by scavenging reactive oxygen species and influencing the production of cytokines. The immunomodulatory effects of Spirulina pigments extend beyond inflammation suppression. Studies have shown that phycocyanin enhances macrophage phagocytic activity and natural killer (NK) cell function, thereby supporting innate and adaptive immunity [60]. Moreover, Spirulina supplementation has been associated with the modulation of T-cell responses, balancing Th1/Th2 cytokine profiles, and improving antibody production in certain vaccine models [61]. 

Mechanistically, these anti-inflammatory and immunomodulatory actions are believed to involve the activation of innate immune receptors and modulation of cytokine balance, resulting in an overall shift toward an anti-inflammatory phenotype. Through these coordinated mechanisms, Spirulina pigments act as potent natural modulators of immune function, supporting their potential therapeutic application in inflammatory and immune-mediated diseases.

5.3 Neuroprotective effects

Spirulina natural pigments demonstrate considerable neuroprotective potential, particularly in neurodegenerative diseases, such as Alzheimer’s and Parkinson’s diseases. Its function synergistically through antioxidant, anti-inflammatory, and anti-apoptotic mechanisms, thereby alleviating the key pathological features of neurodegeneration. 

[bookmark: _Hlk210548988]One of the main features of neurodegenerative diseases is oxidative [62]. Spirulina supplementation reduces lipid peroxidation, enhances SOD and catalase activity, and restores glutathione levels in brain tissue. Furthermore, phycocyanin effectively scavenges ROS and RNS, thereby preventing oxidative damage to neuronal membranes and mitochondria [63]. Neuroinflammation is another critical factor in neuronal injuries [64]. Spirulina pigments inhibit microglial activation and suppress pro-inflammatory mediators, including TNF-α, IL-1β, and iNOS [65]. In animal models, Spirulina supplementation has been shown to reduce neuroinflammatory markers and ameliorate cognitive decline associated with chronic neuroinflammation. Additionally, experimental studies have demonstrated that Spirulina can protect neurons from apoptosis by modulating pro- and anti-apoptotic proteins (e.g., B-cell leukemia/lymphoma 2 protein (Bcl-2)/ Bcl-2 Associated X-protein (Bax) ratio) and stabilizing mitochondrial function. This effect contributes to improved neuronal survival under oxidative or excitotoxic stress conditions. 

[bookmark: _Hlk210548868][bookmark: _Hlk210547871][bookmark: _Hlk210547895]Alzheimer’s disease (AD) pathology is characterized by amyloid-β (Aβ) accumulation, tau hyperphosphorylation, oxidative damage, and neuroinflammation. Spirulina pigments, particularly phycocyanin, have been shown to reduce Aβ-induced neurotoxicity by inhibiting oxidative stress and lipid peroxidation in neuronal membranes. In vitro and animal studies suggest that Spirulina extract may modulate amyloidogenic processing by downregulating β-secretase (BACE-1) activity, thereby limiting the production of Aβ peptides [66, 67]. Moreover, Spirulina supplementation has been linked to decreased Aβ aggregation and deposition in the hippocampus, accompanied by improved learning and memory performance. These effects are further supported by the upregulation of endogenous antioxidant defenses and the suppression of neuroinflammatory cytokines. In models of Alzheimer’s disease, Spirulina intake was associated with improved learning and memory, decreased Aβ deposition, and reduced oxidative stress in the mice [68]. Although clinical data are still limited, small-scale human studies suggest that Spirulina may improve cognitive performance and reduce oxidative stress markers in elderly individuals.

[bookmark: _Hlk210547913]Parkinson’s disease (PD) is characterized by progressive dopaminergic neuronal loss in the substantia nigra, oxidative stress, and α-synuclein aggregation [69]. Spirulina supplementation has been reported to attenuate dopaminergic cell death in preclinical models of Parkinson’s disease by reducing mitochondrial oxidative damage and preserving dopamine levels. Phycocyanin and carotenoids exert neuroprotection by scavenging ROS/RNS, inhibiting nitric oxide overproduction, and maintaining mitochondrial membrane potential. Furthermore, Spirulina downregulated pro-apoptotic markers (Bax and caspase-3) and upregulated anti-apoptotic proteins (Bcl-2), contributing to enhanced neuronal survival [70]. In rodent models of Parkinson’s disease, Spirulina consumption enhanced motor performance, reduced α-synuclein aggregation, and preserved striatal dopamine levels. 

Collectively, these findings underscore the multifactorial neuroprotective potential of Spirulina, mediated by its antioxidant, anti-inflammatory, and mitochondrial stabilizing properties. This positions Spirulina as a promising candidate for the development of functional foods or adjunctive therapies aimed at mitigating the progression of neurodegenerative disorders.

5.4 Hepatoprotective activity

[bookmark: _Hlk210547929][bookmark: _Hlk210547964][bookmark: _Hlk210547949][bookmark: _Hlk210548043]The hepatoprotective potential of Spirulina and its pigments has been substantiated in experimental and preclinical models of liver injury. Supplementation with Spirulina extracts consistently reduced hepatic oxidative stress and improved biochemical and histopathological markers of liver function [71]. In toxin-induced models, such as those involving carbon tetrachloride (CCl₄), paracetamol, or heavy metal–induced hepatotoxicity, Spirulina-derived pigment administration results in a significant decline in hepatic transaminases aspartate aminotransferase and alanine aminotransferase (AST and ALT), alkaline phosphatase (ALP) and the rate of lipid peroxidation, malondialdehyde (MDA), indicating the restoration of hepatocellular integrity [72]. Along with better hepatocyte and central vein architecture, histopathological analysis also verified decreased hepatic necrosis, lipid peroxidation, and inflammatory infiltration. These effects are attributed to the antioxidant and detoxifying activities of Spirulina pigments. Phycocyanin and carotenoids act as potent free radical scavengers, neutralizing ROS generated during xenobiotic metabolism [46]. These compounds protect cellular membranes and mitochondrial integrity by limiting lipid peroxidation and protein oxidation. Moreover, Spirulina has been shown to induce the activity of phase II detoxification enzymes, such as glutathione-S-transferase (GST) and SOD, thereby enhancing the liver’s endogenous defense capacity against toxic insults [73]. Collectively, these effects underscore the hepatoprotective action of Spirulina, suggesting its potential as a functional food or nutraceutical for supporting liver health, particularly in conditions associated with oxidative stress and hepatotoxin exposure.

5.5 Anti-diabetic activity

The pigments of Spirulina, including phycobiliproteins, carotenoids, and chlorophylls, have gained significant attention for their potential antidiabetic properties. These bioactive compounds function as potent antioxidants and modulators of glucose metabolism, insulin signaling, and inflammatory pathways, which are crucial to the pathogenesis of diabetes mellitus.

[bookmark: _Hlk210548060][bookmark: _Hlk210548830]Phycocyanin is the most extensively investigated for its hypoglycemic effects. Experimental studies using streptozotocin (STZ) and alloxan-induced diabetic models have demonstrated that phycocyanin significantly reduces fasting blood glucose levels and enhances glucose tolerance [74–76]. This compound exerts these effects by scavenging ROS, thereby protecting pancreatic β-cells from oxidative stress-induced apoptosis [74]. Furthermore, phycocyanin enhances insulin secretion and promotes peripheral glucose uptake by upregulating Glucose transporter type 4 (GLUT4) expression in skeletal muscle and adipose tissue. Its anti-inflammatory actions, particularly the downregulation of TNF-α and IL-6, further contribute to improved insulin sensitivity and metabolic homeostasis in the liver [77].

The carotenoid fraction of spirulina, which is high in zeaxanthin, β-carotene, and β-cryptoxanthin, also shows other glycemic regulation pathways. These pigments act as natural inhibitors of α-amylase and α-glucosidase, delaying carbohydrate digestion and attenuating postprandial glucose spikes [78, 79]. It has been demonstrated that β-carotene improves hepatic lipid metabolism and lowers lipid peroxidation in diabetic models, which helps to mitigate insulin resistance linked to dyslipidemia [79]. Moreover, retinoid derivatives of carotenoids influence insulin gene expression and β-cell differentiation, suggesting their potential in β-cell preservation and regeneration [80].

[bookmark: _Hlk210548085]Chlorophyll and its semi-synthetic derivative, chlorophyllin, exhibit notable hypoglycemic properties mediated through the activation of AMP-activated protein kinase (AMPK), a central regulator of cellular energy balance [81]. AMPK activation enhances glucose uptake, stimulates fatty acid oxidation, and reduces hepatic lipid accumulation, thereby improving insulin sensitivity. These pigments also exhibit antioxidant activity, which mitigates lipid peroxidation and protects against hepatic oxidative damage, which is common in diabetic states [46].

Supplementation with Spirulina pigments or pigment-rich extracts consistently result in lowers fasting glucose, lowers hemoglobin A1C (HbA1c) levels, and improves antioxidant enzyme activities, according to animal and clinical studies [82–84]. In diabetic models, histopathological observations further supported the improvement of hepatic steatosis and the restoration of pancreatic islet integrity. 

In summary, Spirulina pigments exhibit multifaceted antidiabetic effects by targeting oxidative stress, inflammation, carbohydrate metabolism, and insulin signaling pathways. These bioactive molecules provide a strong justification for including Spirulina and its pigment-rich extracts in functional foods and nutraceutical formulations designed for the management and prevention of diabetes mellitus.

5.6 Anticancer and chemo preventive properties

Spirulina's anticancer and chemo preventive properties have gained more attention as a result of strong evidence from both in vitro and in vivo studies showing that it can stop tumor growth, trigger apoptosis, and alter important molecular pathways that contribute to carcinogenesis. These effects are primarily attributed to its bioactive pigments, including phycocyanin, carotenoids, and chlorophyll, as well as its rich content of polysaccharides, vitamins, and essential fatty acids, which collectively contribute to redox balance and immune modulation. 

[bookmark: _Hlk210548268]The growth-inhibitory effects of Spirulina extract on a variety of cancer cell lines, such as hepatocellular carcinoma (HepG2), colon carcinoma (HT-29), breast cancer (MCF-7), leukemia (K562), and lung carcinoma (A549), have been shown in a number of experimental models [85]. Treatment with Spirulina or its isolated pigments suppresses cell proliferation, induces cell cycle arrest (commonly at the G0/G1 or G2/M phase), and triggers apoptotic cell death through intrinsic and extrinsic pathways [86]. In vivo studies further support these findings. In murine tumor models, dietary supplementation with Spirulina significantly reduced tumor incidence, size, and multiplicity, while enhancing the activities of detoxifying and antioxidant enzymes [87]. Moreover, Spirulina intake has been shown to suppress tumor promotion in chemically induced models, such as those involving dimethylbenz[a]anthracene (DMBA) or aflatoxin B₁, suggesting a chemo preventive role against environmental carcinogens [88].

Spirulina pigments, notably phycocyanin and β-carotene, function as potent free radical scavengers, thereby maintaining the cellular redox balance. By mitigating excessive ROS, they avert oxidative DNA damage and inhibit mutation-driven tumorigenesis. In cancer cells, controlled ROS modulation can facilitate apoptosis by shifting the oxidative balance towards cell death pathways. Furthermore, phycocyanin activates the mitochondrial (intrinsic) apoptosis pathway by upregulating Bax, downregulating Bcl-2, and inducing cytochrome c release, culminating in caspase-3 activation and DNA fragmentation. Simultaneously, Spirulina bioactive regulate cell cycle checkpoints by upregulating p53 and p21, resulting in cell cycle arrest and inhibition of uncontrolled proliferation. 

[bookmark: _Hlk210548312][bookmark: _Hlk210548536][bookmark: _Hlk210548325]Spirulina extracts suppress the angiogenic switch, a critical step in tumor progression, by downregulating vascular endothelial growth factor (VEGF) and matrix metalloproteinases (MMP-2 and MMP-9) [89].  This effectively restricts the tumor cells' nutrient supply and potential for metastasis by inhibiting neovascularisation and extracellular matrix degradation. A hallmark feature of Spirulina is its immunomodulatory ability. Phycocyanin stimulate macrophages, NK cells, and cytotoxic T lymphocytes, thereby enhancing host immunosurveillance against tumor cells [60]. Increased cytokine production, such as interferon-γ (IFN-γ) and interleukin-2 (IL-2), contributes to an improved antitumor immune response and reduced tumor burden in vivo. Additionally, Spirulina enhances phase II detoxification enzymes, such as GST and quinone reductase, which facilitate carcinogen conjugation and elimination. This enzyme induction, coupled with antioxidant defense, provides a protective mechanism against chemical and toxin-induced carcinogenesis [90]. 

Collectively, these mechanisms resulted in significant reductions in tumor growth, proliferation index, and metastasis, accompanied by an increased apoptotic index and improved antioxidant status in the treatment groups. The chemo preventive properties of Spirulina are further evidenced by its ability to restore hepatic and hematological parameters altered by carcinogenic agents, underscoring its systemic protective role. Supplementing with spirulina can improve immune resilience and decrease precancerous oral lesions in populations exposed to carcinogens like aflatoxin or tobacco, according to limited human intervention studies. These findings support the potential use as a safe dietary chemo preventive agent. In conclusion, a combination of ROS regulation, mitochondrial apoptosis induction, anti-angiogenic activity, and immune system activation enables spirulina to demonstrate strong anticancer and chemo preventive qualities. Its many functions highlight its potential as a nutraceutical and functional food for cancer prevention as well as an adjunctive therapy.

5.7 Antimicrobial and antiviral activities

The pigments of Spirulina, particularly phycobiliproteins and carotenoids, exhibit significant antimicrobial and antiviral properties, complementing their well-established antioxidant and anti-inflammatory activities. Although their antimicrobial effects are generally moderate compared to conventional antibiotics, these pigments often display synergistic interactions with other bioactive compounds and pharmaceuticals, enhancing overall antimicrobial efficacy.

Spirulina pigments demonstrate inhibitory effects against a variety of bacterial species, including Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa, and Bacillus subtilis [91, 92]. Among these pigments, carotenoids such as β-carotene and zeaxanthin contribute to antibacterial activity primarily through disruption of bacterial membrane integrity. Their lipophilic nature allows them to integrate into microbial lipid bilayers, causing increased membrane fluidity, leakage of cytoplasmic components, and loss of cellular homeostasis [93]. Additionally, the pro-oxidant potential of carotenoids under aerobic conditions induces ROS within bacterial cells, leading to lipid peroxidation and oxidative damage of vital biomolecules. Furthermore, it has been documented that phycocyanin inhibits the growth of bacteria and the formation of biofilms[94]. Its activity is largely attributed to metal-chelating properties that interfere with microbial enzymatic systems and suppression of quorum-sensing mechanisms essential for biofilm development. By reducing bacterial communication and adhesion, phycocyanin disrupts biofilm maturation and enhances bacterial susceptibility to antibiotics, highlighting its potential as a natural anti-biofilm agent.

Although less extensively studied than its polysaccharide fraction, the antiviral activity of Spirulina pigments has demonstrated encouraging results, especially against enveloped viruses. Phycobiliproteins, especially phycocyanin and allophycocyanin, can interfere with viral adsorption and entry by binding to viral envelope proteins or host cell receptors, thereby preventing the initial stages of infection [95]. These interactions are thought to result from the negatively charged chromophore regions of phycobiliproteins, which can competitively inhibit virus–cell attachment. Phycocyanin has also demonstrated immunomodulatory antiviral effects, promoted IFN-γ production and stimulated innate immune responses that suppress viral replication [60]. These combined properties make Spirulina pigments particularly valuable as natural antiviral agents with multiple mechanisms of action.

Overall, the antimicrobial and antiviral actions of Spirulina pigments are mediated through several complementary pathways that collectively contribute to their broad-spectrum protective effects. Carotenoids are essential because they can cause microbial membranes to lose their structural integrity and functionality, which increases permeability and allows essential intracellular components to leak out. Their lipophilic nature allows them to integrate into the lipid bilayers of bacterial cells, thereby compromising membrane stability. Additionally, carotenoids can induce intracellular oxidative stress, generating ROS that cause oxidative damage and subsequent bacterial inactivation [96]. In addition to their direct antimicrobial properties, spirulina pigments strengthen the immune response against viral replication by regulating cytokine production and preserving cellular redox balance. Taken together, the potential of spirulina pigments as natural antimicrobial and antiviral agents with promising uses in disease prevention and health protection is highlighted by these complex mechanisms.

In summary, the pigment fraction of Spirulina platensis plays a crucial role in its antimicrobial and antiviral profile. Carotenoids act primarily by damaging microbial membranes and inducing oxidative stress, while phycobiliproteins exert their effects by interfering with viral entry and inhibiting biofilm formation. These multifaceted mechanisms, coupled with their non-toxic and biocompatible nature, underscore the potential of Spirulina pigments as natural antimicrobial and antiviral agents suitable for incorporation into functional foods, nutraceuticals, and biopharmaceutical formulations aimed at infection prevention and immune protection.

5.8 Photoprotective and cosmetic applications

Pigments derived from Spirulina, notably phycocyanin, chlorophylls, and carotenoids have attracted growing interest in the cosmetic and dermatological industries for their photoprotective and skin-enhancing properties. These naturally occurring compounds combine UV-absorbing capacity, antioxidant defense, and anti-aging potential, making them valuable as both functional bioactive and natural colorants in topical formulations.

[bookmark: _Hlk210548399]The photoprotective effects of Spirulina pigments primarily stem from their ability to absorb ultraviolet (UV) radiation and mitigate the harmful consequences of UV-induced oxidative stress in skin cells [97]. Carotenoids, particularly β-carotene and zeaxanthin, serve as effective physical filters by absorbing high-energy blue and UV light, thereby reducing photon penetration into the epidermis [27]. Additionally, their strong singlet oxygen-quenching action reduces the production of ROS brought on by UV exposure, which would otherwise cause lipid peroxidation, protein denaturation, and DNA damage in skin tissues. Through these photochemical and antioxidant functions, carotenoids help preserve cellular integrity, delay photoaging, and maintain skin elasticity and hydration [27].

[bookmark: _Hlk210548452]In parallel, phycocyanin, the signature blue phycobiliprotein of Spirulina, exhibits strong free radical–scavenging capacity and anti-inflammatory activity that further contribute to skin protection [98]. By neutralizing ROS and inhibiting the activation of inflammatory mediators such as PGE2 and nitric oxide (NO), phycocyanin helps alleviate UV-induced erythema and oxidative stress in keratinocytes and fibroblasts [98]. Additionally, phycocyanin’s ability to stabilize the redox environment and enhance cellular repair processes supports collagen synthesis and reduces wrinkle formation, highlighting its relevance as a natural anti-aging and skin-rejuvenating agent.

Chlorophylls and their derivatives, such as chlorophyllin, also play a crucial role in photoprotection by absorbing visible and UV light and acting as antioxidants [27]. Chlorophyll-based compounds can chelate metal ions and prevent oxidative chain reactions that accelerate skin aging. Their green pigmentation, along with the blue of phycocyanin, allows Spirulina extracts to serve as eco-friendly colorants in skincare products while providing functional photoprotection.

Spirulina pigments have been used more frequently in cosmetic formulations, such as moisturizing creams, anti-aging serums, natural sunscreens, and after-sun repair products, due to their many advantages. Beyond their bioactive efficacy, their biodegradability, low toxicity, and biocompatibility make them attractive alternatives to synthetic dyes and UV filters, which often raise safety and environmental concerns.

In summary, the photoprotective and cosmetic applications of Spirulina pigments are underpinned by three complementary mechanisms: (1) direct absorption of UV radiation, reducing light-induced skin damage; (2) antioxidant and anti-inflammatory protection that mitigates photooxidative stress; and (3) promotion of skin repair and rejuvenation through enhanced collagen synthesis and redox regulation. These properties position Spirulina pigments as promising natural ingredients in the development of sustainable and functional cosmeceutical products aimed at maintaining skin health and preventing premature aging.

[image: ]

Figure 3. Biological activities of Spirulina-derived natural pigments. Natural pigments from Spirulina, including phycobiliproteins, carotenoids, and chlorophylls exhibit diverse bioactivities such as antioxidant, anti-inflammatory, hepatoprotective, antimicrobial, antiviral, neuroprotective, anti-cancer, anti-diabetic, and photoprotective effects.

6. APPLICATIONS AND TRANSLATIONAL POTENTIAL

The diverse biological properties of pigments derived from Spirulina facilitate a broad range of applications in the food, pharmaceutical, cosmetic, and biotechnological sectors. The unique combination of bioactivity, natural origin, and safety profile of these pigments renders them attractive candidates for functional products with commercial and therapeutic value. 

6.1 Food and Nutraceutical Industry 

Spirulina pigments are used as both bioactive ingredients and functional colorants in the food and nutraceutical industries, which is one of their most well-known applications. Phycocyanin is extensively utilized as a natural food colorant in beverages, confectionery, dairy products, and plant-based alternatives, providing a stable and consumer-preferred alternative to synthetic dyes in these products. Beyond their ability to color, Spirulina pigments are used in antioxidant supplements that support immune system function, mitigate oxidative stress, and reduce inflammation. Furthermore, pigment-enriched Spirulina extracts are increasingly employed in the development of fortified foods to improve their nutritional profile by delivering essential carotenoids, chlorophylls, and phycobiliproteins that support health promotion and chronic disease prevention.

6.2 Pharmaceutical and Biomedical Uses 

Spirulina pigments hold significant promise as adjunctive agents in the management of oxidative stress-related disorders in the pharmaceutical and biomedical domains. Since their antioxidant, anti-inflammatory, and metabolic-regulating qualities enhance the effects of traditional treatments, phycocyanin and carotenoids have been studied for their potential in neuroprotection, liver disease prevention, and diabetes management. Additionally, these pigments show potential in oncology research, where they have demonstrated anti-cancer and chemo preventive properties through the modulation of apoptosis, suppression of angiogenesis, and regulation of ROS. Their ability to stimulate the immune system further implies that they can be used as immunoadjuvants to strengthen host defenses. Although clinical data remain limited, preclinical findings support the potential integration of these compounds into therapeutic strategies targeting degenerative and chronic diseases.

6.3 Cosmetics 

The cosmetic industry has shown growing interest in Spirulina pigments, particularly for photoprotective and anti-aging applications. Carotenoids, chlorophylls, and phycocyanin provide natural UV-absorption, antioxidant, and anti-inflammatory functions, which help protect the skin from photooxidative stress, reduce wrinkle formation, and promote skin rejuvenation. Their biocompatibility, biodegradability, and vibrant natural colors also make them appealing as clean-label alternatives to synthetic pigments in skin care, hair care, and cosmetic formulations. Spirulina pigments are appealing options for sustainable cosmeceutical development since consumers are calling for more environmentally friendly and multipurpose ingredients.

6.4 Analytical and Biotechnological Tools 

Spirulina pigments, particularly the fluorescent phycobiliproteins phycocyanin and allophycocyanin, have long been used in analytical and biotechnological research in addition to their nutritional and medicinal applications. Their high fluorescence quantum yield and spectral properties make them valuable fluorescent probes in immunofluorescence assays, flow cytometry, and bioimaging techniques. These pigments are frequently conjugated with antibodies and other biomolecules to enhance the sensitivity and accuracy of diagnostics. Their unique optical properties have also inspired emerging applications in biosensors and nanotechnology, expanding the translational potential of Spirulina pigments beyond conventional health-related industries.

7. KNOWLEDGE GAPS AND FUTURE PROSPECTS

Despite the increasing evidence supporting the diverse health-promoting and industrial applications of Spirulina-derived pigments, several knowledge gaps and regulatory considerations persist that must be addressed to fully realize their translational potential. Spirulina biomass and its pigment-rich extracts are generally considered safe, with many products already achieving GRAS status when cultivated under controlled, contamination-free conditions. However, safety concerns remain, particularly regarding the risk of cyanotoxin contamination, most notably microcystins, which may occur when Spirulina is grown in open ponds or in poorly regulated systems. This underscores the importance of rigorous quality assurance, continuous monitoring, validated detection methods and compliance with international safety standards. Attention should also be paid to allergenicity and immunogenicity; while adverse reactions are uncommon, proteinaceous pigments, like phycobiliproteins, have the potential to cause hypersensitivity in sensitive individuals. Comprehensive long-term toxicological assessments and post-market surveillance are still required to strengthen safety profiles, especially in vulnerable groups such as children, pregnant women, and immunocompromised populations. 

The absence of standardized procedures for pigment extraction, purification, and characterization is one of the main obstacles impeding translational advancement. For instance, phycocyanin purity indices differ significantly between studies, making cross-comparisons and the development of trustworthy dose-response relationships challenging. Global standardization of pigment purity, potency assays, and stability criteria is essential for ensuring reproducibility, regulatory acceptance, and industry-wide application. Similarly, bioavailability and pharmacokinetic data on humans remain scarce. Although in vitro and in vivo studies in animal models consistently report beneficial bioactivities, the metabolic fate, absorption, distribution, and excretion of pigments such as phycobiliproteins, carotenoids, and chlorophylls in humans are poorly understood. Advanced metabolomics, isotopic tracing, and clinical pharmacokinetic investigations are required to confirm whether the observed laboratory benefits can be translated into human health outcomes. 

[bookmark: _Hlk210548491]In terms of clinical validation, the evidence base remains dominated by preclinical models. While these studies demonstrate antioxidant, neuroprotective, hepatoprotective, and photoprotective properties, high-quality randomized controlled trials (RCTs) are lacking. Establishing robust clinical data will be crucial to define effective doses, treatment durations, and target populations for conditions such as neurodegenerative disorders, metabolic syndrome, liver disease, and photoprotection. Without such trials, their integration into mainstream clinical practice will remain limited. 

Another difficulty in formulation science is that the pigments found in spirulina are naturally unstable in the presence of heat, light, and different pH levels, which limits their use in food, medicine, and cosmetics. Cutting-edge approaches, such as nanoencapsulation, liposomal carriers, and biopolymer-based stabilization systems, offer promising solutions for improving pigment stability and enabling targeted delivery to tissues such as the brain, skin, and liver. These innovations would significantly enhance both therapeutic efficacy and commercial feasibility of the treatment.

While the antioxidant and anti-inflammatory properties of Spirulina pigments are well documented, the intricate molecular mechanisms underlying these effects remain insufficiently explored. Advanced omics technologies, such as proteomics, metabolomics, and transcriptomics, have the potential to elucidate the signaling pathways, transcriptional regulation, and metabolite interactions associated with these pigments. In addition to supporting the noted bioactivities, achieving mechanistic clarity would make it easier to find new drugs and create evidence-based therapeutic uses for these substances. 

A major obstacle is also the scalable and sustainable production of Spirulina pigments. Despite their economic viability, open pond systems are vulnerable to environmental fluctuations and contamination. In contrast, PBRs provide enhanced safety and consistency but are constrained by their substantial capital costs. Hybrid systems, strain engineering, and environmentally sustainable extraction methods may offer balanced solutions that ensure economic viability, high pigment yields, and environmental sustainability. 

In conclusion, Spirulina pigments possess considerable potential as multifunctional bioactive for application in nutraceuticals, pharmaceuticals, cosmetics, and biotechnology. However, resolving important concerns about safety, standardization, bioavailability, clinical efficacy, and scalable production is necessary to realize this potential. Bridging these gaps through rigorous translational research, technological innovation, and harmonized regulatory frameworks is essential to unlock the full potential of Spirulina pigments in promoting human health and advancing sustainable bioindustries.

8. CONCLUSIONS

Pigments derived from Spirulina, particularly phycocyanin, carotenoids, and chlorophyll, are a remarkable source of multifunctional bioactive compounds with diverse biological activities. These pigments exhibit significant antioxidant, anti-inflammatory, immunomodulatory, neuroprotective, hepatoprotective, anticancer, antimicrobial, and photoprotective properties, highlighting their extensive therapeutic and industrial significance. Their unique solubility characteristics water-soluble phycobiliproteins as opposed to lipid-soluble carotenoids and chlorophylls, require specific extraction, stabilization, and delivery strategies to maintain their structural integrity and optimize their bio efficacy. The lack of standardized methodologies, the absence of well-controlled clinical trials, and the lack of data on human bioavailability and pharmacokinetics all hinder translational progress despite significant preclinical evidence of their potential to promote health. Addressing these gaps through harmonized analytical protocols, advanced delivery systems, and rigorous human studies is essential to validate efficacy and achieve regulatory approval. Future research integrating omics-based mechanistic studies, innovative formulation science, and eco-efficient production systems will be crucial for unlocking their full translational and commercial potential. Ultimately, Spirulina pigments are a prime example of an aquatic-derived bioactive that may bridge nutrition, health, and sustainable innovation.
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Abbreviations
ABTS		: 2,2′-azino-bis (3-ethylbenzothiazoline- 6-sulfonic acid) 
AD		: Alzheimer’s disease 
ALP		: alkaline phosphatase
ALT		: alanine aminotransferase 
AMPK		: AMP-activated protein kinase
AST		: aspartate aminotransferase 
Aβ		: Amyloid β
A549		: lung carcinoma cell lines
BACE-1	: β-secretase
Bax		: Bcl-2 Associated X-protein 
Bcl-2		: B-cell lymphoma 2 protein 
CAT		: catalase 
CCl₄		: carbon tetrachloride
COX-2		: cyclooxygenase-2
DMBA		: dimethylbenz[a]anthracene
DPPH		: 1,1-diphenyl-2-picrylhydrazyl 
EAE		: enzymatic-assisted extraction
GLUT-4		: Glucose transporter type 4
GPx		: glutathione peroxidase
GRAS		: Generally Recognized as Safe
GST		: glutathione-S-transferase
HbA1c		: haemoglobin A1C
HepG2		: hepatocellular carcinoma cell lines
HT-29		: colon carcinoma cell lines
IFN-γ 		: interferon-γ
IL-1β 		: interleukin-1β
IL-2		: interleukin-2
IL-6		: interleukin-6
iNOS		: inducible nitric oxide synthase
K-562		: leukaemia cell lines
MCF-7		: breast cancer cell lines
MDA		: malondialdehyde
MMP-2		: matrix metalloproteinases-2
MMP-9		: matrix metalloproteinases-9
NK		: natural killer
NO		: nitric oxide
Nrf2		: nuclear factor erythroid 2–related factor 2 
NF-κB		: nuclear factor-κB 
PBRs		: photobioreactors
PD		: Parkinson’s disease
PGE₂ 		: prostaglandin E₂
RCTs		: randomized controlled trials
RNS		: reactive nitrogen species 
ROS		: reactive oxygen species 
SFE		: supercritical fluid extraction
SOD		: superoxide dismutase
STZ		: streptozotocin
TNF-α		: tumor necrosis factor-α 
UAE		: ultrasound-assisted extraction 
UV		: ultraviolet
VEGF		: vascular endothelial growth factor
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