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Abstract

Astaxanthin is a high-value xanthophyll carotenoid known for its antioxidant activity and
potential health benefits that is becoming increasingly important in food, nutraceutical,
and health-related applications. In recent years, growing interest in natural bioactive
compounds has driven research on astaxanthin sources, bioactivity, functional properties,
and its applications in food, nutraceutical, and health-related subjects. This review synthe-
sizes current knowledge on the natural sources, extraction methods, stability, biological
activities, and food applications of astaxanthin, with particular attention to challenges
and opportunities relevant to food systems. The review discusses a food science-oriented
perspective that connects molecular properties and biological functionality with processing
stability, formulation strategies, and regulatory considerations. Special emphasis is given
to emerging extraction and encapsulation methods, interactions with complex food matri-
ces, and technological limitations affecting bioavailability and consumer acceptance. The
review also highlights recent advances in sustainable production, valorization of marine
by-products, and the potential role of astaxanthin in personalized nutrition and precision
health frameworks. These approaches contribute to circular food systems by reducing
food-processing waste, replacing synthetic antioxidants with natural alternatives, and
supporting more resource-efficient and environmentally sustainable food production.

Keywords: astaxanthin; functional foods; natural antioxidants; food stability; food coloring;
encapsulation; bioavailability; personalized nutrition

1. Introduction
Astaxanthin is a naturally occurring, fat-soluble ketocarotenoid belonging to the xan-

thophyll group, distinguished by its intense red color. Its molecular structure (C40H52O4)
features a long-conjugated polyene chain with alternating double and single bonds, en-
abling efficient electron delocalization and providing exceptional free radical scavenging
capacity. The conjugated structure has been reported to have higher antioxidant activity
than that reported for several other dietary carotenoids. The first reports on astaxanthin
date to the 1930s, when the pigment was isolated from crab and salmon tissues. However,
its chemical identity and structure were initially misinterpreted and were only later clarified
through advanced analytical techniques and structural standardization [1,2].

Due to the presence of hydroxyl and keto functional groups at both ends of the
molecule, astaxanthin exhibits higher antioxidant efficiency than many other carotenoids,
including β-carotene, lutein, and lycopene [3]. In addition to its antioxidant activity, astax-
anthin demonstrates anti-inflammatory effects by modulating redox-sensitive signaling
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pathways, including NF-κB, Nrf2 and MAPK, thereby reducing oxidative stress and in-
flammatory responses [4]. These properties have led to growing scientific interest in both
natural and synthetic astaxanthin, and increasing research interest in astaxanthin appli-
cations (Figure 1) in cardiovascular, neuroprotective, ophthalmic, dermatological, food,
and aquaculture over the past five years [1,5], along with its global market size, which is
estimated to reach USD 1.96 billion in 2025, with a projected CAGR of 9.5% by 2033 [6].
Natural astaxanthin remains substantially more expensive than synthetic alternatives, with
reported market prices approaching USD 15,000 kg−1 depending on purity and source [7].

Figure 1. Overview of the number of research papers on astaxanthin from 2000 to March 2026
(search conducted up to 13 March 2026) in the SCOPUS/WOS database using search terms related to
astaxanthin application in the food, feed, and health sectors: “astaxanthin”, “functional foods”, “food
supplements”, “natural antioxidants”, “feed”, “health benefits”, “application” applied to article titles,
abstracts, and keywords written in English.

This review critically evaluates recent advances in astaxanthin chemistry, natural
and synthetic production, extraction technologies, stabilization strategies, bioavailability,
biological activities, food applications, and regulatory aspects. Particular emphasis is
placed on factors influencing astaxanthin stability in food systems, sustainable production
approaches, and current research gaps limiting broader industrial application. It is based
on a comprehensive literature search conducted to identify peer-reviewed publications
relevant to the chemistry, production, stability, biological activities, and food applications
of astaxanthin. The literature search was performed using the Scopus, Web of Science
Core Collection, and PubMed databases. The search primarily covered peer-reviewed
literature published between 2000 and March 2026, while selected seminal publications
from 1992–1999 were included to provide historical context and describe the early develop-
ment of the field. The search strategy combined keywords related to astaxanthin and its
applications using Boolean operators. Representative search terms included “astaxanthin”,
“natural astaxanthin”, “synthetic astaxanthin”, “microalgae”, “Haematococcus pluvialis”,
“extraction”, “encapsulation”, “bioavailability”, “food applications”, “functional foods”,
“food stability”, “antioxidant activity”, “biological activity”, and “food systems”. Publica-
tions were selected based on their scientific relevance, methodological quality, and direct
relevance to the scope of this review. Priority was given to original research articles, system-
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atic reviews, and high-quality review papers published in peer-reviewed journals. Studies
unrelated to food, nutraceutical, or technological applications of astaxanthin, conference
abstracts, non-peer-reviewed publications, and studies lacking sufficient methodological
information were excluded. Additional relevant references were identified through manual
screening of the reference lists of key publications.

Beyond its biological properties and commercial value, astaxanthin has attracted
increasing attention because its production and application support several principles of
sustainable food processing, including the valorization of food processing by-products,
the use of renewable biological resources, the replacement of synthetic additives, and the
implementation of green extraction technologies.

Natural Sources of Astaxanthin

Astaxanthin occurs naturally in a limited number of microorganisms and marine
organisms, with microalgae representing the richest and most industrially relevant source
(Figure 1). Among these, the green microalga Haematococcus pluvialis is recognized as
the most efficient natural producer of astaxanthin, capable of accumulating from 3 to 7%
astaxanthin on a dry weight (DW) basis under stress conditions such as high light intensity,
nutrient limitation, and osmotic stress [8,9]. Due to its exceptionally high pigment content
and well-established cultivation systems, H. pluvialis remains the primary commercial
source of natural astaxanthin for food and nutraceutical applications.

Other microalgal species, including Chlorococcum, Asterarcys quadricellulare, Chromochlo-
ris zofingiensis (syn. Chlorella zofingiensis), Schizochytrium sp., and Neochloris wimmeri are also
capable of producing astaxanthin, although at substantially lower concentrations compared
to H. pluvialis [3,10–13]. Among them, C. zofingiensis has demonstrated the highest pro-
duction potential, typically accumulating 0.1–0.5% DW [14]. A cultivation strategy under
nitrogen deficiency and at glucose concentration of 5 g/L was recently proposed to enhance
the production of astaxantin by C. zofingiensis [15]. Other mentioned species produce much
lower astaxanthin levels, and this production remains poorly characterized due to the
limited number of available studies. H. pluvialis already benefits from optimized cultivation
technologies, regulatory approval, and well-developed commercial supply chains, creat-
ing a high barrier to market entry for alternative species. Consequently, their industrial
relevance remains limited, despite ongoing efforts to improve productivity through strain
selection and biotechnological optimization. Table 1 summarizes the major challenges
that currently limit the commercial production of astaxanthin from alternative microalgal
species compared with the established production platform based on H. pluvialis.

Table 1. Major factors limiting the commercial production of astaxanthin from alternative microal-
gal species.

Factor Impact on Commercial Production References

Low astaxanthin content in the
biomass

A substantially larger amount of biomass is required
to obtain the same astaxanthin yield, reducing process
efficiency and increasing production costs.

[14,16]

Trade-off between cell growth and
astaxanthin accumulation

Environmental stress conditions that stimulate
astaxanthin biosynthesis simultaneously inhibit cell
growth, resulting in lower overall productivity.

[14,17]

High strain-to-strain variability
Considerable differences in astaxanthin productivity
among strains limit process standardization and
industrial-scale implementation.

[17,18]
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Table 1. Cont.

Factor Impact on Commercial Production References

Accumulation of intermediate
ketocarotenoids

The co-production of compounds such as
canthaxanthin and adonixanthin decreases product
purity and increases downstream purification costs.

[14,16]

Complex cultivation requirements

Efficient production requires precise control of light
intensity, nutrient availability, carbon source,
temperature, and stress conditions, increasing
operational complexity.

[16,17]

High harvesting and extraction costs
Robust cell walls and intracellular pigment
localization require energy-intensive cell disruption
and extraction processes.

[14,19]

Limited pilot- and industrial-scale
validation

Most studies have been conducted at laboratory scale,
with insufficient evidence for technical and economic
feasibility under industrial conditions.

[14,16]

Yeasts represent another important natural source of astaxanthin. In particular, Phaffia
rhodozyma (also known as Xanthophyllomyces dendrorhous) can accumulate astaxanthin at
concentrations of approximately 0.3–0.6% of dry biomass, with reported values reaching
up to 10,000 ppm under optimized cultivation conditions [20]. Astaxanthin biosynthesis in
yeasts is typically induced by environmental stress, and optimal production is influenced by
temperature, pH, oxygen availability, and nutrient composition [21]. Maximum astaxanthin
production is generally achieved at 20–22 ◦C, whereas temperatures above 30 ◦C markedly
reduce pigment accumulation. Optimal cell growth occurs at approximately pH 6.0, while
astaxanthin biosynthesis is favored at pH 4.0–5.0. High oxygen availability maintained by
intensive aeration and agitation further enhances pigment production, and glucose-based
fed-batch cultivation has been reported to increase astaxanthin titers up to 27 mg/L [22].
Also, yeasts such as Kluyveromyces marxianus and transformed Saccharomyces cerevisiae
can produce astaxanthin under laboratory and industrial conditions, demonstrating the
potential for reconstructing the biosynthetic pathway in non-producers of the natural
pigment [23–25]. Recently, bacteria Paracoccus carotinifaciens has also been investigated as a
potential source of astaxanthin [26]. Advances in genetic engineering, heterologous gene
expression, and mutagenesis have further enhanced pigment yields and highlighted the
potential of yeast-based production platforms [21,24,27].

In other aquatic organisms, astaxanthin is either directly accumulated from the diet or
formed through metabolic conversion of other carotenoids such as β-carotene and zeaxan-
thin. Its concentration in tissues depends on species, dietary availability, feeding strategies,
absorption efficiency, and storage capacity. Fish, crustaceans, and other aquatic animals
acquire astaxanthin by consuming microalgae, plankton, krill, or astaxanthin-containing
feed. Wild salmon typically exhibit higher astaxanthin concentrations in muscle tissue
than their farmed counterparts, reflecting differences in natural diets and feeding regimes.
Reported values range from approximately 26 to 38 mg/kg in wild salmon and from 6 to
8 mg/kg in farmed salmon, although concentrations strongly depend on dietary supple-
mentation [3]. In aquaculture systems, synthetic astaxanthin is frequently added to feed to
achieve desirable pigmentation, although this practice represents a significant production
cost and requires precise dosage control [28]. In crustaceans such as shrimp and krill,
astaxanthin is predominantly present in esterified form and accumulates in the exoskeleton
and tissues, contributing to pigmentation, oxidative stress resistance, and commercial
quality, with levels strongly influenced by diet and environmental conditions [3,18,28–30].
The by-products generated during the processing of these organisms have been studied as
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valuable secondary sources of astaxanthin (Figure 2). While whole fresh shrimp contain
approximately 20 mg of astaxanthin/kg [18], fresh shells contain up to 239.96 mg/kg
astaxanthin [31]. Recently, by-products of cephalopod (Doryteuthis singhalensis) were also
reported for an exceptionally high yield (97.48 mg/kg) of astaxanthin [32]. As already
established, fish and other aquatic organisms do not synthesize astaxanthin themselves
but ingest it through food rich in microalgae and yeast [33–37]. Plankton, krill, and shrimp
transport pigment through the food chain, and aquaculture uses astaxanthin preparations
to improve vital functions such as meat color, health, and fish growth. Genetically modified
plants, such as corn, which also synthesize astaxanthin, can be used as ingredients in fish
feed, allowing meat pigmentation comparable to that achieved with synthetic pigment ap-
plications [38,39]. The stability of astaxanthin in fish tissue depends mainly on its esterified
form, while direct extraction from fish meat remains impractical due to its low pigment
content [40–42]. Natural astaxanthin from microalgae, yeasts, and by-products of marine
organisms is a valuable bioactive compound with applications in the food, pharmaceutical,
and cosmetic industries. Future research should prioritize scalable extraction technologies
that improve pigment recovery while reducing solvent consumption and production costs.

 

Figure 2. Major natural sources of astaxanthin and reported concentration ranges. Data
adapted from [3,18,30,31] (created using ChatGPT (GPT-5.5, OpenAI, San Francisco, CA, USA,
July 2026 version).

Overall, the chemical structure, isomeric composition, and esterification state of as-
taxanthin critically influence its stability, bioavailability, and biological activity. These
physicochemical properties underpin its functional role in biological systems and deter-
mine its suitability for use in food, nutraceutical, and pharmaceutical products.

From a sustainability perspective, the selection of astaxanthin sources extends beyond
pigment production alone. Increasing attention has been directed toward marine processing
by-products, particularly shrimp shells and crustacean waste, which are generated in large
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quantities by the seafood industry. Their valorization enables the recovery of high-value
compounds from materials that would otherwise require disposal, thereby improving
biomass utilization and supporting circular bioeconomy principles. At the same time,
the development of economically viable extraction technologies remains essential for
translating laboratory-scale recovery into sustainable industrial practice.

2. Extraction Methods
The pigment extraction is carried out using organic or green solvents (ethanol,

methanol, ethyl acetate, n-hexane) and methods such as supercritical CO2 extraction,
ultrasonic assistance, high-pressure processing and enzymatic fermentation, which increase
the yield and stability of the pigment [34–38]. Encapsulation of the extract further improves
stability and bioavailability, enabling the pigment’s application in the food, pharmaceutical,
and cosmetic industries. These approaches contribute to the circular economy by turning
waste into a valuable resource.

2.1. Extraction Conditions

The efficiency of astaxanthin extraction and the quality of the resulting extract are
strongly influenced by process conditions, solvent selection, and biomass characteristics.
Astaxanthin is highly sensitive to environmental factors such as temperature, light, pH,
and oxygen, making strict control of extraction conditions essential to preserve its chemical
stability and biological activity.

Temperature is one of the most critical parameters affecting astaxanthin extraction
efficiency and stability. Numerous studies have shown that low extraction temperatures,
typically around 4 ◦C, significantly reduce pigment degradation and help preserve antioxi-
dant activity, whereas elevated temperatures accelerate oxidative and thermal decompo-
sition [43,44]. However, with increasing extraction temperature, solvent diffusivity and
its cell wall disruption ability are enhanced, increasing astaxanthin recovery. Astaxan-
thin contains a highly unsaturated polyene chain, thus high temperatures accelerate E/Z
isomerization, oxidative degradation, and cleavage of conjugated double bonds, leading
to significant losses in pigment concentration and antioxidant activity. Extraction pro-
cesses are optimized to balance extraction efficiency with pigment preservation. Recent
studies showed that moderate temperatures (typically 40–65 ◦C for supercritical CO2 ex-
traction and 25–50 ◦C for ultrasound-assisted extraction) provide the best compromise
between recovery and stability, whereas temperatures above 70 ◦C markedly increase
thermal degradation [45–48]. Duan et al. [49] investigated the effect of four temperatures
(35, 45, 55 and 65 ◦C) during high-pressure SC-CO2 extraction of astaxanthin from H.
pluvialis. The temperature of 55 ◦C produced the highest astaxanthin extraction yield.
Increasing the temperature to 65 ◦C reduced CO2 density and no further improvement in
recovery was observed despite improved diffusion. Authors found that pressure had an
even stronger effect, with extraction at 65 MPa producing 1.25-fold and 2.32-fold higher
yields than 45 MPa and 25 MPa, respectively. Kaya et al. [50] optimized the astaxanthin
extraction temperature from red giant shrimp (Aristaeomorpha foliacea) processing waste
using ultrasonication-assisted extraction and found the optimum extraction temperature of
41 ◦C. The effective extraction of astaxanthin from H. pluvialis using ultrasound-assisted
extraction was recorded at 41.1 ◦C [51].

Extraction time plays a dual role in astaxanthin recovery. Insufficient extraction time
may limit pigment release from the biomass, particularly in microalgae with rigid cell
walls, while prolonged exposure increases the risk of oxidative degradation. Optimized
extraction durations thus represent a compromise between maximizing yield and mini-
mizing degradation, with reported optimal times varying depending on the extraction
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method and solvent system used [3]. Recent studies have investigated extraction times
ranging from 90 s for MAE to 25–90 min for UAE and organic solvent extractions [46–52].
Luo et al. [52] demonstrated that astaxanthin extraction from H. pluvialis increased with
extraction time up to 70 min, reaching a maximum yield of 10,761.9 µg g−1 at 60 ◦C. Further
prolongation of extraction resulted in a rapid decline in astaxanthin recovery, indicating
thermal degradation of the pigment. Di Sanzo et al. [53] demonstrated that approximately
90% of astaxanthin could be recovered within the first 40 min of SC-CO2 extraction (550 bar,
50 ◦C, 3.62 g CO2 min−1), whereas maximum extract purity (≈83%) was achieved after
80 min. Extending extraction beyond this period provided limited additional recovery,
while higher temperatures (65–80 ◦C) significantly reduced astaxanthin recovery due to
thermal degradation [3].

pH conditions generally have a less pronounced effect on astaxanthin stability com-
pared to temperature and oxygen exposure. However, neutral to mildly acidic envi-
ronments (pH 5–6) have been reported to favor pigment stability, while strongly acidic
conditions and alkaline conditions (pH 9) accelerate isomerization and degradation reac-
tions [43,46,54]. Maintaining controlled pH conditions is therefore recommended, particu-
larly during aqueous or enzymatic extraction processes.

Light and oxygen exposure are additional critical factors contributing to astaxanthin
degradation [55]. Light-induced photooxidation leads to cis-trans isomerization and break-
down of the polyene structure, while oxygen promotes oxidative reactions that reduce
pigment stability. Niamnuy et al. [56] showed that the rate of astaxanthin degradation
during storage was significantly lower in samples stored in the dark, with the effect be-
coming more pronounced as storage temperature increased. For this reason, extraction
and storage are commonly performed under dark conditions, and where feasible, in inert
atmospheres such as nitrogen to limit oxidative damage [44]. There has been a small
number of original scientific articles in past years that investigated the degradation of
astaxanthin under specific light and oxygen conditions during storage. Dewanti et al. [57]
showed that astaxanthin stored at room temperature under light had a higher degradation
rate and shorter half-life than when stored at the same temperature without light. At
conditions without light, astaxanthin had higher degradation and shorter half-life when
stored at room temperature than in a refrigerator (4 ◦C). Li et al. [58] investigated the
stability of astaxanthin during the refrigerated storage of ready-to-eat shrimp and showed
that exposure to oxygen during storage promoted progressive oxidation.

Beyond these physicochemical parameters, solvent selection plays a decisive role
in extraction efficiency. Conventional organic solvents, including acetone, ethanol, and
methanol, are widely used due to their ability to disrupt cell membranes and efficiently
dissolve carotenoids. However, their use is associated with potential solvent residues and
increased risk of pigment degradation due to heat and oxygen exposure [59,60]. These
limitations have driven growing interest in alternative extraction approaches, which are
discussed in subsequent sections.

Green Extraction Approaches and Analytical Considerations

Besides extraction efficiency, the environmental performance of extraction technologies
is becoming an increasingly important selection criterion. Driven by safety, sustainability,
and regulatory requirements, green extraction methods are increasingly being developed
for astaxanthin recovery. Among these, supercritical carbon dioxide (SC-CO2) extraction
has gained particular attention, as it enables the selective extraction of astaxanthin without
residual toxic solvents and produces high-purity extracts. The use of co-solvents such as
ethanol or vegetable oils significantly enhances extraction efficiency, with soybean and
olive oil reported to markedly improve astaxanthin yield [60]. SC-CO2 extraction has been
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investigated primarily for recovering astaxanthin from H. pluvialis, with extraction efficiency
primarily influenced by pressure, temperature, extraction time, and CO2 flow rate.

Recent studies have focused primarily on optimizing extraction pressure, temperature,
CO2 flow rate, extraction time, and the use of polar modifiers such as ethanol. High
extraction pressures (50–65 MPa) consistently improve astaxanthin recovery by increasing
CO2 density and solubility, whereas extraction temperatures above approximately 60–65 ◦C
promote thermal degradation despite improved mass transfer. Extraction yield was highest
at 65 MPa, 1.25-fold higher than at 45 MPa, and 2.32-fold higher than at 25 MPa. The
optimum extraction temperature was 55 ◦C [49,53,61]. Aravena et al. [61] demonstrated
that the presence of water delayed astaxanthin extraction because the initial extraction
stage was dominated by water removal before efficient pigment recovery could occur.
Their study also demonstrated that biomass moisture significantly influenced extraction
kinetics and should therefore be considered during raw material preparation. The authors
compared extractions at 35–55 MPa and 40–70 ◦C. Despite these advantages, the main
limitation of SC-CO2 extraction is the high capital investment required for industrial-scale
equipment [59].

Enzyme-assisted extraction has been recognized as a promising green extraction
technology, however, only a limited number of original studies have investigated its
application for astaxanthin recovery, and no significant number of new experimental
studies were published during 2023–2025. Zhao et al. [62] evaluated the use of cellulase
and pectinase for the extraction of astaxanthin from H. pluvialis. The authors optimized
enzyme type, pH, hydrolysis temperature, and hydrolysis time, and reported that pectinase
resulted in a significantly higher astaxanthin yield than cellulase. Wang et al. [63] applied
protease-assisted hydrolysis to shrimp shells prior to solvent extraction and purification,
using enzymatic degradation of the protein matrix to facilitate astaxanthin recovery from
crustacean by-products. The authors concluded that enzymatic pretreatment improved
the accessibility of the pigment before downstream purification. Enzymatic approaches
are often combined with organic solvents or SC-CO2 extraction to achieve higher overall
yields [64].

The use of vegetable oils is another viable alternative, allowing the direct extraction of
astaxanthin without prior biomass drying. While high extraction yields can be achieved,
oil viscosity may limit mass transfer and extraction kinetics [65,66].

Accurate characterization of astaxanthin and its esterified forms requires complemen-
tary analytical techniques. High-performance liquid chromatography (HPLC), particularly
with C30 columns, enables the efficient separation of free astaxanthin, monoesters, diesters,
and geometric isomers [67]. Coupling HPLC with mass spectrometry (LC-MS) allows for
the reliable identification of ester forms based on molecular mass and fragmentation pat-
terns [68]. UV/Vis spectrophotometry with diode-array detection facilitates differentiation
between cis- and trans-isomers, while nuclear magnetic resonance (NMR) and GC-MS
provide detailed structural information, including the fatty acid composition of astaxanthin
esters [69,70].

An integrated approach combining optimized process conditions, appropriate ex-
traction strategies, and advanced analytical techniques is essential to maximize astaxan-
thin yield while preserving its bioactivity. This multidisciplinary optimization forms
the basis for the efficient application of astaxanthin in the food, nutraceutical, and
cosmetic industries.

Overall, most of the studies were conducted using H. pluvalis. The most efficient
extraction was suggested to be SC-CO2 extraction, which enables extraction under relatively
mild operating conditions. Although the range of astaxanthin recoveries from H. pluvalis
using SC-CO2 was reported to be from 51–97% [59], an even higher astaxanthin recovery
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(98.6%, corresponding to 19.72 mg g−1 dry biomass) was obtained at 550 bar, 50 ◦C, a
CO2 flow rate of 3.62 g min−1, and an extraction time of 80 min [53]. For shrimp by-
products, conventional solvent extractions and ultrasound-assisted extraction methods
have proposed, using solvents such as ethanol [71], a hexane and hexane-isopropanol
mixture [72], acetone [71,72] and even vegetable oil [66]. Although recoveries are reported
from 36–235 µg astaxanthin/g, these data are not directly comparable because they differ
with respect to shrimp species, type of by-product used (shells or mixed processing by-
products), and raw material pretreatment.

2.2. Stability of Astaxanthin During Extraction, Processing, and Storage

The stability of astaxanthin during extraction, processing, and storage is a major
challenge limiting its industrial application. Because of its highly unsaturated polyene
structure, astaxanthin is especially susceptible to degradation caused by heat, oxygen,
light, and acidic conditions. These factors can trigger oxidative cleavage of the conjugated
chain, trans-cis isomerization, and the formation of apocarotenoids with reduced biological
activity [3,73]. For this reason, recent research has explored encapsulation technologies,
nanoemulsions, liposomal systems, and biopolymer-based delivery matrices designed to
minimize oxygen diffusion and light penetration while preserving the biological activity
and bioavailability of astaxanthin [48].

Thermal and oxidative degradation are among the most significant pathways affecting
astaxanthin stability during processing. High temperatures accelerate oxidation reactions
and promote structural breakdown, especially during drying operations. Comparative
studies have shown that lyophilization provides substantially better pigment retention than
spray drying, with astaxanthin recovery reported to be about 40% higher in freeze-dried
H. pluvialis biomass [45]. This improvement is mainly attributed to the absence of high
temperatures and reduced oxygen exposure. Although spray drying offers economic and
technological advantages, it often results in considerable pigment losses unless protective
strategies are used.

After extraction and drying, storage conditions play a decisive role in preserving
astaxanthin stability. Temperature and oxygen availability are the main factors governing
long-term degradation. Storage at low temperatures (−20 ◦C or 4 ◦C), combined with
vacuum packaging or inert atmospheres, significantly reduces pigment loss compared to
storage at ambient conditions in the presence of air [45,74]. In addition, light exposure
accelerates photooxidation and isomerization, highlighting the importance of opaque or
light-protective packaging.

The chemical form of astaxanthin also strongly influences its stability. Esterified
astaxanthin, which predominates in natural sources such as microalgae and crustaceans,
shows greater resistance to oxidative degradation than the free form, especially when
dispersed in lipid matrices [74]. This enhanced stability has important implications for
formulation strategies in food and nutraceutical systems.

To address stability limitations during processing and storage, various encapsulation
and delivery systems have been developed. Among these, Pickering emulsions have
attracted particular attention due to their ability to form a physical barrier at the oil–water
interface, limiting oxygen diffusion. Encapsulation of astaxanthin in Pickering emulsions
has been shown to significantly reduce pigment loss during spray drying and improve
stability during storage [75]. Similarly, zein-based and sodium alginate-stabilized Pickering
emulsions exhibited good stability over a temperature range of 10–50 ◦C and at pH values
between 3 and 7, whereas alkaline conditions (pH 9) significantly accelerated astaxanthin
degradation [54].
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Overall, astaxanthin stability is governed by a complex interplay between processing
conditions, chemical form, and storage environment. The use of mild drying techniques,
low-temperature and oxygen-controlled storage, and advanced encapsulation systems
is an effective strategy to preserve astaxanthin bioactivity and extend shelf life. These
stabilization approaches are essential for the successful incorporation of astaxanthin into
food, nutraceutical, and pharmaceutical products.

2.3. Challenges and Optimization Strategies

Despite its pronounced biological activity and growing commercial relevance, the
large-scale application of astaxanthin remains limited by several technological, economic,
and bioprocessing challenges. Key limitations include low bioavailability, high production
costs, process instability, and limited scalability of current production and extraction
systems [40]. Genetic engineering of key biosynthetic genes has increased carotenoid
titers and pathway efficiency [54], and recent reviews highlight that the efficient microbial
biosynthesis of carotenoids can be achieved through the optimization of culture conditions,
stress responses, and strain selection across yeasts, bacteria, and microalgae [76].

One of the primary challenges associated with astaxanthin utilization is its poor
bioavailability, which results from its strong lipophilic character and low water solubility.
Efficient intestinal absorption requires emulsification and incorporation into mixed micelles
in the presence of dietary lipids and bile salts. Inadequate emulsification significantly limits
uptake by enterocytes, reducing systemic availability and biological efficacy [40]. These
limitations highlight the need for optimized formulation and delivery strategies, including
emulsification, encapsulation, and lipid-based carrier systems.

From a production perspective, natural astaxanthin biosynthesis is associated with
high costs and process complexity. Microalgae such as H. pluvialis, the richest natural
source of astaxanthin, require strictly controlled cultivation conditions, high energy input,
and multistep downstream processing. Additional challenges include seasonal variability,
inconsistent biomass productivity, and fluctuations in pigment yield, all of which negatively
affect economic sustainability [40,77].

Optimization of the upstream cultivation process remains a critical bottleneck. As-
taxanthin biosynthesis in microalgae is typically induced under stress conditions such
as high light intensity, nutrient limitation, and salinity stress, which are unfavorable for
biomass growth. The widely applied two-stage cultivation strategy, comprising a “green
phase” focused on biomass accumulation and a “red phase” inducing carotenoid synthesis,
requires precise control to balance cell growth and pigment production. Excessive stress can
severely reduce biomass productivity and overall astaxanthin yield [78]. Environmental
parameters, including light intensity and spectrum, temperature, nutrient availability, and
salinity, strongly influence astaxanthin accumulation. While nitrogen and carbon limitation
act as key signals for carotenogenesis, overly harsh conditions promote oxidative dam-
age and pigment degradation rather than accumulation. Optimizing these parameters is
essential to maximize productivity while maintaining cellular viability [78].

Downstream processing presents additional challenges. The robust cell walls of mi-
croalgae hinder efficient pigment release, while conventional cell disruption and extraction
methods often lead to oxidative degradation. There is a growing need for more efficient,
scalable, and environmentally friendly cell disruption and extraction technologies that
enhance pigment recovery while minimizing structural damage and bioactivity loss [77].

To address these challenges, research increasingly focuses on integrated optimization
strategies combining biological and process engineering approaches [79]. Advances in
metabolic and genetic engineering enable the modulation of key enzymes in the carotenoid
biosynthetic pathway, increasing flux toward astaxanthin production. The development of
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engineered microbial platforms and “microbial factories” supported by synthetic biology
offers improved stability, predictability, and scalability of pigment production [80].

In parallel, process engineering innovations, including the optimization of fermen-
tation parameters, energy-efficient extraction techniques, and integration of green and
circular economy principles, contribute to reduced production costs and environmental
impact. The coordinated optimization of upstream cultivation, downstream processing,
and formulation strategies is essential for the sustainable and competitive production of
astaxanthin for food, nutraceutical, and pharmaceutical applications [77,80].

The long-term sustainability of astaxanthin production will depend not only on in-
creasing pigment yields, but also on improving process efficiency throughout the entire
production chain. Future optimization should therefore integrate upstream cultivation,
energy-efficient downstream processing, solvent recovery, waste minimization, and the
utilization of renewable raw materials. Such integrated approaches are expected to improve
both the environmental and economic sustainability of astaxanthin production.

3. Synthetic Production of Astaxanthin
The development of synthetic astaxanthin production has enabled a large-scale, eco-

nomically viable supply that is independent of biological sources. In practice, two main
approaches are used: total chemical synthesis, in which astaxanthin is constructed from
petrochemical precursors, and semi-synthesis, where structurally related carotenoids such
as canthaxanthin or zeaxanthin are chemically modified to yield astaxanthin [20].

3.1. Chemical Synthesis Routes

Chemical synthesis of astaxanthin relies on multistep organic reactions designed
to construct the characteristic C40 polyene backbone and introduce hydroxyl and keto
functional groups at the terminal β-ionone rings. Key reactions include hydroxylation,
oxidation, and Wittig-type condensation that assemble polyenic fragments into the fi-
nal carotenoid structure. In semi-synthetic routes, canthaxanthin is hydroxylated, while
zeaxanthin undergoes oxidation to introduce keto groups, yielding astaxanthin [20].

The first successful syntheses of astaxanthin were reported in the late 1960s; how-
ever, industrial-scale production became feasible in the 1980s after Hoffmann-La Roche’s
development of robust total synthesis pathways. This method, based on Wittig conden-
sation between C15 phosphonium salts and C10 dialdehydes, remains the foundation of
commercial synthetic astaxanthin production, which is used primarily in aquaculture feed
today [81].

Despite its scalability and cost-effectiveness, chemical synthesis produces a mixture of
stereoisomers and geometric isomers, including 3S, 3′S; 3R, 3′R; meso forms, and cis/trans
configurations. This heterogeneous isomeric composition is associated with lower biologi-
cal activity compared to naturally derived astaxanthin, which predominantly occurs in the
3S, 3′S configuration and in esterified form. Consequently, rigorous quality control using
HPLC and UV/Vis spectroscopy is required to monitor isomeric distribution in synthetic
products [81].

3.2. Biotechnological Production Approaches

Growing demand for biologically active and sustainable forms of astaxanthin has
increased interest in biotechnological production systems based on microbial fermentation
and genetic engineering. This approach redirects carotenoid biosynthetic pathways toward
astaxanthin synthesis by introducing and regulating key enzymes, primarily β-carotene
ketolase (BKT) and β-carotene hydroxylase (CrtR-b) [82].
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Genetically engineered microorganisms, including bacteria (Escherichia coli), yeasts
(S. cerevisiae, Kluyveromyces marxianus), and microalgae, have been extensively studied
as production platforms. Advances in metabolic engineering, gene copy number opti-
mization, and pathway balancing have significantly improved yields and process sta-
bility [24,83]. More recently, CRISPR-Cas-based tools have enabled the precise control
of biosynthetic networks, allowing for improved regulation of flux distribution and
stereoisomeric composition.

Fermentation forms the core technological framework of biotechnological production,
with parameters such as pH, temperature, oxygen availability, and nutrient supply opti-
mized and controlled to maximize pigment accumulation. High-yield systems have been
reported, with engineered yeast strains producing astaxanthin concentrations exceeding
200 mg/L and product purities above 85%, highlighting the potential of microbial platforms
for industrial-scale production [84].

Compared to chemical synthesis, biotechnological production offers several advan-
tages, including greater selectivity for biologically active isomers, reduced reliance on
petrochemical inputs, and lower environmental impact. However, challenges related to
strain robustness, scalability, and downstream processing efficiency remain and must be
addressed before widespread industrial adoption.

The relevance of astaxanthin for food and feed applications differs. Synthetic produc-
tion continues to play a key role in meeting the global demand for astaxanthin, particularly
in feed applications, thus it remains the dominant source for aquaculture and animal feed,
primarily because of its lower cost, consistent supply, and regulatory acceptance for non-
human use. In contrast, naturally obtained and biotechnologically produced astaxanthin
are preferred for human food and nutraceutical applications, where stereochemical purity,
esterification state, and consumer preference for “natural” ingredients are key factors.

However, ongoing advances in biotechnological production and a growing emphasis
on sustainability are expected to gradually shift the balance toward biologically derived
astaxanthin in food-related sectors.

3.3. Comparison with Natural Astaxanthin

Natural astaxanthin is primarily derived from the microalga H. pluvialis and the yeast P.
rhodozyma, where it occurs mainly in esterified form as monoesters and diesters. In contrast,
synthetic astaxanthin is produced as a free, non-esterified compound through chemical
synthesis. These structural differences significantly affect the stability, bioavailability,
biological activity, and cost of astaxanthin in food and biological systems. One of the most
important distinctions between natural and synthetic astaxanthin is their stereochemical
composition. Natural astaxanthin is predominantly found in the 3S, 3′S configuration,
while chemically synthesized astaxanthin consists of a racemic mixture of stereoisomers
(3S, 3′S; 3R, 3′R; and meso forms), along with varying proportions of cis and trans isomers.
Numerous studies have shown that the naturally occurring stereoisomer exhibits superior
antioxidant and biological activity, often attributed to its optimized molecular orientation
within cell membranes and enhanced interaction with lipid bilayers [85,86].

In addition to stereochemistry, the esterification state is crucial for stability and func-
tionality. Esterified astaxanthin is more resistant to oxidative and thermal degradation than
the free form, especially in lipid-based matrices. This increased stability is particularly
beneficial for food applications, where processing and storage conditions can compromise
pigment integrity [74]. Moreover, natural astaxanthin extracts often contain additional
bioactive compounds, such as tocopherols and other carotenoids, which may have syner-
gistic effects and further enhance antioxidant capacity.
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Regarding biological efficacy, natural astaxanthin has been reported to more effectively
reduce oxidative stress, upregulate endogenous antioxidant enzymes (e.g., superoxide
dismutase and glutathione peroxidase), and modulate cytoprotective signaling pathways
compared to synthetic forms [87]. These properties support the preference for natural
astaxanthin in nutraceuticals and functional foods intended for human consumption.

Conversely, synthetic astaxanthin offers advantages in production cost, scalability, and
supply stability, making it well-suited for aquaculture and animal feed applications, where
pigmentation efficiency and economic feasibility are primary considerations. Synthetic
astaxanthin also shows relatively high stability during feed processing, including thermal
treatments, supporting its widespread use in industrial feed formulations [88].

From an environmental and sustainability perspective, synthetic production may have
a lower environmental footprint under certain controlled conditions. However, natural and
biotechnological production systems offer greater potential for integration into circular and
sustainable production models, especially when combined with renewable energy sources,
waste valorization, and green extraction technologies [89].

Overall, both natural and synthetic astaxanthin play important roles in current markets,
with their suitability determined by application-specific requirements. Natural astaxanthin
is generally preferred for food and nutraceutical products targeting human health due to its
superior biological activity and consumer acceptance, while synthetic astaxanthin remains
dominant in feed applications because of its cost-effectiveness and regulatory acceptance.
Continued advances in biotechnological production are expected to further bridge the
gap between these two sources and expand the availability of high-quality astaxanthin
for food-related applications. From a sustainability perspective, the comparison between
natural and synthetic astaxanthin extends beyond biological activity and production costs.
Natural astaxanthin obtained from renewable biological resources, particularly microalgae
and seafood processing by-products, can be integrated into circular production systems
through biomass valorization and green extraction technologies. In contrast, synthetic
astaxanthin is produced from petrochemical feedstocks but currently remains economically
competitive because of its high production efficiency and established industrial infras-
tructure. Only a limited number of studies have compared the environmental aspects of
both production routes [89]. The limited number of life cycle assessments have primarily
focused on microalgal production systems, whereas direct comparisons with synthetic
production remain scarce. Consequently, further comparative life cycle assessment and
techno-economic studies are required to quantify the environmental footprint of natural
and synthetic production routes under industrial conditions.

3.4. Regulatory and Safety Considerations

The regulatory status and safety assessment of astaxanthin depend on its source,
chemical form, and intended application. Regulatory authorities have generally recognized
astaxanthin as safe when used within the established limits; however, clear distinctions are
made between natural and synthetic forms, particularly regarding human consumption.

In the European Union, the safety of astaxanthin has been evaluated by the European
Food Safety Authority (EFSA). Based on available toxicological, metabolic, and human
intervention data, EFSA concluded that astaxanthin derived from the microalga H. pluvialis
is safe for use in food products and food supplements within specified intake levels. In
its most recent assessment, EFSA approved astaxanthin-rich oleoresin from H. pluvialis as
a novel food under Regulation (EU) 2015/2283, recommending that the daily intake for
adults should not exceed 8 mg of astaxanthin, corresponding to approximately 40–80 mg
of oleoresin [90].
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Earlier EFSA evaluations proposed an acceptable daily intake (ADI) of 2 mg/day,
based on toxicological studies using synthetic astaxanthin in animal models [91]. EFSA
emphasized that adolescents (14–18 years) consuming 8 mg/day may already reach the ADI,
underscoring the need for the careful formulation and labeling of astaxanthin-containing
products for younger populations. Analysis of human clinical studies indicates that natural
astaxanthin has not been associated with serious adverse effects at doses up to 12 mg/day,
although long-term safety data remain limited.

The distinction between natural and synthetic astaxanthin is particularly relevant
from a regulatory perspective. Synthetic astaxanthin is approved primarily for use in
animal feed, including aquaculture and ornamental fish, where it has been evaluated by
the FEEDAP panel and deemed safe and effective within the established inclusion levels.
In contrast, synthetic astaxanthin is not authorized for direct human consumption in food
supplements in the European Union. Several authors have emphasized that toxicological
data obtained using synthetic astaxanthin cannot be directly extrapolated to natural forms
due to differences in stereochemistry and esterification state [92].

In the United States, astaxanthin is regulated differently depending on its application.
When marketed as a dietary supplement, astaxanthin falls under the Dietary Supplement
Health and Education Act (DSHEA) of 1994 [93], under which manufacturers are responsi-
ble for ensuring product safety and accurate labeling without prior approval by the Food
and Drug Administration (FDA). When used as a food ingredient or additive, astaxanthin
is subject to FDA premarket approval requirements. Natural astaxanthin from microalgal
sources has achieved Generally Recognized as Safe (GRAS) status for specific applications.

Toxicological studies to date indicate that astaxanthin does not exhibit mutagenic,
genotoxic, or carcinogenic effects [93]. Genotoxicity assays in bacterial and mammalian cell
models, as well as long-term animal studies, have not reported increased tumor incidence
or significant adverse outcomes [94]. Nevertheless, regulatory authorities consistently
emphasize the need for continued safety evaluation, particularly regarding long-term
consumption, high-dose exposure, and vulnerable population groups.

The existing regulatory frameworks support the safe use of natural astaxanthin in
food and nutraceutical products when consumed within recommended limits. However,
differences in regulatory status between regions, along with distinctions between natural
and synthetic forms, underscore the importance of source-specific safety assessment, stan-
dardized labeling, and clear consumer communication. Ongoing research and regulatory
harmonization will be essential to facilitate broader and more consistent use of astaxanthin
in food systems. Astaxanthin intake from a conventional diet is generally low because only
a limited number of foods naturally contain substantial amounts of the pigment, primarily
salmonids, trout, shrimp, krill, lobster and microalgae. Consequently, the doses associated
with biological effects in human intervention studies (typically 4–12 mg day−1) [95] are
difficult to achieve through habitual diets alone. This has stimulated the development of
astaxanthin-enriched functional foods, beverages, and dietary supplements. However, its
practical application in food systems remains limited by poor water solubility, susceptibility
to oxidation and light-induced degradation, and low oral bioavailability, emphasizing the
need for suitable encapsulation and delivery strategies.

4. Biological Activities and Health Effects of Astaxanthin
Astaxanthin exhibits a broad spectrum of biological activities primarily due to its

unique polar-lipophilic molecular structure, which enables efficient interaction with both
aqueous and lipid environments. This structural feature allows astaxanthin to function
as a potent antioxidant by neutralizing reactive oxygen species (ROS), binding transition
metals, and protecting cell membranes from lipid peroxidation [96,97]. By spanning the
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lipid bilayer and stabilizing membrane structure, astaxanthin effectively preserves cellular
integrity under oxidative stress.

Experimental studies have demonstrated that astaxanthin supplementation enhances
antioxidant capacity and reduces markers of oxidative damage. In aquaculture and animal
models, dietary astaxanthin has been shown to increase the total antioxidant capacity
(T-AOC) and significantly reduce levels of secondary oxidation products such as malondi-
aldehyde (MDA), which is widely used as an indicator of lipid peroxidation [98]. Beyond
its antioxidant effects, astaxanthin exerts pronounced anti-inflammatory activity by mod-
ulating key signaling pathways involved in inflammatory responses. It has been shown
to downregulate the expression of pro-inflammatory cytokines and inhibit the activity of
inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2), thereby reducing
the production of inflammatory mediators such as nitric oxide (NO) and prostaglandin
E2 (PGE2) [4,99]. Through these mechanisms, astaxanthin reduces chronic inflammatory
processes associated with a wide range of diseases.

The combined antioxidant and anti-inflammatory properties of astaxanthin have
been associated with protective effects in several physiological systems. Experimental
and preclinical studies indicate beneficial roles in cardiovascular health by reducing lipid
oxidation and improving endothelial function, as well as in neuroprotection by limiting
oxidative damage and inflammatory activation in neural tissues [96,100]. While preclinical
studies provide strong mechanistic support, further long-term, well-designed human
studies are required to clarify its clinical efficacy, optimal dosage, and role in cardiovascular
disease prevention and management. Additionally, astaxanthin has shown protective
effects in ocular tissues, where it reduces inflammatory mediator production in retinal
cells and mitigates light-induced oxidative stress, helping prevent inflammation-related
eye disorders [101,102]. Skin and ocular tissues are particularly vulnerable to oxidative
damage caused by ultraviolet (UV) radiation, environmental stressors, and aging-related
inflammatory processes, making them relevant targets for astaxanthin-based interventions.

In skin health, astaxanthin has shown significant photoprotective effects. Clinical and
experimental studies indicate that astaxanthin supplementation reduces oxidative stress
and inflammation in skin cells exposed to UV radiation. In a controlled human study, daily
intake of 6–12 mg of astaxanthin over 16 weeks resulted in decreased expression of matrix
metalloproteinase-1 (MMP-1) and lower levels of inflammatory cytokines in keratinocytes,
confirming its role in protecting against UV-induced skin damage [95].

It was also found to be a neuroprotective compound with the ability to simultaneously
modulate oxidative stress, neuroinflammation, and mitochondrial dysfunction, central
mechanisms underlying neurodegenerative disorders and acute neuronal injury. Evidence
from preclinical studies indicates that astaxanthin exerts antioxidant, anti-inflammatory,
and anti-apoptotic effects while preserving mitochondrial integrity and blood–brain bar-
rier function [82]. Its ability to cross the blood–brain barrier distinguishes astaxanthin
from many other dietary antioxidants, enabling direct interaction with neural tissues and
supporting its potential neuroprotective effects in experimental models of neurodegen-
erative disorders [79,83]. In addition, astaxanthin plays an important role in modulating
neuroinflammatory responses, reducing the expression of pro-inflammatory cytokines and
suppressing excessive activation of microglia, thereby limiting secondary inflammatory
damage in neural tissues [103,104]. These effects are particularly relevant in chronic neu-
rodegenerative conditions, where sustained neuroinflammation accelerates neuronal loss
and disease progression.

Most of the reported biological effects have been demonstrated in animal models and
human supplementation studies rather than following the consumption of conventional
foods. Natural dietary intake of astaxanthin is generally limited because only a small num-
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ber of seafood products naturally contain substantial amounts of the pigment, whereas most
reported biological effects have been demonstrated using purified astaxanthin supplements.
Consequently, translating these findings into food systems requires the development of
stable food matrices capable of protecting astaxanthin during processing and storage while
maintaining its bioavailability after gastrointestinal digestion. Current evidence therefore
supports the incorporation of astaxanthin into functional foods targeting oxidative stress
and inflammation; however, further studies are required to determine whether comparable
physiological effects can be achieved through astaxanthin-enriched foods under realistic
dietary intake conditions. Table 2 summarizes different types of evidence for the mecha-
nisms of action and recorded effects of astaxanthin, from in vitro studies to human trials,
but does not clearly distinguish the strength of evidence for each effect. This should be
taken into consideration to avoid overinterpretation of some biological activities.

Table 2. Overview of the reported biological activities of astaxanthin, their mechanisms of action,
and evidence from experimental and clinical studies.

Action Area Main Effects Mechanism of
Action Model/Population Level of

Evidence Literature

Antioxidant
effect

Reduction in
oxidative stress,

inhibition of
lipid

peroxidation,
reduction in

MDA

ROS
neutralization,

transition metal
binding,

membrane
stabilization

Obese and
overweight

healthy
individuals,

healthy
non-smoking
males, healthy
male athletes;

fishes and
crustaceans

(aquaculture)

In vitro, animal
studies, human

intervention
studies

[96–98,105]

Anti-
inflammatory

effect

Reduction in
inflammatory
cytokines and

mediators, and
improving
immunity

Inhibition of iNOS
and COX-2,

modulation of
signaling
pathways;

Reduction in
pro-inflammatory

cytokines,
oxidative stress

and improvement
of immune system

function

Rats, mice, rabbits,
asthmatic

guinea-pigs, fish,
healthy adult

female individuals

In vitro, human
intervention

studies

[3,4,36,99,
106–109]

Cardiovascular
health

Reduction in
LDL oxidation,
improved lipid
profile, possible
antihypertensive
effect; prevention

of
atherosclerosis,

reduction in
hypertension

Increased
antioxidant

enzyme activity,
greater NO
availability,

oxidative stress
reduction, reduced

inflammation,
blood vessel

function
improvement

Rat, mice, rabbit,
dog, fish, human

patients with heart
disease, healthy

adult men,
participants with
type 2 diabetes,

heart failure
patients

Animal studies,
human

intervention
studies

[96,107,110,
111]
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Table 2. Cont.

Action Area Main Effects Mechanism of
Action Model/Population Level of

Evidence Literature

Neuroprotective
effects

Neuronal
protection,
apoptosis
reduction,

mitochondrial
stability,

cognitive
function

improvement
and protection

against neurode-
generation

ROS
neutralization,

microglia
inhibition,

anti-apoptotic
pathways;

oxidative stress
reduction in the

brain, neuroinflam-
mation inhibition,

and brain cell
function

improvement

Mice, rats, human
population (older

men)

In vitro, animal
studies, human

intervention
studies

[100,103,104,
112]

Anti-diabetic
activity

Lowering blood
pressure, glucose

metabolism
improvement

Reduction in
oxidative stress,
insulin function
improvement,
inflammation
reduction and

vascular function
improvement

Patients with type
2 diabetes mellitus

Human
intervention

studies
[113]

Anti-
carcinogenic

effect

Adjuvant
therapeutic agent
in the treatment

of cancer
(prostate, skin)

Oxidative stress
and inflammation
reduction, tumor

cell growth
inhibition, and

improvement of
the effectiveness of

chemotherapy

Mice,
healthy people,
healthy female

participants

In vitro, animal
studies, human

intervention
studies

[114]

Skin and eye
health

Improvement of
skin elasticity,
reduction in

wrinkles,
protection of the
retina, and dry

eye;
reduced UV

damage,
improved visual

function,
and lowered risk

of cataracts;
reduced risk of

eye diseases

Inhibition of
MMP-1, reduction
of NO, PGE2 and
TNF-α, improved
microcirculation;

reduction in
oxidative stress in

the eyes and
improvement of
retinal function

Mice, rats, patients
with nonadvanced

age-related
macular

degeneration
(AMD), patients

with AMD,
healthy people
over 40 years

Animal studies,
human

intervention
studies

[8,95,101,102,
115]

Sports
performance

enhancer

Physical and
mental

performance
improvement

Reduction in
oxidative stress

that occurs during
physical exertion,

endurance
improvement and
fatigue reduction

Healthy male
athletes

Human
intervention

studies
[105]

MDA—malondialdehyde; ROS—reactive oxygen species; LDL—low-density lipoprotein.
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5. Use of Astaxanthin in Food Products
Astaxanthin has attracted growing interest as a functional ingredient in food products

because of its antioxidant activity, coloring capacity, and potential health benefits. Incor-
porating it into food systems aims to enhance nutritional value, oxidative stability, shelf
life, and visual quality. However, successful application depends on formulation strategies,
processing conditions, and regulatory constraints. Recent advances in astaxanthin use as
an antioxidant in food applications have been reviewed by Dang et al. [87].

5.1. Outlook for Food Applications

Overall, astaxanthin is a promising functional ingredient for food applications, es-
pecially in products targeting oxidative stability, visual appeal, and added health value.
Continued advances in stabilization technologies, cost-effective production methods, and
delivery systems are expected to facilitate its broader incorporation into diverse food
matrices. However, challenges related to stability, bioavailability, cost, and regulatory
compliance must be addressed to fully realize the potential of astaxanthin in food systems.
An overview of the main food application areas of astaxanthin, along with associated
functional benefits and technological limitations, is summarized in Table 3.

Table 3. Food applications of astaxanthin: functionality, benefits, and technological
constraints—general overview.

Application
Area

Representative
Food Matrices Functional Role Functional

Benefits

Technological and
Regulatory
Limitations

Literature

Functional foods
and beverages

Fruit juices,
sports beverages,
fermented dairy
and plant-based

drinks

Antioxidant,
natural colorant

Reduced oxidative
degradation,

extended shelf life,
enhanced

nutritional value

Sensitivity to light,
heat, and oxygen;

need for
stabilization

[3,87,116]

Nutraceuticals Capsules, tablets,
powders

Antioxidant and
anti-

inflammatory
activity

Support of
cardiovascular,
skin, eye, and

immune health

High cost of
natural

astaxanthin;
dosage and
regulatory
restrictions

[87,96,117]

Dairy products Yogurts, cheeses Antioxidant
enrichment

Improved
nutritional value

and oxidative
stability

Potential color and
flavor interactions [20,87]

Bakery products
Whole-grain

biscuits, baked
goods

Antioxidant,
color

enhancement

Reduced lipid
oxidation during

storage

Thermal instability
during baking [3,87]

Meat and
poultry products

Enriched meat
products, eggs

Antioxidant,
pigmentation

Improved color
stability and

freshness

Cost of dietary
supplementation [87,117]

Fish and seafood Salmon, trout,
shrimp

Pigmentation,
antioxidant
protection

Improved visual
quality and

oxidative stability

Regulatory limits
on inclusion levels [20,87]

5.2. Food Categories Incorporating Astaxanthin

Direct consumption of astaxanthin-rich food sources limits its health benefits and
bioactivity to a small number of foods such as some types of fish, crabs, and microalgae.
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Indirectly, astaxanthin has been investigated in a wide range of food categories, including
functional foods and beverages, nutraceuticals, dairy products, bakery products, and foods
of animal origin (Table 4). In functional foods and beverages, astaxanthin is mainly used as
a natural antioxidant and colorant. It has been applied in fruit juices, sports and energy
drinks, fermented dairy products, and plant-based beverages, where it improves oxidative
stability, extends shelf life, and enhances nutritional profiles. However, its sensitivity to
light, heat, and oxygen requires appropriate stabilization strategies during processing and
storage [3,117,118].

Recent studies have demonstrated the successful incorporation of astaxanthin into
a wide range of food products, where it primarily functions as a natural antioxidant and
colorant while improving product stability during processing and storage. The effective-
ness of astaxanthin depends on the food matrix, its concentration, and the formulation
used. In dairy products such as yogurts and cheeses, astaxanthin has been explored
as a functional ingredient to enhance antioxidant capacity and nutritional value. While
promising results have been reported, challenges related to color intensity, potential flavor
interactions, and pigment stability during fermentation and storage must be carefully
addressed [119]. Li et al. [120] investigated the incorporation of astaxanthin-rich egg yolk
into set yogurt and evaluated the influence of different pasteurization regimes. The study
demonstrated that pasteurization at 65 ◦C for 30 min resulted in the highest astaxanthin
retention together with improved texture and higher antioxidant activity after 21 days of
refrigerated storage. The study focused on the influence of processing conditions rather
than consumer acceptance, and only one yogurt formulation containing astaxanthin-rich
egg yolk was evaluated. Earlier, Cerezal Mezquita et al. [121] evaluated the stability of
astaxanthin oleoresin incorporated into yogurt to simulate an apricot color. The authors
added 0.055 g astaxanthin oleoresin to 750 g of yogurt and reported no significant decrease
in astaxanthin concentration after 28 days of refrigerated storage. Color remained stable
throughout storage, while the fat content did not significantly influence pigment stability.
The study focused on color stability and did not evaluate antioxidant activity or sensory
acceptance. Astaxanthin from shrimp by-products has also shown considerable potential
in dairy products. Dmytrów et al. [122] incorporated an astaxanthin lipid extract from
shrimp shells into acid curd cheese at concentrations of 0.25%, 0.5% and 1%. The addition
improved color, increased antioxidant activity, reduced lipid oxidation, and enhanced
pH stability during refrigerated storage. Among the tested formulations, 0.5% provided
the highest sensory acceptance, whereas the 1% formulation produced an undesirable
foreign aftertaste. The authors described the work as a preliminary experiment, indicating
that further optimization and consumer studies are still required. In seafood products,
Zhu et al. [123] investigated the application of astaxanthin extract recovered from shrimp
processing by-products in ready-to-cook shrimp surimi products. The formulation con-
taining 30 g/kg astaxanthin extract exhibited lower lipid and protein oxidation, improved
textural properties, higher redness and better overall sensory acceptability during frozen
storage compared with the control. The extract contained 23.23 µg/g of astaxanthin, in-
dicating that the observed effects resulted from the combined action of astaxanthin and
other bioactive compounds present in the extract rather than purified astaxanthin alone.
Similarly, Seo et al. [124] demonstrated that astaxanthin can replace synthetic antioxidants
in emulsified pork sausages. Astaxanthin significantly reduced peroxide value and TBARS
formation, preserved thiol groups, and improved redness during 21 days of refrigerated
storage. Samples containing astaxanthin also received higher scores for redness and overall
acceptability than the control. Applications have also been extended to lipid-rich foods.
Draghici et al. [125] evaluated astaxanthin extracted from shrimp by-products as a natural
antioxidant in lard and identified an optimum concentration of approximately 3 mg/g.
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At this concentration, astaxanthin provided the highest oxidative stability and the lowest
peroxide and TBARS values during 30 days of storage, while color was influenced pri-
marily by the presence of astaxanthin rather than by its concentration. The application
of astaxanthin in bakery products has received considerably less attention. Incorporating
astaxanthin into products such as whole-grain biscuits and baked goods has been shown
to improve lipid oxidative stability and enhance color characteristics. However, thermal
sensitivity during baking remains a major limitation, often requiring encapsulation or
protective matrices to minimize pigment degradation [87]. Hossain et al. [126] incorporated
H. pluvialis biomass into wholemeal cookies, significantly enhancing the total phenolic
content, antioxidant capacity and reducing in vitro glucose release. The study used whole
microalgal biomass rather than purified astaxanthin, making it difficult to attribute the
observed effects exclusively to astaxanthin. The available studies indicate that astaxanthin
can be successfully incorporated into foods, however, most published studies have been
conducted at laboratory scale using a limited number of formulations, and relatively few
have evaluated long-term consumer acceptance, industrial-scale processing or commercial
shelf-life under real production conditions [3,87,117–119]. Nutraceutical products are the
most established application area for astaxanthin intended for human consumption. As-
taxanthin is commonly formulated as capsules, tablets, or powders and is valued for its
antioxidant and anti-inflammatory properties, as well as its reported benefits for cardiovas-
cular, skin, eye, and immune health. In this category, controlled dosage, bioavailability, and
regulatory compliance are critical factors influencing product development and market
acceptance [127].

Astaxanthin also plays a prominent role in foods of animal origin. In poultry produc-
tion, dietary supplementation enhances yolk and skin pigmentation, while in aquaculture,
it is essential for achieving the characteristic pink coloration of salmonids and shrimp.
Beyond pigmentation, astaxanthin contributes to improved feed conversion ratios in aqua-
culture [40] and oxidative stability, product freshness, and nutritional quality of meat and
seafood during storage [87,123,128]. Although microalgal biomass application in feed can
improve the nutritional quality and lipid profile of different food products [129], relevant
aspects related to the direct application of astaxanthin has rarely been investigated.

Table 4. Effect of astaxanthin on quality characteristics in food products.

Food Product Astaxanthin
Type/Source Concentration Main

Effects/Limitations Literature

Wholemeal cookies Dried microalgae
Hematococcus pluvialis

Replacement of the
flour with

astaxanthin powder
5%, 10% and 15%

Better antioxidant
properties, positive color

change, lower
glucose release.

[126]

Raw ground pork
Extracts of H.

pluvialis rich in
astaxanthin

0.15, 0.3, or 0.45 g/kg
of meat

Application of 0.3 and
0.45 g/kg of the extract

delayed the lipid
oxidation and improved

the color stability of
the meat.

[130]

Pork sausages Synthetic astaxanthin 400 mg/kg

Higher redness values
and greater overall
acceptability scores.

Higher oxidation
stability, lower
MDA content.

[124]
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Table 4. Cont.

Food Product Astaxanthin
Type/Source Concentration Main

Effects/Limitations Literature

Frankfurter-type
sausages

5% astaxanthin oil
extracted from H.

pluvialis
200 mg/kg

Significantly lower
peroxide value and a

higher
antioxidant capacity.

[131]

Formulated cookies H. pluvialis powder 10%, 15%, and 20%

Astaxanthin could
stabilize lipid oxidation

in cookies.
The cookies’ hardness
significantly decreased

as the astaxanthin
percentage was

increased.
The taste acceptability

was not affected.

[86]

Rainbow trout Adonis aestivalis
extract

50, 100, and
200 mg/kg

The extract improved
the flesh color and the
antioxidative status.

[132]

Minced Tilapia Shrimp wastes
Astaxanthin

extracted using
flaxseed oil

The microbiological
quality improvement
and extension of the

minced fish shelf-life.

[133]

Tilapia fillets H. pluvialis
3% of astaxanthin
doses of 100 and

200 mg/kg of feed

Tilapia supplemented
with astaxanthin can

reduce lipid
oxidation index.

[134]

Coral trout H. pluvialis powder 0, 0.5, 1.0, and
2.0 g/kg

Improvement of the
activity of antioxidant
enzymes as well as the

total antioxidant
capacity of coral trout,

and significantly
reduced MDA content.

[135]

Ready to cook
shrimp surimi

products

Shrimp
(Trachypenaeus

curvirostris)
by-product extract

23.23 mg/kg
astaxanthin in
extract; 30 g of

extract/kg of surimi

Higher oxidative
stability, higher redness

values and greater
overall acceptability and

texture properties
after cooking.

[123]

Black Tiger Prawn Synthetic astaxanthin
0.02%, 0.04%, 0.08%,

and 0.16% added
to feed

Improvement of the
growth, body color,
antioxidant capacity,

and nonspecific
immunity of Penaeus

monodon.

[136]

Meatballs
H. pluvialis extract

with 5% pure
astaxanthin

0.5% and 1% w/w
The oxidative stability

and the color properties
improvement.

[137]
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Table 4. Cont.

Food Product Astaxanthin
Type/Source Concentration Main

Effects/Limitations Literature

Lamb patties
1% astaxanthin

extracted from H.
pluvialis

20, 40, 60, and
80 mg/kg of
astaxanthin

Reduction in lipid
oxidation, lower MDA
content, and decreased

oxysterols levels
compared to control.

The amount of volatiles
released from the

cooked patties
was reduced.

[128]

Lard Shrimp by-product
extract 4 mg/g

After 30 days of storage,
lard with extract

showed higher oxidative
stability and lower

MDA content compared
to control sample.

[125]

Male broilers H. pluvialis
0, 20, 40, and 80 ppm

astaxanthin
supplementation

Lowered MDA in leg
muscle, decreased

hyperthermic stress
level, and improved

meat quality and
antioxidant status

of chickens.

[138]

Egg
Paracoccus

carotinifaciens
powder

8 mg/kg in the diet
of laying hens

Increased concentrations
of valuable carotenoids

(astaxanthin,
adonirubin, and

adonixanthin) in egg
yolk, which enhanced

the pigmentation.

[139]

Egg
10% oil

extract of astaxanthin
from H. pluvialis

10, 20, and 30 mg/kg
in the diet of laying

hens

The carotenoid content
and color of the egg

yolks was higher.
[140]

Chia oil H. pluvialis 400 µg/g oil

Blends of chia oil and
astaxanthin stored at

25 ◦C showed
good stability.

[141]

Avocado oil Bacterium Paracoccus
carotinifaciens 550 µg/mL Enhanced the oxidative

stability of avocado oil. [142]

Model beverage Shrimp waste Emulsion

The encapsulated
astaxanthin extract

imparted a highly stable
color to the product.

However, the
astaxanthin

concentration was
highly affected by time

and partially affected by
light and temperature.

[143]
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Table 4. Cont.

Food Product Astaxanthin
Type/Source Concentration Main

Effects/Limitations Literature

Turkish delight Clementine peels
extract

3.75, 7.50, 11.25, and
15 mg

Antioxidant activity
improvement. [144]

Curd cheese (Tvarog)
Shrimp (Pandalus

borealis) by-product
extract

0.25%, 0.5%, and 1%
(w/w)

The highest extract
concentration reduced

lipid oxidation and
MDA content in cheese.

The cheese color was
improved, however, the

higher extract
concentration caused a

foreign aftertaste.

[122]

Yogurt H. pluvialis 0.055 ± 0.001 g in
750 g yogurt

The color parameters
remained very stable

over the four weeks of
yogurt storage.

[121]

Yogurt
Astaxanthin-rich

eggs (16 mg/100 g of
astaxanthin)

Fortified with
astaxanthin-rich yolk

The pasteurization
conditions of 65 ◦C for
30 min can be used to
prepare a functional
yogurt with stable

quality and
antioxidant activity.

[120]

MDA—malondialdehyde.

Through the addition of astaxanthin to various food products, positive results in terms
of food quality preservation, reduced lipid oxidation, and higher nutritional value of the
product were achieved. The use of astaxanthin in different forms, such as powder, extract or
synthetic additive, has been shown to contribute to extending the shelf life, improving the
color as well as increasing the antioxidant value of the final product. In order to overcome
the limitations of astaxanthin use as a food additive (odor, flavor, light, and temperature
sensitivity), researchers have introduced a number of stabilization techniques such as
emulsification and encapsulation, that have shown promising results for its application
and effectiveness.

Besides improving product quality, the incorporation of astaxanthin into food prod-
ucts may also contribute to more sustainable food production. Its biological potential
is to extend the product shelf life and potentially reduce food losses associated with ox-
idative deterioration. Nevertheless, most available studies have been performed under
laboratory conditions, and further industrial-scale validation is required to confirm their
environmental and economic sustainability.

5.3. Technological Advantages and Limitations

From a technological perspective, astaxanthin offers several advantages as a food
ingredient, including high antioxidant potency, compatibility with lipid-based food systems,
and the potential to replace synthetic colorants. Its incorporation can delay lipid oxidation,
improve product stability, and extend shelf life, particularly in fat-rich matrices.

Despite these advantages, several limitations restrict its broader application in food
products. Natural astaxanthin is associated with relatively high production costs, and
its chemical instability under processing conditions poses formulation challenges. Addi-
tionally, its lipophilic nature results in limited bioavailability, requiring delivery systems
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such as emulsions, liposomes, or encapsulation technologies to enhance absorption and
functional performance [3,145].

Consumer perception is another constraint. Intense coloration, potential marine-
associated flavors, and higher product prices may limit acceptance, especially in plant-
based or vegetarian food products. Strategies such as taste masking, controlled dosing, and
appropriate formulation design are essential to facilitate successful market integration [146].

The effective use of astaxanthin in food systems depends on integrating stabilization
technologies, optimizing formulation strategies, and carefully considering regulatory and
consumer-related factors. These technological aspects are closely linked to the stability and
encapsulation approaches discussed in Sections 2.2 and 2.3.

5.4. Regulatory Considerations in Food Applications

The use of astaxanthin in food products is subject to regulatory restrictions regarding
source, purity, and maximum allowable intake. In the European Union, only astaxanthin
derived from approved natural sources, such as H. pluvialis, is authorized for use in food
and food supplements within the established intake limits. These regulations directly
influence formulation strategies, labeling requirements, and target consumer groups. Com-
pliance with regulatory frameworks, along with transparent labeling and scientifically
substantiated health claims, is essential to ensure consumer safety and trust. As regulatory
approval remains source- and region-specific, food manufacturers must carefully consider
the legal status of astaxanthin when developing new products.

6. Recommendations and Directions for Future Research
This section synthesizes current research gaps and outlines key future directions

for astaxanthin research and application. Despite substantial progress in understanding
the biological activity and technological potential of astaxanthin, several scientific and
industrial challenges must still be addressed to enable its broader and more sustainable use
in food systems. Future research is expected to focus on improving production efficiency,
stability, bioavailability, and regulatory harmonization while aligning astaxanthin-based
applications with emerging trends in functional foods and sustainable nutrition.

One of the most important research directions is the development of cost-effective and
scalable production systems. Although microalgae-based production remains the primary
source of natural astaxanthin, advances in metabolic engineering, synthetic biology, and
controlled fermentation are expected to improve yields, process robustness, and consistency.
Integrating renewable energy sources, waste valorization, and circular economy principles
into cultivation and downstream processing may further enhance the environmental and
economic sustainability of astaxanthin production.

From a food technology perspective, stability and delivery continue to represent
critical bottlenecks. Future studies should prioritize designing food-grade encapsulation
systems that protect astaxanthin during processing and storage while enabling controlled
release and enhanced intestinal absorption. Developing multifunctional delivery systems
that simultaneously improve stability, bioavailability, and sensory compatibility across
diverse food matrices is likely to play a central role in expanding food applications.

Another key area of interest is the interaction of astaxanthin with complex food
matrices. While its antioxidant activity has been extensively studied in isolated systems,
limited data are available on its behavior in real foods, where interactions with proteins,
lipids, carbohydrates, and food microstructure may influence stability, bioaccessibility, and
efficacy. Addressing these knowledge gaps will be essential for translating laboratory-scale
findings into industrially relevant food products.
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Future research should also place greater emphasis on human intervention studies
relevant to the food-based delivery of astaxanthin. Although existing clinical evidence
supports its safety and biological activity, further well-designed trials are required to clarify
dose–response relationships, long-term effects, and the impact of food matrix composition
on bioavailability. Such studies are particularly important for substantiating health-related
claims and supporting evidence-based regulatory approval.

An emerging and underexplored opportunity for astaxanthin lies in its potential
application within personalized nutrition and precision healthcare frameworks. Inter-
individual variability in lipid metabolism, oxidative stress status, inflammatory responses,
and gut microbiota composition may significantly influence astaxanthin bioavailability and
physiological efficacy [147]. Advances in nutrigenomics, metabolomics, and digital health
technologies provide new tools to stratify populations based on metabolic phenotype,
genetic background, and lifestyle factors, enabling more targeted and effective astaxanthin-
based dietary interventions. Future research integrating omics-driven approaches with
food-based delivery systems could support the development of personalized functional
foods and nutrition strategies optimized for specific health outcomes.

From a regulatory and consumer perspective, harmonization of standards and trans-
parent communication will be increasingly important. Differences in regulatory status
between regions and between natural and synthetic forms of astaxanthin may limit global
market expansion. Clear labeling, standardized quality criteria, and improved consumer
education regarding source, functionality, and sustainability will support informed choice
and market acceptance.

Overall, astaxanthin represents a promising bioactive compound at the interface of
food science, nutrition, and sustainability. Continued interdisciplinary research integrating
biotechnology, food engineering, nutrition science, and regulatory frameworks will be
essential to unlock its full potential and support the development of safe, effective, and
sustainable astaxanthin-enriched food products.
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