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Microalgae-derived pigments represent promising natural alternatives to synthetic food colouring agents,
meeting the growing demand for sustainable, clean-label ingredients. As the demand for clean-label, plant-
based, and functional food products grows, microalgal pigments are being explored as promising natural
alternatives to synthetic dyes. These pigments, including phycobiliproteins (PBPs), carotenoids, and
chlorophylls, offer multifunctional applications without synthetic dye-related risks. Sustainably sourced from
microalgae, they support eco-friendly production aligned with circular economy principles. Pigment-rich
microalgal biomass is being incorporated into next-generation functional foods such as protein bars, dairy
alternatives, and beverages, contributing both color and nutritional value. The bioactive potential of microalgal
pigments includes antioxidant, anti-inflammatory, and anticancer properties. Integrating microalgae pigments
into food manufacturing presents both challenges and opportunities, requiring the optimization of extraction
techniques. Extraction technologies such as microwave-assisted and pressurized liquid extraction are
advancing, but require further improvement to enhance their stability, yield, and cost-efficiency. Techno-
economic analyses emphasize production costs, scalability, and regulatory compliance as important for
commercial viability. Techno-economic assessments highlight key factors such as production costs,
scalability, and profitability. Current extraction methods need refinement to improve their yield and cost-

efficiency. Microalgae pigments hold great promise as sustainable colorants. However, challenges still remain
Received 30th August 2025

Accepted 24th November 2025 in terms of pigment stability during processing and sensory acceptance in food applications. Nevertheless,

. current biotechnological and downstream processing advancements are increasing the practicality of
DOI-10.1039/d5fb00537) microalgal pigment functional foods in smart food systems. This review explores their potential for smart food

rsc.li/susfoodtech applications, analysing their production costs, market prospects, and regulatory aspects.

Sustainability spotlight

Microalgal pigments offer a renewable, eco-friendly alternative to synthetic food colorants, reducing the environmental impact while supporting circular
economy principles. Cultivation requires minimal land and water, promotes carbon sequestration, and ensures year-round production. Their integration into
functional foods advances sustainable nutrition, aligning health benefits with global goals for greener, resilient food systems.
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1 Introduction

Microalgal pigments have a wide range of applications across
various industries, including food," nutraceuticals,” pharma-
ceutical,® aquaculture,* and cosmetics.> Because of their fluo-
rescent qualities, they are also utilized in clinical and research
laboratories to mark antibody receptors. Phycobiliproteins
(PBPs) show anti-inflammatory, antioxidant, hepatoprotective,
neuroprotective effects.® Also, the cultivation of microalgae is
eco-friendly, and thus their use is expanding in aquaculture for
aviculture feed, feed premixes, and water quality improvement
through bioremediation. They are also used to enhance animal
coloration, such as through astaxanthin, which improves the
appearance of species.” Microalgae are the simplest plant-like
entities, which can be single-celled or filamentous. They effi-
ciently capture solar energy, leading to significant biomass
accumulation through photosynthesis. They are categorized
based on their coloration including Chlorophyceae (green),
Cyanophyceae (blue-green), Rhodophyceae (red), and Phaeo-
phyceae (brown).® Microalgae produce pigments such as chlo-
rophylls, carotenoids, and PBPs, which give rise to various
colors, ranging from green and yellow to red and brown. Natural
pigments such as B-carotene (yellow, from Dunaliella), phyco-
cyanin (deep blue, from Spirulina), and astaxanthin (yellow to
red, from Haematococcus) have gained popularity due to their
non-toxic and non-cancer-causing characteristics, categorizing
them as a safer alternative to synthetic colorants.” Recently,
consumer acceptance has increased for natural color food
ingredients to prioritize healthy diets and food safety; there is
an increasing preference for nutritious, natural, and clean-label
food products. Algae will drive the food, nutraceutical, phar-
maceutical, and cosmetic industries to explore the generation of
high-value industrial natural substances, especially pigments
for food usage. Many commercially available pigments are
currently produced using chemical synthesis, which has raised
health issues regarding their safety because of possible toxicity
resulting from their processing techniques or molecular struc-
tures. Alternatively, natural pigments are considered safe, with
no harmful side effects, and often enhance nutrition, while
providing various biological benefits.’® The widespread avail-
ability of pigments generated from plants has improved health
positive aspects."* The use of natural microalgal pigments is
growing in popularity among producers and customers. The
market for these pigments is expected to reach 452.4 million by
2025, achieving a high-value compound annual growth rate
(CAGR) of 4%."" Microalgae are important sources of lipids,
proteins, vitamins, polysaccharides, and polyunsaturated fatty
acids (PUFAs), all with significant commercial and health
benefits. Pigments from microalgae, such as carotenoids,
chlorophylls, and PBPs, are among the fast-growing and eco-
friendly cultivations. This makes them highly competitive as
natural colorants in the food sector.> The quality and quantity
of pigments are constantly being improved by sustainable
farming practices and extraction process developments,
increasing the potential of these pigments for a broad range of
industrial uses. This review presents an in-depth analysis of
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microalgae-derived pigments as natural food colorants,
focusing on their techno-economic feasibility, potential for
integration within the smart food industry, and the challenges
they face. Additionally, it seeks to highlight recent advance-
ments in sustainable cultivation and extraction techniques that
improve the quality and yield of pigments, thereby expanding
their applicability across various sectors.

A thorough search of the literature was carried out to find
relevant papers on microalgal pigments and their use in func-
tional meals. This review evaluates databases from 2014-2025
published in Scopus, Web of Science (Elsevier and Springer),
and PubMed. “Microalgae” and “pigment” or “phycocyanin” or
“astaxanthin” or “chlorophyll” or “carotenoid” and “functional
food application” or “extraction” were the keywords and
Boolean combinations used to find the papers. Original
research and review publications published in English with an
emphasis on the extraction techniques, characterisation, func-
tional properties, market trends, and health applications of
microalgae-derived pigments in food and associated industries
were the inclusion criteria. This review excluded non-peer-
reviewed publications that lacked significant experimental or
review data for pigment use as well as studies restricted to non-
food industrial purposes. Duplicate articles were identified and
eliminated using reference management software. To ensure
reproducibility, the search approaches, keywords, and
screening procedures conformed to standard reporting criteria.

2 Microalgae and pigments

Microalgae are a diverse group of cryptogamic plants. They take
on diverse shapes, including filamentous, siphonaceous, colo-
nial, and unicellular organisms.” The oxygenic photosynthetic
prokaryotes known as cyanobacteria are among these species,
which show a great deal of diversity in terms of their
morphology, physiology, ecology, and other characteristics.™
The Chlorophyta phylum includes unicellular, multicellular,
filamentous, and siphonous algae, predominantly found in
freshwater environments. In contrast, cryptophytes are
primarily unicellular and widely distributed across freshwater
and marine ecosystems." Dinophytes, also unicellular, are
characterized by two distinct flagella and mainly found in
aquatic habitats. Each microalgae species is associated with
a unique set of pigments, contributing to their varying colors
and ecological functions.

Microalgae are significant sources of high-value compounds
that are economically and nutritionally important. These
microscopic organisms produce a diverse range of beneficial
substances, viz., proteins, lipids, complex carbohydrates, vital
minerals, vitamins, coloured compounds, and beneficial fatty
acids. These products have substantial commercial potential
and offer considerable health benefits.*® The word “microalgae”
comprises eukaryotic photosynthetic microorganisms as well as
prokaryotic cyanobacteria, which transform light energy into
chemical energy through photosynthesis. These organisms
contain three primary pigment classes, carotenoids (typically
ranging from 0.1-0.2% of their dry weight, and possibly up to
14% in certain species), chlorophylls (0.5-1.0% of their dry

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Microalgae harvesting and biomass production (Yaakob et al., 2021) *°

weight), and PBPs (up to 8% of their dry weight). These
pigments are crucial for photosynthetic processes and cellular
development. Unlike pigment sources from other natural
origins such as fruits, plants, and animals, microalgal pigments
demonstrate exceptional physiological properties, including
powerful antioxidant and antibacterial capabilities, with
extensive potential health applications. Moreover, these
pigments offer remarkable versatility in food coloration, pre-
senting a diverse palette of shades and natural tones. This
characteristic gives microalgal pigments a significant competi-
tive advantage as natural food colorants, enabling them to
effectively replicate and enhance the visual appeal of various
food products.”

The harvesting of microalgae and production of biomass are
illustrated in Fig. 1. The most compelling benefit of microalgae
stems from their unique cultivation characteristics. These
organisms represent a consistent and sustainable natural
pigment source that can be produced industrially with
remarkable environmental adaptability. Unlike traditional
agricultural products, microalgae are not constrained by
seasonal variations, climate limitations, or specific environ-
mental conditions. Their exceptional qualities include rapid
reproduction, high pigment concentration, and remarkable
resilience to challenging growth environments. Additionally,
microalgae do not compete with conventional agriculture for
arable land, which significantly enhances their economic and
ecological value. These distinctive attributes position micro-
algae as increasingly attractive and competitive alternatives for
generating natural pigments, offering significant advantages
over conventional biological pigment sources.®

Researchers are actively investigating various cultivation
techniques to maximize pigment production across different
microalgal species. Several prominent pigments have already
achieved industrial-scale production and widespread

© 2025 The Author(s). Published by the Royal Society of Chemistry

commercial application, including astaxanthin (pigment
sourced from Haematococcus, which is yellow-to-red), PBPs
(pigment sourced from Spirulina and Galdieria sulphuraria,
which is blue), and B-carotene (pigment sourced from Duna-
liella, which is yellow). These pigments have found widespread
use across multiple industries, including food, pharmaceuti-
cals, fishery, nutraceuticals and cosmetics. Within microalgae,
pigment synthesis occurs during both normal vegetative growth
and under stress conditions. The final product quality is
significantly influenced by various biotic and abiotic factors
throughout the production process. Emerging trophic strategies
and innovative techniques are proving increasingly effective in
improving the production efficiency of pigment, offering
promising advancements in microalgal biotechnology.*
Through the phases of extraction, purification, and food pro-
cessing, pigment structures can be vulnerable to degradation or
complete destruction, which can significantly compromise their
colouring capabilities and nutritional properties in foodstuffs.
Consequently, it is critically important to develop and imple-
ment refined extraction and processing techniques that effec-
tively preserve the structural integrity, stability, and functional
activity of these valuable pigment compounds.

3 Characterization of microalgae
pigments

Microalgae produce three main types of pigments for photo-
synthetic processes: phycobiliproteins, chlorophylls, and
carotenoids, which include carotenes and xanthophylls. Phy-
cobilins are water soluble, whereas carotenoids and chloro-
phylls are usually fat soluble.*® The absorption spectra and
molecular structures of these chlorophylls vary slightly (Fig. 2).
The colors of chlorophylls a and b are blue-green and bright
green, whereas the colors of chlorophylls ¢, d, and f are yellow-
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Fig. 2 Bioactive pigments from microalgae and their biological activities.

green, forest green, and emerald green, respectively. The
extraction of chlorophylls from microalgae is simple and
affordable. The majority of vascular plants contain green
pigments, i.e. chlorophylls a and b. The most prevalent pigment
needed for photosynthesis, chlorophyll-a, is found in all
photosynthetic organisms. All chlorophytes, their progeny, and
green plants contain chlorophyll-b, the second most prevalent
form, but only dinoflagellates, haptophytes, heterokonts, and
cryptophytes contain chlorophyll-c. Certain cyanobacteria have
been found to contain chlorophyll-f, while certain red algae
(rhodophytes) are unique in having chlorophyll-d.® The tetra-
pyrrole ring structure of the porphyrin macrocycle that makes
up the chlorophyll molecule has 4 carbon atoms and 1 nitrogen
atom in each of the pyrrole ring. These nitrogen atoms form
a central cavity that readily binds an Mg®" ion.” In chlorophyll a,
the methyl group in ring II is substituted by a formyl group
found in chlorophyll-b. Consequently, chlorophyll has a blue-
green hue, absorbing light most effectively at wavelengths in the
range of 660-665 nm. In contrast, chlorophyll-b is green-yellow,
with its maximum absorbance ranging from 642 to 652 nm.
Exposure to oxygen, weak acids or light can lead to various

Sustainable Food Technol.

chlorophyll degradation products, owing to its accelerated
oxidation.*

Carotenoids are terpenoid pigments extracted from a forty-
carbon polyene chain, giving them unique molecular struc-
tures and light-absorption characteristics, which are crucial for
photosynthesis. Carotenoids can possess cyclic and oxygen-
containing functional groups, distinguishing hydrocarbon
carotenoids, known as carotenes, from their oxygenated deriv-
atives, called xanthophylls.?* Carotenoids are classed as primary
(e.g., xanthophylls) and secondary carotenoids; the former play
essential roles in the photosynthetic apparatus, while the latter
are produced in higher quantities in response to specific envi-
ronmental stimuli. Xanthophylls are generally hydrophobic,
and frequently connected with membranes or noncovalently
coupled to certain proteins; they are typically found in the
thylakoid membrane, whereas secondary carotenoids are found
within lipid vesicles. Carotenoids are usually extracted using
organic solvents including methanol, acetone, and dimethyl
sulfoxide (DMSO).>*

PBPs, found predominantly in Cyanophyceae and Cryptophy-
ceae, are light-harvesting pigments that are categorized into 3

© 2025 The Author(s). Published by the Royal Society of Chemistry
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main types based on their amino acid sequences and spectro-
scopic properties including phycoerythrin (PE, red in color),
phycocyanin (PC, blue in color), and allophycocyanin (APC).>*
These oligomeric proteins are made up of polypeptides that bear
chromophores and come from two families, potentially sharing
one ancestor. PBPs help in photosynthesis by assembling into
phycobilisomes and adhering to the thylakoid surface. The main
PBPs in cyanobacteria include C-PC, which typically consists of
two noncovalently associated subunits with molecular weights of
16 000-20 000 daltons. These proteins exhibit distinct spectral
properties due to their individual absorption spectra. The absor-
bance maximum for the different types of PBPs include C-PC at
615-640 nm, C-PE at 565-575 nm, phycoerythrocyanin at 577 nm,
and C-APC at 650-655 nm.* PC, a PBP produced by Galdieria
sulphuraria, is a thermostable, acid-resistant pigment with strong
antioxidant properties,” making it useful in food, pharmaceu-
tical, and cosmetics applications.” Heterotrophic and mixo-
trophic cultivation considerably increase the yield of phycocyanin
by adjusting the carbon/nitrogen ratios and organic carbon
sources.”® G. sulphuraria beats traditional sources such as Spir-
ulina in terms of biomass production, pigment stability, and the
ability to endure difficult growing conditions and generate high-
quality phycocyanin on a large-scale. Research also shows that it
converts carbon efficiently in oxygen-balanced mixotrophic culti-
vation, allowing sustainable production with low contamination
hazards.”

View Article Online
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4 Microalgae-derived edible
pigments
4.1 Carotenoids

Among the more than 400 carotenoids present in nature, B-
carotene is one of the most important. The chemical structure
of carotenoid is illustrated in Fig. 3. Numerous carotenoids,
such as B-carotene, are provitamin A and have a number of
biological roles, which are very beneficial for human health.*
Their yellow, orange, and red hues are caused by carotenoid
pigments, which are essential for photosynthesis and cellular
defence. These pigments, including B-carotene, lutein, astax-
anthin, and zeaxanthin, absorb light in regions that chlorophyll
cannot, thus enhancing light capture for photosynthesis.
Carotenoids have several strong antioxidants, protecting cells
from oxidative damage produced by reactive oxygen species and
excessive light.>® They also provide significant health advan-
tages, including improved immunity, less inflammation, and
support for eye health. The nutritional and functional qualities
of microalgal carotenoids make them popular in animal feed,
cosmetics, and nutraceuticals.?*

4.2 Chlorophyll

Chlorophyll, a green pigment, is abundant in microalgae and
enables them to transform light energy into chemical energy.
Microalgae get their distinctive colour from chlorophyll, which

Lutein

Lycopene

Fig. 3 Common structure of carotenoids (Metibemu & Ogungbe, 2022) .32
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reflects green light and absorbs it mostly in the blue and red
wavelengths. Chlorophyll-a, which is necessary for oxygenic
photosynthesis, and chlorophyll-b, aiding in absorbing extra
light energy, are the two primary forms present in microalgae.*
In addition to photosynthesis, chlorophyll possesses anti-
inflammatory and antioxidant qualities, which make it useful
in cosmetics and nutraceuticals. Because of their high chloro-
phyll content, microalgae are becoming more and more popular
in the biofuel, health supplement, and sustainable food
industries. The anti-inflammatory, detoxifying, and antioxidant
qualities of microalgal chlorophyll provide several health
benefits.** By neutralizing free radicals, it lowers oxidative stress
and the likelihood of developing chronic illnesses such as
cancer and heart disease. Chlorophyll promotes liver detoxifi-
cation through the removal of toxins from the body.

Sustainable Food Technol.

Furthermore, it enhances metabolic processes, which can help
in weight management, and improves gut health, facilitating
better digestion. Furthermore, detoxification and general
immune support are supported by the ability of chlorophyll to
bind with heavy metals. Fig. 4 shows the molecular structures of
various chlorophyll molecules.**

4.3 PBPs

PBPs are extremely important pigments found in microalgae,
especially in red algae and cyanobacteria (such as Spirulina). C-
APC, C-PC, and C-PE are examples of these water-soluble
pigments.’® By efficiently absorbing light in the orange, red,
and yellow spectra that chlorophyll is unable to collect, these
pigments are essential for photosynthesis. Chlorophyll receives
this energy, which improves its photosynthetic activity,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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particularly under low-light conditions.”” The potent anti-
inflammatory, antioxidant, and immune-stimulating qualities
of PBPs have also attracted attention for their health advan-
tages. Because of its bioactive qualities and use as a natural
colourant, C-PC, in particular, is extensively employed in the
food, cosmetics, and pharmaceutical industries.*® Because of
their special fluorescence, these pigments are also used as
fluorescent markers in biomedical research. PBPs provide an
environmentally friendly and adaptable remedy for a number of
applications, making them increasingly popular in health
supplements, functional foods, and biotechnological
advancements.

5 Factors affecting the production of
microalgal pigments
5.1 Light

Light is an essential component in algal cultivation and growth,
given that its duration and intensity directly impact photosyn-
thesis and the biochemical makeup of microalgal materials.® It
was observed that to develop the photobioreactors or open pond
systems, a greater surface area is required because the light
intensity in culture systems diminishes with depth.*® Alterna-
tively, although light is necessary for photosynthesis, the
photosynthetic system can be harmed by excessive light levels
that exceed its tolerance limits. Various wavelengths of light
have been studied to determine their effects on algal growth and
pigment yield. Water molecules and particles absorb shorter
wavelengths, allowing blue and green light to penetrate deeper
into the water. Green algae possess chlorophyll a and b as their
primary pigments, which enhance their growth rates with an
increase in light intensity. Light needs vary during different
growth phases, such as B-carotene production in Dunaliella
salina, which requires 135.3 and 245.6 pmoL m” s~ for growth
and high B-carotene yields, respectively. Precise photoperiod
and light intensity control are critical for maximizing micro-
algae growth.” For example, in Chlorella pyrenoidosa, their
chlorophyll-a levels decreased under blue light. However, they
increased under a combination of blue and red light, while their
chlorophyll-b levels were significantly low in red light.** PBPs
help absorb green light and stabilize the photosynthetic appa-
ratus by transferring energy to essential pigments.*
Chlorophyll-a, which absorbs blue and red light, is critical in
converting light into chemical energy, while carotenoids help
dissipate excess energy. In Gracilaria birdiae, green and blue
light with 8 and 14 h photoperiods increased their C-PE and C-
PC concentrations, respectively. Similarly, Meristotheca pap-
ulosa produced the maximum C-PE and C-PC levels under green
and blue light and low amounts in red and white light,
respectively.*?

5.2 Temperature

In phototrophic microalgae, temperature has a significant
impact on biomass production. It affects not just their devel-
opment but also the molecular architecture and metabolic
processes in their cells. Studies show that elevated temperatures

© 2025 The Author(s). Published by the Royal Society of Chemistry
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can enhance pigment synthesis in microalgae.® For example,
blue-green microalgae can produce higher amounts of carot-
enoids, especially [B-carotene, in response to increased
temperatures. The optimal growth temperature for microalgae
varies depending on the strain and its temperature tolerance.*
It has been reported that 22 °C was the optimal temperature for
Dunaliella salina to produce B-carotene.® This implies that
temperature significantly influences B-carotene accumulation.
Another research group observed that compared to Chlorella
vulgaris KNUA104, Chlorella sorokiniana strains KNUA114 and
KNUA122 generated more fatty acids at higher temperatures,
suggesting that they could be used as bioavailable resources.
Chlorella vulgaris grew the best at 30 °C and decreased at higher
degrees, but C. closterium flourished at 30 °C and D. tertiolecta
and T. suecica developed more quickly at 18 °C.** Temperature
also affects the physiological activity and structural organiza-
tion of the cells in microalgae, influencing their pigment yield.
The response of microalgae to temperature also depends on the
characteristics of their cell envelope. Both low and high
temperatures affect their cell envelope, causing it to become
stiffer or more pliable.® Sudden temperature changes can stress
microalgae, and higher temperatures can disrupt their cell
hydrophobicity. Dunaliella triolet, algae without cell walls, are
particularly sensitive to temperature fluctuations.**

5.3 pH

Algal pigment synthesis is significantly influenced by pH. pH
levels below 5.0 or above 8.5 can inhibit microalgae growth,
where lower pH values promote the synthesis of yellow pigments,
while higher pH values influence red pigment production.*® The
regulation of pH affects solubility and nutrient uptake in algal
cells. For example, Tetraselmis sp. and Nannochloropsis sp.
demonstrated a high cell density and elevated lipid, protein, and
carbohydrate levels when cultivated at pH 7.5 and 8.5. Similarly,
Spirulina platensis (known as Arthrospira platensis) achieved the
highest levels of carotenoids (2.4 mg g~' DW), chlorophyll-
a (10.6 mg g~ ' DW), C-phycocyanin (91 mg g~ ' DW), and PBPs
(159 mg g~ ) at pH 8.5 and 9.0. These findings underscore the
importance of pH in enhancing the production of antioxidants in
S. platensis, with the potential for regulating their production
through pH adjustment.®

However, drastic pH changes can negatively impact the
synthesis of carotenoids and chlorophylls, eventually reducing
the growth of microalgae and biomass production.*® Pigment
extraction yields from frozen and wet Chlorella vulgaris biomass
varied with pH. For example, at pH 7, the molecular weight of
the protein fraction was higher than that at pH 9, which can
affect the characteristics of PBPs. A number of variables, such as
species, media, and cultivation conditions, affect the optimum
pH level for algal growth and pigment production. Variations in
pH exhibited little impact on the protein fraction nutritional
value, whereas alkaline environments improved the antioxidant
activity. Nannochloropsis biomass had higher protein concen-
trations at pH 8.5, 11, and 12, yielding 6, 12.2, and 20.5 mg g~ %,
respectively, with the highest concentrations observed at pH 11
during aqueous extraction.®

Sustainable Food Technol.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fb00537j

Open Access Article. Published on 25 November 2025. Downloaded on 3/17/2026 3:33:17 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Sustainable Food Technology

5.4 Salinity

Cellular osmosis is an important process in pigment generation
in marine microalgae cultures. When exposed to high concen-
trations of NaCl in the surrounding environment, cells form
a hypertonic solution, causing them to shrink due to cellular
dehydration and internal damage.*® According to,*” Chaetoceros
muelleri exhibited the highest fucoxanthin content at salinities
below 55%, achieving 2.92 mg g~ and 0.072 mg per L per day.
In contrast, halotolerant Amphora sp. showed optimal produc-
tivity at salinities above 55%, with 1.2 mg g * and 0.053 mg
per L per day. The tolerance of microalgae to varying salt
content levels is also influenced by their cultivation mode, such
as semi-continuous cultivation, and a gradual increase in
salinity levels over time. Increased salinity tolerance in micro-
algae is linked to the congregation of lower molecular weight
organic solutes, including mannitol, glycerol, proline and
sucrose. For example, Chlorella vulgaris exhibited a substantial
reduction in total chlorophyll and carotenoid content as the salt
levels increased, and thus the NaCl levels were kept between 0.0
and 0.1 M for the best pigment and biomass yields.*® Tetraselmis
sp. and Nannochloropsis sp. achieved a high cell density, lipid
and carbohydrate contents and protein at a salinity of 28 ppt.
Tetraselmis suecica had a total carotenoid concentration of
0.35% to 1.1% and a chlorophyll content of 2.8% to 5.5%,
respectively, at NaCl concentrations ranging from 15 to 60 g L™,
Another study observed that C. clostridium grown in media at
different salt contents (30% and 60%) exhibited slower growth
in a higher salinity environment. However, both cultures
entered exponential growth after 6 days, reaching 0.65 and 0.60
x 10° cells per mL, respectively. Tolerance to salinity in
microalgae also has practical applications, such as reducing
salinity from seawater and lowering the cost of reverse osmosis
in potable water production.®

Pigment development by microalgae is also influenced by
other variables, including nutritional content, herbicides, and
heavy metals. The effects of inhibition of pesticides on PBP
production have been reported by numerous psychobiologists.*
According to,*® pesticide exposure damages the intracellular
thylakoid membrane of PBPs, resulting in their detachment.
Nitrogen is a key nutrient for growth in microalgal cultures. The
absence of nitrogen or nitrogen starvation can stress these
organisms, halting cell division given that nitrogen is essential
for metabolic activities.™

6 Technologies for the extraction of
pigments from microalgae
6.1 Solvent-assisted extraction

Traditionally, solvent extraction has been used to extract
microalgal pigments.®> During this process, the solvent acts as
an extractant for intracellular compounds by penetrating the
cell wall, leading to perforation or dissolution of the membrane.
The efficiency of the solvent is determined by its chemical
affinity for the target pigments, as well as the nature of the
microalgal membrane or wall. Non-polar solvents are
commonly used for the extraction of carotenoids because of
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their high hydrophobicity. Fig. 5 illustrates the extraction of
bioactive pigments using various emerging technologies.

For example, the best solvent for the extraction of lutein from
wet Chlorella vulgaris was hexane/ethanol (3 : 1 v/v). Ethanol can
be used to extract fucoxanthin from Isochrysis galbana and leave
it undamaged.* Alternatively, the traditional methods for
extracting astaxanthin from Haematococcus pluvialis employ
acetone/ethyl acetate/ethanol or chloroform/methanol. Also,
the appropriate temperatures should be used for solvent
extraction because natural pigments are heat-sensitive.
Although applying heat can increase the extraction rates, pro-
longed exposure at high temperatures (usually above 65 °C) can
cause pigment degradation, particularly in carotenoids and
chlorophylls.®® In cases where the solvent lacks sufficient cell-
disruptive effects, they may be combined with other agents
such as chelating agents, hypochlorite, antibiotics, detergents,
chaotropic, bases, and acids, each contributing to cell disrup-
tion in different ways. For instance, bases aid lipid saponifica-
tion, while acids promote membrane pore formation. The
excellent efficiency and purity of solvent extraction make it
a popular method for producing microalgal pigments on a large
scale. However, residual solvents and their possible toxicity
limit their use in the food industry, given that they reduce the
safety of edible pigments.

6.2 Microwave-assisted extraction

Microwave-assisted extraction (MAE) and ultrasound-assisted
extraction (UAE) have been investigated to improve cell
disruption and the extraction of high-value compounds from
microalgae. Acoustic cavitation is the primary mechanism,
where rapid pressure changes and membrane thinning lead to
cell disruption, allowing solvent penetration. The method is
beneficial for pigment extraction at low temperatures (below 70
°C), and has been successfully applied to extract astaxanthin
from Haematococcus pluvialis and B-carotene from Spirulina
platensis. UAE has been highlighted to significantly enhance the
extraction yield of PBP from Spirulina sp., though some studies
have reported its negative impacts on purity, color, and anti-
oxidant activity of C-PC." In the case of MAE, the application of
microwave radiation induces heat shock and cell wall degra-
dation, leading to efficient cell disruption. MAE requires much
shorter thermal treatment times, reducing concerns about
pigment stability under heat. A recent study showed that using
vacuum conditions during MAE further lowered the required
temperature. MAE has been applied to extract carotenoids,
chlorophylls, PE, PC, and APC from many microalgae, such as
Spirulina sp. and Scenedesmus sp. at relatively low treatment
temperatures (around 55 °C). However, the investigation of
MAE for the extraction of microalgal pigments is still in its early
phase and requires further research.>

6.3 Pulse electric field

Since the 1970s, the food industry has used electric field tech-
nology, with pulsed electric field (PEF) becoming a successful
extraction technique for a variety of microalgal pigments. PEF
promotes electroporation and facilitates cell breakdown by

© 2025 The Author(s). Published by the Royal Society of Chemistry
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pressurized liquid extraction (Pagels, Pereira, et al., 2021).5

delivering electrical pulses to cell membranes.?” In studies on
Chlorella vulgaris, PEF showed excellent results in breaking
down cells without causing significant inactivation of chloro-
phylls and carotenoids. To improve the extraction, particularly
in the case of temperature-sensitive pigments such as lutein,
the procedure can be optimized to operate at 25-30 °C. PEF has
also been recommended for extracting PC from Nostoc
commune, Spirulina platensis and Porphyridium cruentum.
Nevertheless, it is less effective for microalgae with more
resistant cell walls, such as Oscillatoria okeni.*® PEF can also be
used as a pre-treatment step, as demonstrated in the solvent
extraction of pigments from Nannochloropsis sp. and Haemato-
coccus pluvialis. 1t is widely acknowledged as “green,” scalable,
and sustainable technology for industrial extraction, requiring
minimal solvent. The electric field intensity, pulse count, and
time must be adjusted for the particular microalgal species and
desired pigments to get the best results. For instance, cyano-
bacteria need more energy to electroporate than other

© 2025 The Author(s). Published by the Royal Society of Chemistry

microalgae because of their tiny cells and unique membrane
structure.*

6.4 Enzymatic extraction

Enzymes such as glycosidase, glucanase, peptidase and lipase
have been utilized widely for targeted cell lysis due to their high
specificity.’® These enzymes can breakdown the cellular wall
and/or membrane, thereby releasing the intracellular contents
and facilitating solvent extraction. Compared to alternative
techniques, enzymatic extraction has a higher extraction rate,
mild reaction conditions, and reduces the necessity for down-
stream drying processes. For example, APC from Spirulina pla-
tensis has been successfully extracted using lysozyme,
guaranteeing excellent quality and purity.®® However, for large-
scale applications, it is crucial to identify enzymes capable of
efficiently catalyzing cell disruption and optimize the treatment
conditions that preserve pigment stability and enzyme activity.>
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6.5 High pressure homogenization

High pressure homogenization (HPH) is considered a prom-
ising and scalable process for cell disruption, utilizing
mechanical forces such as shear stress, turbulence, and cavi-
tation. When combined with solvent extraction,®* high-quality
pigments, especially those that are lipid-soluble, can be
extracted from a variety of microalgae using HPH. For example,
in Nannochloropsis sp. applying HPH at 1000 bar improved the
bio accessibility of pigments such as antheraxanthin, viola-
xanthin, B-carotene and zeaxanthin in food products. However,
this process also caused a reduction in pigment content due to
the sharp increase in temperature, which necessitates the use of
a cooling system to prevent degradation.**

Another food processing technique that has recently been
tested for pigment extraction is pressurized liquid extraction
(PLE). High pressures (100-200 bar) and temperatures (50-200 °©
C) are commonly used in PLE operations, which may damage
the molecular structures of the pigments. Nevertheless, some
research has used PLE to efficiently extract carotenoids and
chlorophylls with respectable stability. For instance, it has been
shown to preserve the stability and recover lutein, B-carotene,
and chlorophyll a/b from Chlorella vulgaris, B-carotene from
Dunaliella salina, and carotenoids from Phormidium spp.
However, more studies are needed to develop specific PLE
techniques for pigments with diverse structural properties.

In addition, continuous pressurized solvent extraction
(CPSE) has been introduced as a method with milder conditions

Table 1 Extraction methods of pigments from microalgae
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(typically room temperature to 70 °C) to protect pigments from
degradation. CPSE has been successfully utilized for the
extraction of carotenoid from Gloeothece sp. at 60 °C, and it
minimizes solvent usage by enabling efficient recirculation.®
Although pressurized systems do not require cell drying and are
scalable, they are typically operated using low cell concentra-
tions (0.01-0.85% w/w), resulting in increased energy use.
Additionally, these methods lack specificity, as cell debris and
unwanted compounds may enter the system, increasing the
need for downstream purification.

6.6 Freezing and thawing

Freezing and thawing are commonly used in laboratories to
interrupt cyanobacterial cells and extract pigments such as PC,
APC, and PE, as these PBPs are best handled and preserved at low
temperatures. Given that these pigments are protein-based, they
are susceptible to denaturation at high temperatures, which can
minimize the a-helix content. Studies have shown that perform-
ing three to four freeze-thaw cycles yields the highest purity and
extraction efficiency for C-PC, with an optimal temperature of
around 4 °C. Although FT delivers high-purity extracts (with yields
between 0.66 and 0.87), the process is energy- and time-intensive
due to the repeated freezing and thawing cycles, limiting its
suitability for laboratory-scale applications.** According to inves-
tigators, freeze-thawing at —80 °C could successfully extract B-PE
in just 3 h, proving its speed and efficiency.*® Freeze-thawing at
—80 °C (As45/A280 = 1.4 to 1.8) yielded the maximum purity of B-

Pressure Temperature

Sources Pigments Extraction method Solvent used (bar) (°C) Ref.

Haematococcus pluvialis  Carotenoids Ultrasound-assisted Heptane — 41.1 (Poojary et al., 2016) (ref. 68)
extraction (UAE)

Arthrospira platensis B-carotene UAE Ethanol — 30 (Giorgis et al., 2017) (ref. 69)

(also known as Spirulina)

Porphyridium cruentum  Phycocyanin (PC) Pulse electric field (PEF) Citrate-phosphate — 20-30 (Martinez et al., 2019)

Mcllvaine (ref. 59)

Nostoc commune PC PEF Water — 40 (Chittapun et al., 2020) (ref. 70)

Chlorella sp. Carotenoids Enzymatic high-pressure 3% w/w NaCl 1070 — (H. Sun et al., 2023) (ref. 11)
homogenization

A. platensis Phycobiliproteins Solvent extraction Sodium phosphate — 25 (F. Wang et al., 2023) (ref. 71)

(PBPs)

Chlorella vulgaris Chlorophyll-a Pressurized liquid Ethanol : 100 173 (Poojary et al., 2022) (ref. 72)

extraction (PLE) water (9:1, v/v)
Lutein PLE Ethanol : 100 148 (Poojary et al., 2022) (ref. 72)
water (9:1, v/v)
Phormidium sp. Carotenoids PLE Ethanol 100 150 (Pagels, Vasconcelos,
et al., 2021) (ref. 73)

Porphyridium Phycoerythrin (PE) Microwave-assisted Water — 40 (Juin et al., 2015) (ref. 74)

purpureum extraction (MAE)

H. pluvialis Astaxanthin Supercritical carbon SC-CO, + ethanol 300 60 (Chougle et al., 2016) (ref. 75)
dioxide (SC-CO)

Nannochloropsis Carotenoids, SC-CO, SC-CO, 400 60

gaditana chlorophylls

Gloeothece sp. Carotenoids Continuous Ethanol 180 60 (Amaro, Catarina Guedes,
pressurized solvent et al., 2018) (ref. 63)
extraction (CPSE)

Nannochloropsis Chlorophylls, High voltage electrical ~Water — 20-30 (zhang et al., 2020) (ref. 41)

oculata carotenoids discharge (HVED)
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PE, surpassing the result of bead milling,* ultrasonication, and
liquid nitrogen grinding mentioned in the previous study.®
However, it was recommended that the technique be repeated
with numerous freezing and thawing because it is a more gentle
method for proteins and does not release any heat during the
process.®® Furthermore, after taking a number of various C-PE
extraction methods into consideration, they came to the realiza-
tion that the freezing-thawing method was the most efficient
method for causing disruptions in the cells of marine
cyanobacteria.

6.7 Bead milling

Bead milling (BM) employs high-speed beads constructed from
steel, glass, or ceramic to disrupt cells through collisions and
shear forces. This method is simple, rapid, and energy-efficient,
making it appropriate for industrial-scale production. BM cau-
ses minimal harm to intracellular molecules, while achieving
a high disruption efficiency. It has been successfully used to
assess the overall C-PC content in cyanobacteria. However, BM
lacks selectivity and typically requires the use of additional
solvents for pigment extraction. When applied to species such
as Chlorella sp. and S. almeriensis, BM has proven to be both
effective and repeatable. The use of the correct solvent during
the process can also help dissipate the thermal energy gener-
ated by the mechanical action, preventing damage to the
pigment structures due to the increase in temperature.®” Table 1
presents the methods for the extraction of pigments from
microalgae.

7 Purification of microalgal pigments
7.1 Ammonium sulphate precipitation

The 60% ammonium sulphate precipitation method produced
a purity of 2.85 and a C-PE recovery of 85.70%, which is
significantly greater than the results in previous investiga-
tions.” According to the study in,”” Nostoc muscorum precipi-
tated with 55% ammonium sulphate produced 85% C-PE
recovery with a purity of 2.85.”® According to investigators,”
three cyanobacterial species, Lyngbya sp. AO9DM, Phormidium
sp. A27DM, and Halomicronema sp. A32DM, demonstrated over
80% PE recovery with a purity ratio of roughly 1.5 following
treatment with 70% ammonium sulphate.*® Interestingly, C-PE
produced by ammonium sulphate precipitation has sufficient
purity to be used in food and feed applications. Three tech-
niques were examined to assess the partial purification of C-PE
pigment including ammonium sulphate precipitation, aqueous
two-phase separation, and ultrafiltration.®* The best conditions
for the extraction and partial purification of C-PE from freeze-
dried algae were found to be precipitation employing 80%
ammonium sulphate.

7.2 Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE)

Recent research has focused on R-PE purification from red
algae. For example, Galland-Irmouli and colleagues described
the synthesis of high-purity R-PE on a laboratory scale using

© 2025 The Author(s). Published by the Royal Society of Chemistry
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preparative PAGE to extract R-PE from the red macroalga Pal-
maria palmata.*> Rossano and group utilized gel filtration to
extract and hydroxyapatite chromatography for the extraction
and purification of RPE from Corallina elongate.®® The generated
R-PE had an Asg6/Azs0 purity index of greater than 5.0, and SDS-
PAGE examination confirmed that it was comprised of subunits
of a/B (20 kDa) and v (30 kDa). Gracilaria corticata was purified
for R-PE in a single step using a rapid chromatographic method,
without affecting its structural integrity, employing PAGE.** In
the UV-Vis spectrum of pure R-PE, absorbance peaks were
observed at 565, 535, and 496 nm, in addition to a fluorescence
peak at 575 nm which was also observed. R-PE was produced
with a purity index of 4.2 and recovery efficiency of 44.3%. SDS-
PAGE examination revealed three subunits of 31 kDa, 21 kDa
and 18 kDa.

7.3 Ion exchange chromatography

The synthesis of R-PE from Polysiphonia urceolata has been
described by Liu and colleagues employing a DEAE Sepharose
Fast Flow ion exchange column, which was eluted with a pH
gradient from 5.6 to 4.0. Chromatography relies on the varia-
tions in protein structure.®® According to the data presented, R-
PE exhibited a noticeable decline in absorbance and fluorescent
emission with pH values below 4.4. This indicates that R-PE
may encounter irreversible spectroscopic changes due to asso-
ciated irreversible changes in its protein structure during pH
gradient elution. A single-step chromatographic procedure was
used to isolate R-PE from Gracilaria gracilis using phosphate
buffer (20 mM, 7.1 pH) and purify it.*® A high purity index (4s¢s/
Aygo ratio) of 3.25 was obtained by purifying natural R-PE
employing DEAE Sepharose Fast Flow chromatography with
the fraction obtained at 200 mM sodium chloride. The emission
and absorption spectra of R-PE displayed absorbance peaks at
498, 540, and 565 nm. This displayed the presence of the R-PE
molecule, which weighed about 260 kDa in its original condi-
tion. The pure pigment R-PE was also comprised of four
subunits, according to gel electrophoresis including 18 kDa, 21
kDa, 29 kDa, and 27 kDa. R-PE was extracted using a gel filtra-
tion method with Sephadex G-200 and Sepharose CL-4B. Then,
IEC on DEAE Sepharose Fast Flow, which was made with linear
ionic strength gradients, was used to purify it.*” The purified R-
PE exhibited an Asgs to Aygo ratio of 4.89. Only one band with
a pI of 4.8 was found after analysis using PAGE and isoelectric
focusing.

7.4 Expanded bed adsorption chromatography

During expanded-bed adsorption chromatography (EBAC),
feeding organism extract causes an upward flow, which raises
and expands the adsorbent bed. This happens because the
upward liquid velocity balances the sedimentation rate of the
adsorbent particles, allowing them to remain suspended
without making contact. In this suspension state, smaller
particles gather in the upper region of the column, while larger
ones settle at the bottom.®® As a result, the column does not
become clogged, enabling crude extracts comprising poly-
saccharides, cell debris, and other contaminants to move freely
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upward. Mariculture has been extensively used in China to
cultivate the red alga Gracilaria verrucosa, primarily as a raw
material for making phycocolloids and food.*® The expanded-
bed column was eluted optimally with 0.1 M ammonium
sulfate, and the desalted eluate was then used to purify R-PE by
ion-exchange chromatography. This two-step chromatographic
procedure enhanced the purity (Ases/A2s0) Of R-PE from G. ver-
rucosa to 4.4, yielding 0.141 mg g~ ' of frozen algal material.
Similarly, investigators extracted and purified R-PE from Poly-
siphonia urceolata utilizing EBAC and phenyl-sepharose
streamline, followed by chromatography with Q-Sepharose or
hydroxyapatite.®* The highest Ases/4,4, ratios found were 3.94
for Q-Sepharose and 4.34 for hydroxyapatite. These chromato-
graphic separations were based on hydrophobic interactions
between proteins, anionic charge differences (Q-Sepharose),
and site-specific ionic interactions (hydroxyapatite), rather
than molecular size.

7.5 Gel filtration chromatography

Using a multimodal chromatography approach that combined gel
filtration chromatography (GFC) and ion-exchange chromatog-
raphy (IEC), R-PE was extracted and purified at the preparatory
level from the red marine macroalga H. japonica, which is
recognized as a rich source of this pigment.*® Recovery of the R-
PE-enriched fraction was made possible by initial gel filtration
with Sepharose CL-4B, which removed particulate debris, large
complexes, and small molecules from the phycobiliprotein (PBP)
extract. The hexameric R-PE fraction of biliprotein was separated
from trimeric R-PC and APC by further separation using Sephadex
G-200. Following gel filtration, the fraction was purified by IEC on
DEAE Sepharose Fast Flow. After purification, the As¢s5/A550 ratio
and absorption properties were assessed, and the results were
verified using PAGE and isoelectric focusing (IEF) under both
native and denatured conditions.

A study compared the methods of microwave-assisted
extraction (MAE), ultrasound-assisted extraction (UAE), super-
critical fluid extraction (SFE) with ethanol as a co-solvent, and
traditional Soxhlet extraction for the purpose of separating
carotenoids and chlorophylls from the freshwater green algae
Ulva flexuosa, Cladophora glomerata, and Cladophora rivularis.
According to the results, MAE and UAE performed better than
the conventional methods by offering greater yields at cheaper
prices.”® A dioxane-water mixture was used for successive
precipitation to partially purify chlorophyll, which was then
purified further on a DEAE-Sepharose CL-6B column. The purity
of chlorophyll a and b utilizing this approach was 30.1% and
27.5% with methanol and 44.5% and 32.4% with acetone,
respectively.®>

Pressurized liquid extraction (PLE) was applied to derive
carotenoids and chlorophylls from the microalga Chlorella
vulgaris, with the extraction performance assessed at different
temperatures (50 °C, 105 °C, and 160 °C) and durations (8, 19,
and 30 min). In contrast to maceration, Soxhlet extraction, and
UAE, PLE displayed higher yields, with temperature being the
primary parameter influencing the yield.”® Another study
enhanced the extraction of carotenoids from Neochloris
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oleoabundans using PLE and food-grade solvents including
ethanol and limonene. A factorial design was used to investigate
the effects of temperature and solvent composition, and best
conditions were found to be 112 °C with 100% ethanol, result-
ing in significantly high carotenoid yields.**

8 Stability of pigments in smart food
processing and improvement
strategies

In food production processes, natural pigments often degrade
quickly during preservation, storage, and preparation. Main-
taining the stability of pigments during these procedures is
more difficult than their extraction because they include
a variety of elements that can operate in concert or against one
another. Several solutions have been developed to address the
problem of pigment instability and maintain its colouring
features.®” Chlorophylls are highly sensitive to oxygen, temper-
ature, light, and pH fluctuations. Under unfavorable condi-
tions, chlorophyll discoloration and degradation occur rapidly,
limiting its use as a food colorant on a commercial scale.
Substituting magnesium ions with more stable copper or zinc
ions can produce stable blue/green metallo-chlorophylls, but
the metal salt content must remain below FDA limits.®* Another
approach to increase the stability of chlorophylls is physical
encapsulation, in which delicate components are protected by
an outer layer of protection. Protecting chlorophylls from light
deterioration may ensure their excellent water solubility, anti-
oxidant activity, and storage longevity. However, non-toxic,
biocompatible, and biodegradable materials are needed for
their encapsulation. The use of chlorophylls in food continues
to be limited because of their susceptibility to acidic environ-
ments (pH 3.5-5.0) and light exposure, even though controlled
cooking procedures and food matrices can assist in decreasing
their thermal deterioration. This emphasises the need for
additional research on stabilizing chlorophylls.®”
Anthocyanins are natural pigments found in many plants,
but their stability is significantly challenged during processing
and storage.”® Processing conditions such as high temperatures,
oxygen, light, and variable pH levels result in the degradation of
anthocyanins, which lower their food colour brilliance and
antioxidant functionality.”> Thermal processing can cause the
substantial breakdown and structural alteration of anthocya-
nins, resulting in the loss of both their visual and nutritional
characteristics. Anthocyanins are mostly stable at pH of 3-4 but
breakdown quickly at higher pH (neutral to alkaline), resulting
in faded hues and reduced health effects. Thus, several
approaches have been proposed to improve the stability of
anthocyanins. Co-pigmentation, molecular structural modifi-
cation (such as acylation), and most notably, microencapsula-
tion improve their resistance to heat, oxygen, and light.
Microencapsulation with carriers such as maltodextrin and
cyclodextrins effectively retains the anthocyanin content during
spray- or freeze-drying.*® Even under difficult processing or
gastrointestinal conditions, encapsulated anthocyanins exhibit
enhanced colour stability and retention, making their inclusion

© 2025 The Author(s). Published by the Royal Society of Chemistry
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into functional food easier.’” Recent research has reported the
use of anthocyanin-fortified smart packaging films that provide
antioxidant activity, UV protection, and pH sensing capabilities,
allowing for the real-time monitoring of food freshness and
safeguarding items from UV-induced damage and decomposi-
tion. These sustainable biopolymer-based solutions use antho-
cyanins from sources such as riceberry and Clitoria ternatea for
increased food safety and quality.***’

Carotenoids, though relatively stable due to their lipid-
soluble nature, can degrade during processing. High tempera-
tures from baking, refining, and frying can cause the isomeri-
zation and degradation of carotenoids, diminishing the sensory
and nutritional qualities of foods.*® Although carotenoids are
resistant to extreme pH levels, bases and acids can induce their
isomerization and rearrangement, and thus pH control during
food processing is critical. For example, the carotenoid content
decreases significantly at pH 7-8 but increases at pH 3-6.
Although constant exposure to light degrades carotenoids and
lowers their stability and provitamin A activity, prolonged
exposure to oxygen causes oxidation and colour fading.
Consequently, foods and beverages rich in carotenoids need to
be stored in transparent containers to mitigate these adverse
effects. Encapsulation can improve the stability of carotenoids
by protecting them from light, UV rays, extreme heat, and
humidity, especially when paired with spray-drying or freeze-
drying.> PBPs are susceptible to denaturation, and their
stability depends on maintaining particular pH levels. For
example, PC is stable in its hexameric form at pH ~7.0, whereas
PE is more appropriate for food applications because it is stable
over a wider pH range (pH 4.0-10.0). PBPs degrade at high
temperatures as their alpha-helix structure diminishes, and
thus, they should be handled at low temperatures and stored
below ambient levels to prevent their microbiological decom-
position.*”*® PBPs are also sensitive to light, for instance, PC
degrades after exposure to light at 100 umoL photons m™> s,
eventually losing its color and stability. The use of additives is
a simple and effective way to improve the stability of PBPs,
especially their thermal stability. Additives such as glucose,
sodium chloride, and sucrose act as protein stabilizers by pro-
tecting the chemical structure of PC and increasing the surface
tension of water. Benzoic acid, with its antioxidant and anti-
microbial properties, has shown great potential in preserving
and enhancing the stability of PBPs, though the toxicity and
flavor of thus additive must be carefully evaluated in food
applications. Beet pectin has been found to protect the color of
phycobilins and enhance their stability against enzymatic
degradation.” Microencapsulation has also been shown to
enhance the thermal stability of PBPs and protect them from
stomach acids. Variations in oxygen, light, temperature, and pH
can degrade the natural pigments found in microalgae. Their
color and nutritional value can be diminished by the rapid
pigment breakdown caused by common cooking and storing
techniques. Although a number of strategies have been estab-
lished to stabilize pigments and improve their integration into
food products, further study is still required to properly address
these issues. Only a small number of stabilizing techniques are
currently widely applied in the food industry.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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9 Applications of microalgal pigments
in the smart food industry

Microalgal pigments, encompassing chlorophylls, carotenoids,
and PBPs, represent a versatile and multifunctional class of
bioactive compounds with extensive applications across diverse
industries.’ In the nutraceutical sector, these pigments
demonstrate remarkable properties, including potent antioxi-
dant and antimicrobial activities, potential for gut microbiota
rebalancing, and therapeutic applications such as anemia
treatment.'®* Carotenoids specifically offer additional benefits
such as pro-vitamin A conversion, anti-obesity effects, and
protective mechanisms for retinal, dermal, and hepatic
tissues.'” Pharmaceutically, these pigments show promising
potential in addressing complex health challenges, ranging
from neuronal damage and cardiovascular diseases to meta-
bolic disorders, diabetes, ophthalmological conditions, viral
infections, chronic inflammatory diseases, and various forms of
tumors and cancers.'® PBPs contribute unique neuroprotective
and hepatoprotective properties, complementing their anti-
cancerous potential. The colorant applications of these
pigments are equally impressive, spanning the food, beverage,
cosmetic, and feed industries. They are utilized in fruit juices,
dairy products, pasta, sweeteners, sausages, baked products,
confectioneries, infant formulas, and even tobacco and drug
coloration. Beyond their primary applications, these pigments
find utility in other domains such as food preservation, dietary
supplements, aquatic feed additives, and fluorescent marker
development. The versatility of chlorophylls, carotenoids, and
PBPs underscores their significant value across nutraceutical,
pharmaceutical, and colorant markets, highlighting the
immense potential of microalgal pigments as sustainable,
multifunctional bioactive compounds with wide-ranging health
and industrial applications (Illustrated in Fig. 6).

9.1 Phycobiliproteins (PBPs)

Research and industrial efforts are increasingly focused on
developing innovative food products that leverage PBPs as
alternative protein sources. Concurrently, multiple scientific
studies are exploring strategies to enhance traditional food
items by incorporating purified PBPs or microalgal extracts rich
in these compounds. In recent years, the market has witnessed
the emergence of several food products fortified with Spirulina
extracts, including ice cream, milk, yogurt, cookies, juices,
candies, and cheese, reflecting a growing trend towards inte-
grating microalgal nutritional components into mainstream
food offerings. A comprehensive review synthesizes critical
findings regarding the multifaceted impacts of PBPs on fortified
food products, examining multiple dimensions including
texture, rheological characteristics, sensory perception, acidity,
antioxidant capabilities, and color stability. PBPs demonstrate
a nuanced dual functionality within food systems, simulta-
neously serving as food additives and nutritional ingredients.
Their functional profile is concentration-dependent, where at
lower concentrations, they predominantly act as additives,
subtly modifying food properties, while at higher
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Fig. 6 Application of microalgae pigment in the different industries (H. Sun et al., 2023).2%%

concentrations, their nutritional contributions become more
significant, emphasizing their potential as a versatile and
valuable food component. Despite the limited current research,
the potential of red algae PBPs in food coloration and fortifi-
cation represents an emerging and promising avenue for
investigation. Given the significant annual production volumes
of red macroalgae species such as Gracilaria spp. and Porphyra
spp., these marine organisms offer an unexplored and poten-
tially valuable source of PBPs for application in the food
industry. The substantial biomass availability suggests consid-
erable opportunities for developing innovative food products
enriched with these unique pigment compounds.***

The process of developing PBP-enriched food products
involves a delicate balancing act of identifying the most
appropriate concentration to enhance multiple food charac-
teristics. This includes improving texture, rheological proper-
ties, nutritional profile, and antioxidant activity, while carefully
preserving the original sensory qualities and maintaining
consumer palatability. Incorporating PBPs or algae biomass can
strategically enhance the functional properties of food prod-
ucts, specifically by positively influencing their textural

Sustainable Food Technol.

characteristics, flow behavior, and overall antioxidant potential.
The distinctive fishy flavor inherent in algae and cyanobacteria
poses a significant obstacle to the widespread adoption of PBPs
as food fortifiers, directly impacting consumer sensory percep-
tion and acceptance. Research indicates that lower concentra-
tions of C-PC or Spirulina biomass (up to 1% by weight)
generally demonstrate higher consumer palatability compared
to more concentrated formulations, though some exceptions
exist. To mitigate the undesirable odor associated with algal
biomass, researchers have explored various strategies,
including the addition of sweeteners and aromatic compounds,
as comprehensively documented in recent scientific literature,
with the ultimate goal of enhancing the sensory profile and
marketability of PBP-enriched food products.’® An alternative
method to mitigate the undesirable flavor profile of Spirulina
involves strategically selecting and blending complementary
spices within the enriched food product, thereby masking or
neutralizing the inherent taste characteristics of the algae.'*®
The acceptance of Spirulina-enriched foods varies significantly
depending on the specific food product type, with consumer
preferences demonstrating regional variations. Research has

© 2025 The Author(s). Published by the Royal Society of Chemistry
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revealed that consumers in Germany, France, and the Nether-
lands exhibit a notably higher preference for Spirulina-fortified
pasta compared to similar enrichments in sushi and jerky
products.’” Enhancing Spirulina-enriched pasta with comple-
mentary flavor profiles, such as a lemon-basil combination, has
proven effective in improving consumer acceptance. Further-
more, researchers have successfully employed the response
surface methodology to refine and optimize the processing
parameters, ingredient formulation, and sensory characteristics
of Spirulina-fortified soy yogurt (Sengupta and Bhowal 2017).1%
Through advanced high moisture extrusion processing tech-
niques, researchers successfully developed a novel meat alter-
native product by partially replacing soy protein with Spirulina
biomass. This innovative approach resulted in a firm, fibrous

4)

Brew 1
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plant-based protein product that effectively integrates an
acceptable algal flavor profile.**” The high moisture extrusion
technique demonstrates additional potential for Spirulina
extracts, particularly when combined with lupin proteins, as
this protein blend can generate meat analogs with enhanced
physicochemical characteristics and superior nutritional

value.’” Employing microencapsulation techniques with mal-
todextrin and gum Arabic effectively conceals the distinctive
taste and aroma of Spirulina in ice cream (illustrated in Fig. 7).
Additionally, encapsulating Spirulina within alginate spheres
has demonstrated improved consumer acceptability, further
mitigating sensory challenges associated with algal biomass
incorporation.

110

Brew 2

Brew 3

Brow S Brew 6

¥

Fig.7 Examples of food fortification using Spirulina biomass or crude extract as additives: (A) yogurt (Nourmohammadi et al., 2020)***; (B) wheat
flour cookies (Batista et al., 2017)**2; (C) fusilli pasta (Nourmohammadi et al., 2020)***; (D) gummy bears (Nourmohammadi et al., 2020)***; (E) ice
cream (Nourmohammeadi et al., 2020)**; and (F) manufactured beers (Nourmohammadi et al., 2020).***

© 2025 The Author(s). Published by the Royal Society of Chemistry
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9.2 Chlorophylls

Chlorophyll extracts and their copper complexes have been
identified as naturally occurring colorants with E-numbers E140
and E141. Chlorophylls are marketed as ‘E140i’ after being
extracted from edible plants with solvents. Chlorophyllin,
branded as ‘E140ii’, is generated from chlorophylls via saponi-
fication and has a steady color.”®* In Europe, chlorophyll
extracted from edible plants, grass, and nettles is approved as
a food ingredient."* Green food by-products contain copious
chlorophylls that offer dual benefits, i.e., they provide natural
coloration, while also exhibiting health-promoting aspects that
can be employed throughout the food, cosmetic, and pharma-
ceutical industries due to their bioactive characteristics."*>™*"”

Growing consumer awareness about health issues has led to
increased market demand for nutritious and safe food products
(Martins and Ferreira 2017).**® Several efforts have been made to
meet this demand through the development of functional
foods. Enriching food with bioactive ingredients enhances their
health-promoting properties.** Research incorporated micro-
encapsulated spirulina, a chlorophyll-rich ingredient, into pasta
formulations to enhance their antioxidant capacity.**®
Researchers integrated microalgae biomass, known for its high
chlorophyll content, into cookie formulations to boost their
bioactive compound profile."*?

Studies have indicated that chlorophylls may possess
significant antimicrobial properties.”” A study examined the
antimicrobial properties of pigment extracts from Punica

Table 2 Application of microalgal pigments in food and allied industry
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granatum L. leaves, which contained 4.9 4+ 0.251 mg g " total
chlorophyll. The findings demonstrated that 150 uL of these
extracts applied for 60 min effectively inhibited various bacteria,
yeasts, and fungi.’** Research showed that extracts derived from
Acanthus ilicifolius L. and Heliotropium curassavicum L. plants,
which contained substantial amounts of chlorophylls, demon-
strated inhibitory effects against bacterial pathogens at
concentrations of 50 ug mL™'.*> Research demonstrated that
chlorophylls and phenolic compounds co-extracted from Pinus
sylvestris L. shoots exhibited antimicrobial properties. This
study found that these extracts effectively inhibited the prolif-
eration of Gram-negative bacteria.”* Given that polyphenols are
widely known for their antibacterial qualities, it is crucial to
recognize that the phenolic chemicals present in the pigment
extracts may work in concert to enhance their antimicrobial
activity.

Naturally occurring chlorophylls, including both chlorophyll
a and b, are authorized for use as additives in food."”® Adding
natural, health-boosting ingredients to traditional foods can
assist consumers in managing diet-related illnesses and
changing to a healthier way of living. The high content of
bioactive substances, such as secondary plant metabolites, in
these enhanced foods, also known as functional foods, make
them particularly beneficial. These substances have consider-
able health advantages and are thought to contribute to general
well-being."*® Natural colorants can be used as food additives to
enhance the nutritional content and sensory appeal of food
products (Sanna and Fadda 2022).**” Chlorophyllin, a semi-

Microalgae Characteristics

Ref.

Chlorella protothecoides

Utilized to color foods, medications, and cosmetics as well as to give

(Das Gupta & Roy, 2025) (ref. 132)

fish and poultry their color. Additionally, it is used as a useful
element in baby food. It also helps to prevent some types of cancer

and macular degeneration

Dunaliella salina

Haematococcus pluvialis

Chlorella ellipsoidea
Chlorella zofingiensis

Porphyridium cruentum

Dunaliella salina

Amphidinium carterae

Phaeodactylum tricornutum and
Cylindrotheca closterium

Sustainable Food Technol.

Food and feed pigment, retinol (a precursor to vitamin A), a potent
antioxidant used to cosmetics and health foods, an anti-
inflammatory agent, an immune system modulator, a liver protector,
and a component of multivitamin formulas

Utilized as a coloring agent in the poultry and salmon aquaculture
industries. Additionally, it finds use in the culinary, cosmetics,
pharmaceutical, and nutraceutical industries, especially in dietary
supplements

Potent anticancer and antioxidant properties

Applied as a pigment to color egg yolks and chicken skin in
aquaculture and poultry. Additionally, it is used in the
pharmaceutical, nutraceutical, food, cosmetics, and medicine
sectors (as a tanning agent)

Encompasses a number of bioactive qualities, including as anti-
inflammatory, antioxidant, antidiabetic, anti-obesity, and
antiangiogenic effects, as well as anticancer effects against prostate,
colon, lung, urinary, and stomach malignancies

Strong antioxidant and highly prized bioproduct that is used in the
food and cosmetics sectors as a natural colorant and addition
Applications in technology and medicine as a therapeutic agent

Displays strong antioxidant properties, surpassing those of p-
carotene

(Chiu et al., 2017) (ref. 133)
(zhao et al., 2025) (ref. 87)

(Sruthy et al., 2025) (ref. 134)
(Unni & Karunakaran, 2025) (ref.
135)

(Giovanni Luca et al., 2024) (ref.
136)

(Blanco-Llamero et al., 2025)
(ref. 130)

(Kichouh-Aiadi et al., 123 C.E.)
(ref. 137)

(Lu et al., 2024) (ref. 138)
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synthetic, water-soluble colorant with improved stability, is
created when the core magnesium in chlorophylls is replaced
with copper. As a trustworthy green colouring agent, this
pigment may find commercial use in the food industry.
According to one study, chlorophyllin can be used to lower the
microbial burden in basil.””® To improve its safety and prolong
its shelf-life, they discovered that immersing basil in chloro-
phyllin followed by exposing it to light at 405 nm could be
a useful approach.*?®'*

9.3 Carotenoids

Carotenoids extracted from microalgae represent a cutting-edge
innovation in the food industry, offering a sustainable and
nutritionally rich alternative to traditional pigments and
supplement sources. These natural pigments, ranging from
vibrant yellows to deep reds, are primarily derived from
microalgal species such as Dunaliella salina, Haematococcus
plwialis, and Chlorella, each producing unique carotenoid
compounds such as B-carotene, astaxanthin, lutein, and zeax-
anthin. The significance of these microalgal carotenoids
extends far beyond their visual appeal, delivering substantial
health benefits including powerful antioxidant properties,
vision protection, and potential immune system support.”*® In
the food sector, these compounds are increasingly utilized as
natural colorants, replacing synthetic alternatives in products
ranging from dairy and beverages to confectionery and pro-
cessed foods, while simultaneously enhancing nutritional
profiles.’** Table 2 includes the application of pigments from
microalgae in food and allied sectors.

The production of microalgal carotenoids offers remarkable
advantages over traditional agricultural methods, requiring
minimal land usage, consuming less water, and enabling year-
round controlled production through advanced cultivation
techniques.™® Extraction processes, though currently complex
and expensive, are rapidly evolving with technological innova-
tions aimed at improving efficiency and reducing costs. The
commercial potential is significant, with growing consumer
demand for natural, health-promoting ingredients driving
research and development in this field. Challenges remain,
including optimizing extraction technologies, managing
production expenses, and competing with synthetic alternatives
(Schoefs 2002;'*° Sundararajan and Ramasamy 2024)."*
However, emerging trends in genetic engineering, sustainable
production methods, and expanding applications in functional
foods and nutraceuticals suggest a promising future for
microalgal carotenoids. As research progresses and technolo-
gies advance, these remarkable compounds are positioned to
revolutionize the food industry, offering a sustainable, nutri-
tionally dense solution that bridges the gap among natural
ingredients, health benefits, and environmental consciousness.

10 Microalgal pigments: market
demand, challenges and opportunities

The preference of consumers for nutritious, visually appealing,
and clean-label food products has sparked significant market

© 2025 The Author(s). Published by the Royal Society of Chemistry
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interest in natural ingredients, particularly within the food
processing industry.® Microalgae stand out as a primary source
of natural commercial pigments, offering abundant availability
and sustainable production. Numerous reports confirm the
growing market interest in exploiting the potential of micro-
algae. Countries such as Germany, USA, and China collectively
produce over 19 000 tons of dry microalgae biomass annually,
valued at approximately USD 5.7 billion. Major pigments
extracted from microalgae have estimated commercial produc-
tion levels of about 200 tons for Haematococcus, 1000 tons for
Dunaliella, 4000 tons for Chlorella, and 10000 tons for
Spirulina.®

The commercial worth of PBPs is projected to rise rapidly in
the coming years, driven by the surging demand for natural blue
and green shades in the food, pharmaceutical, nutraceutical, and
cosmetics industries.'** Manufacturing companies are pursuing
100% pure and natural food-grade pigments, particularly due to
their antioxidant properties and vibrant colors, with Spirulina
being the largest source of PBP. This microalga is among the most
widely cultivated worldwide and is projected to attain a market
value exceeding USD 779 million by 2026. The Asia-specific region
is expected to grow significantly in this market, presenting further
opportunities for manufacturers.’® The market value of PC from
Spirulina was USD 112.3 million in 2018, and it is estimated to
reach USD 232.9 million by the end of 2025.'* PC is already
utilized in various sectors, including food, beverages, and
cosmetics, with rising demand for products such as Blood Tonic,
M&M chocolates, and B-blue Spirulina drinks."**

The global market value of chlorophyll is USD 300 million
and is projected to exceed USD 463.7 million by 2025, with
Chlorella contributing significantly and expected to achieve
a market value of USD 210.15 million by 2026, particularly in
Europe.'* Carotenoids are now major players in the worldwide
pigment company, especially in the Americas and Europe, due
to their stability, good appearance, ease of application, and
increased consumer interest. The worldwide market for
pigments, especially in the Americas and Europe. The global
pigment market, which encompasses over 600 sources, is pro-
jected to reach USD 1.84 billion by 2026, with astaxanthin and B-
carotene priced between USD 2500 and USD 10 000, and USD
300 and USD 3000 per kg, respectively. The market value for -
carotene is expected to reach USD 780 million by 2027, with
dietary supplements accounting for over 21% of this market."*

The commercial production of Dunaliella salina to obtain B-
carotene began in the 1980s by Western Biotechnology and
Betatene (Australia), now owned by Badische Anilin-und Soda-
Fabrik (BASF), the leading manufacturer of natural caroten-
oids derived from Dunaliella. Currently, approximately 1200
tons of Dunaliella salina are produced annually."*® Meanwhile,
H. pluvialis is produced in annual quantities exceeding 300 tons
in the US, India, and Israel, primarily for astaxanthin produc-
tion. The Asta Real Group pioneered commercial astaxanthin
manufacturing in 1994, and the Brazilian company ocean drop
sells food and cosmetic products infused with astaxanthin.'*” By
the end of 2026, the global market value for astaxanthin could
reach USD 800 million. The lutein market is also expanding,
currently valued at over USD 308 million annually.**® According
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to future market insights and Research and Markets, it is ex-
pected to reach USD 698 million by 2035, growing at a CAGR of
5.4%. BASF, Kemin Industries, Chr. Hansen, and Anhui Ruisen
are some of the major corporations involved. Europe holds the
largest market share, accounting for around 34-37%. The cost
of lutein decreased from USD 276 per kg in 2022 to USD 68-170
per kg in 2025, depending on its grade and supplier. Despite the
continuous susceptibility to raw material and geopolitical
concerns, this pattern reflects industrial advancements, diverse
supply chains, and increased market competitiveness.

Microalgae have emerged as an economical and environ-
mentally friendly source of natural pigments, and their use
across various industrial sectors is expected to grow in the
future. In summary, consumer aversion to synthetic food
colorants has driven the growth of natural pigments in the food
market."*® As natural pigments gradually replace synthetic
alternatives, the demand for microalgal pigments is increasing,
resulting in a significant increase in market value. Xanthophylls
represent another promising category of biomolecules, with
their industrial production potential enhanced by the further
exploration of novel biological sources and productivity effi-
ciency. Both microalgal astaxanthin and B-carotene are antici-
pated to see increased global sales, maintaining a strong
presence in the market. The market value for PBPs has also
experienced substantial growth in recent years, largely due to
Spirulina.*® Microalgal-derived chlorophylls are becoming
more popular in the food industry, and over the next five years,
an important market is expected to develop. Stakeholders are
actively looking for economical and effective production tech-
nologies, while promoting extensive regulatory measures to
increase the market size and value of these microalgal
pigments.

11 Future prospects

Microalgal pigments have tremendous potential as natural
functional food ingredients due to their brilliant colouring and
health-promoting characteristics. Future research should focus
on developing scalable extraction and production methods that
enhance yields, stability, and bioactivity while minimizing
environmental impacts, in alignment with Sustainable Devel-
opment Goals (SDGs) 12 and 13. Examples of these approaches
include microwave-assisted, pulsed electric field, and enzymatic
procedures. The goal of technological developments, such as
metabolic engineering, is to boost the content of pigments and
expand their uses in the food, nutraceutical, and cosmetic
industries. Consumer confidence and industry adoption will be
strengthened by establishing standardized extraction processes
and regulatory frameworks that guarantee consistent quality,
safety, and efficacy. Comprehensive techno-economic analyses
combined with high-throughput, cost-effective techniques will
enable widespread commercialization.

Carotenoids, phycobiliproteins, PUFAs, and bioactive
peptides are examples of microalgal pigments that have thera-
peutic effects for the prevention of chronic diseases and the
promotion of health, in addition to colouring. Their bioactive
properties, including antioxidant, anti-inflammatory, and

Sustainable Food Technol.
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metabolic-regulating effects, position them as valuable ingre-
dients in functional foods, dietary supplements, and nutra-
ceuticals. Their ecologically sustainable farming on non-arable
land using alternative water sources supports SDGs 2 and 15.
Innovation in extraction, processing, and regulation will enable
them to reach their full potential as research advances, leading
to the development of healthier, more sustainable food systems
that are in line with the global SDGs.

12 Conclusion

Microalgae-based pigments have emerged as sustainable and
health-promoting alternatives to synthetic food colorants,
addressing the growing consumer demand for clean-label and
environmentally friendly ingredients. Their diverse range of
bioactive substances, including carotenoids, PBPs, and chloro-
phylls, provide natural pigments, antioxidant protection, and
nutritional benefits. These characteristics make microalgae an
important resource for generating functional foods and offer
versatile applications in the food industry, while eliminating
the safety concerns associated with synthetic dyes. The transi-
tion toward these natural colorants aligns with global sustain-
ability goals, promoting eco-conscious production practices and
reinforcing the principles of a circular economy. However,
despite their potential, challenges remain in optimizing the
extraction and commercialization of microalgal pigments.
Current extraction methodologies, while effective, require
significant refinement to enhance their efficiency, scalability,
and cost-effectiveness. Future technology advances in extraction
and cultivation, together with strong legal frameworks and
commercial incentives, are required to fully realize their
potential. Microalgae can act as carbon sinks, renewable feed-
stocks, and environmentally beneficial alternatives to synthetic
additives, thereby promoting the ideas of a circular green
economy. The incorporation of microalgal pigments into
mainstream production is consistent with the UN SDGs,
particularly those related to health, sustainable industry, and
climate resilience. Microalgae-based pigments have the poten-
tial to revolutionize food systems in the future, assuring both
ecological balance and human well-being.
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APC Allophycocyanin

PE Phycoerythrin
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IEC Ion-exchange chromatography
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