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Astaxanthin, a potent ketocarotenoid of C40 family, has drawn significant
attention in food, healthcare and personal care industries due to its
exceptional anti-inflammatory, antioxidant, and anti-proliferative properties.
Microalgae have recently gained recognition as one of the most promising
natural sources for astaxanthin production. However, there are several
technical barriers in both the upstream and downstream processes that result
in microalgae-derived astaxanthin remaining costly. Hence, this review explores
recent trends and advancements in astaxanthin production from microalgae. It
provides an in-depth review of the biochemical processes that lead to the
accumulation of astaxanthin in microalgal cells, highlighting significant factors
that affect production, including environmental factors, strain selection, and
bioreactor configuration. Different emerging extraction techniques such as
physical, biological, and chemical methods are evaluated based on scalability
and efficiency. The diverse applications of astaxanthin, particularly in the food,
nutraceutical, and pharmaceutical sectors, are also discussed. Furthermore, the
review identifies major scientific and technological challenges, such as low
biomass yield and high production costs, which hinder large-scale
commercialization. In conclusion, future research directions are proposed to
overcome these limitations and promote the development of sustainable, cost-
effective, and commercially viable microalgae-based astaxanthin
production systems.
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GRAPHICAL ABSTRACT

1 Introduction

Astaxanthin is a naturally occurring antioxidant classified under
the xanthophyll group within the carotenoid family. It exhibits
superior anti-inflammatory, antioxidant, and anti-proliferative
properties. It has also shown good potential as an antidiabetic
agent, contributing to the efficacy of anti-diabetic medications, and
has gained attention as a dietary supplement and cosmetic ingredient
(Villar6 et al,, 2021; Zhuge et al., 2021). In addition, astaxanthin plays
a crucial role to shield the skin from UV-induced photo oxidation, in
anti-tumor treatments and to prevent and treat brain damage linked
to age-associated disorders including macular degeneration,
Parkinson’s, and Alzheimer’s (Panis and Carreon, 2016) (Guerin
et al,, 2003; Villaro et al., 2021). Astaxanthin is naturally present in
various marine organisms such as shrimp, trout, and salmon (Ambati
et al, 2014). However, vegetarians hesitate to consume it due to its
animal-derived origin. While the benefits of this pigment have been
known for decades but there has been resurgence of interest in plant
based pigments. Microalgae is a highly sustainable and efficient
alternative for the pigment production. Microalgae-derived
astaxanthin offers an ideal solution for vegetarians and vegan
population, providing the health benefits of this powerful
antioxidant without compromising ethical or dietary values.

Microalgae are capable of synthesizing astaxanthin as a defense
mechanism against environmental stressors such as intense sunlight
and deprivation of essential nutrients (Debnath et al., 2024).
Microalgae have superior photosynthetic efficiency compared to
terrestrial plants, making them highly effective in carbon
sequestration and playing a vital role in climate change mitigation
(Sharma et al.,, 2021, 2022). Certain microalgae species can double
their biomass within 24 hours. They have ability to grow in both
fresh and the wastewater environments, including sewage, dairy,
and fruit processing wastewater (Shuba and Kifle, 2018).
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Currently, the high expenses of microalgae cultivation,
astaxanthin extraction and purification techniques hinders its
large-scale production. In the EU, especially in Greece, the
production cost of natural astaxanthin from Haematococcus
pluvialis is around €1500 per kilogram, whereas in the
Netherlands, it can reach approximately €6400 per kilogram
(Panis and Carreon, 2016; Villaro et al, 2021; Zhang and Lu,
2024). Additionally, synthetic astaxanthin derived from
petrochemicals, also raises concerns about sustainability,
pollution, and food safety. Therefore, the efforts are conducted to
enhance cost-effective astaxanthin production from microalgae.
Selection of suitable microalgae species, growth media, optimizing
environmental stress conditions and development of cost-effective
photo bioreactors/algae ponds are some crucial factors that
significantly affect the microalgae based astaxanthin production
(Nishshanka et al., 2021; Villaro et al., 2021). Among the various
factors influencing astaxanthin production, the choice of growth
nutrient media plays a pivotal role in improving yield. While
microalgae are traditionally cultured using synthetic media,
industrial effluents have garnered significant interest as a
sustainable alternative. Using industrial effluents not only
decreases the reliance on costly synthetic media but also improves
the sustainability of the entire production process (Abd Karim et al,
20245 Yen et al,, 2024; Zhang and Lu, 2024). Hence, this article
presents a comprehensive review on advances in microalgal based
astaxanthin production using dairy wastewater as a growth nutrient
media. Furthermore, this review article also delves into the cellular
mechanisms involved in astaxanthin biosynthesis and innovative
technologies for astaxanthin extraction and purification. Factors
influencing boosting up astaxanthin yield are also highlighted in the
manuscript. Furthermore, the article also addresses its different
industrial applications, and the challenges associated with scaling
up production on a commercial scale.
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2 Structure of astaxanthin

Astaxanthin is chemically a 40-carbon tetraprene (3,3’-
dihydroxy- B, [’-carotene-4,4;-dione) having empirical formula
C4Hs,0, that composed of isoprene units like other carotenoids,
having two B-rings at its terminal positions and a linear polyene
chain (Guerin et al.,, 2003; Villaro et al., 2021). There are 11 double
conjugated bonds which are responsible for its pink and red color
along with the antioxidant potential. However, both terminal rings
of astaxanthin have two functional groups which have polar nature
i.e hydroxyl (-OH) and the keto group (=O) (Stachowiak and Szulc,
2021). The hydroxyl group is present at two asymmetric carbons C3
and C3 and the keto group at carbon C4. Conversely, the polar end
rings stay near the surface of the membrane. Its characteristic red
and pink color and antioxidant potential are attributed to its
conjugated structure of eleven double bonds (Lorenz, 1999).
Additionally, it has two polar function groups in its two terminal
rings: keto (=O) at carbon C4 and hydroxyl (OH) at carbon C3
and C30.

Natural astaxanthin, predominantly sourced from microalgae,
consists as the levorotatory (3S,3’S) enantiomer, which have all-
trans configuration facilitating hydrophobic binding confined to
lipid bilayers through ideally aligned hydrophilic ring moieties
along with a lipophilic chain. This enhances the
intramembranous antioxidant efficacy (Snell and Carberry, 2022).
The synthetic astaxanthin which is derived from petrochemicals
forms a racemic admixture corresponding to a 1:2:1 molar ratio of
(35,35°): (3R,3S): (3R:3’R) stereoisomers, with the meso (3R,3’S)
providing reduced thermal lability along with chiral specificity. This
frequently leads towards the enrichment of cis isomer under the
stress which limits bioavailability and diminishes its capability for
mitochondrial sequestration (Villaro et al., 2021). These
configurational disparities reveal the esterification characteristics
which promotes mono and di ester conjugates in natural isolates for
the improved solubility. Additionally, these disparities determine
varied bio potencies. Wherein the enantiopure natural isoform
prevail over its synthetic equivalent in the quenching of reactive
oxygen species without altering the physiological redox signaling.
Such structural distinctions highlight the necessity for stereospecific
sourcing in therapeutic formulations, as validated by different
production outputs and the regulatory approvals through
jurisdictions (Muthuraman et al.,, 2021).

2.1 Stereoisomers

The molecular structure of astaxanthin is symmetrical. There is
a presence of two chiral carbons at 3 and 3’ positions of each
terminal B-ionone groups. This gives rise to the three possible
optical isomers which are the stereoisomers i.e (35,3’S), meso (3R,3’
S), and (3R,3'R). The presence of nine double bonds in polyene
moiety, can demonstrate 512 geometric isomers theoretically.
Whereas the naturally occurring astaxanthin is present in all-
trans configuration, 9-, 13-, and 15-cis isomers (Nishida et al.,
2023). Natural astaxanthin exists in mixture of geometrical isomers
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which includes 9-cis, 13-cis, and 15-cis forms and all-trans form.
According to a study, Raman spectra of astaxanthin isomers by
density functional theory (DFT), authors confirmed the calculated
Raman spectra theoretically and accurately and recorded Raman
spectra of all-trans, 9-cis, and 13-cis isomers. Elaboration of
theoretical studies towards the other isomers of Astaxanthin i.e
15-cis, 9,90 -cis, 9,13-cis, 9,130 -cis, 9,15-cis, 13,130 -cis, and 13,15-
cis isomers was performed along with the attribution of vibrational
modes. Stability of the isomers was demonstrated through the
comparison with the predicted relative energies theoretically with
the estimation of all-trans configuration as 70% approximately,
whereas 9-cis and 13-cis isomers 10% approximately. The
remaining isomers have than 2% configuration under thermal
equilibrium conditions (Yao et al., 2022). Optical and major
geometrical isomers of astaxanthin are represented in Figure 1.

2.2 Fatty acid esters

Astaxanthin occurs in the free form in which no hydroxyl group
modifications are present. However, it also exists naturally in a
particular form where the modification of hydroxyl groups by fatty
acid esters. This compound occurs in mono and di ester forms both.
The ester moieties are composed of fatty acids (saturated) from C12
to C18 (Breithaupt, 2004; Miao et al., 2006). The astaxanthin
derivatives which are esterified with high unsaturated fatty acids
i.e eicosapentaenoic acid and docosahexaenoic acid. have also been
reported in marine animals. During the conversion of all the
esterified astaxanthin to its free form, is used as the astaxanthin
concentration. Thus, for the accurate quantification of astaxanthin,
the alkaline saponification of esterified astaxanthin is required with
cholesterol esterase under anoxic conditions from Pseudomonas sp
(Nishida et al., 2023).

3 Biosynthesis of astaxanthin in
Microalgae

Microalgae, unicellular and photosynthetic organisms, have
demonstrated significant potential as an alternative source for
food and high-value products such as astaxanthin due to their
rapid growth in both freshwater and wastewater, along with their
resilience under stress conditions (Shah et al., 2016; Bratosin et al.,
2021; Saadaoui et al., 2021). Microalgae species such as Chlorella
vulgaris, Chlorella zofingiensis, Chlorococcum sp., Chlorella
sorokiniana, and Haematococcus pluvialis have shown
considerable potential for astaxanthin production (Debnath et al.,
2024; Zhang and Lu, 2024). For example, high astaxanthin yields of
30.94 and 36.68 mg L' are found in H. lacustris and C. zofingiensis
respectively (Zhang and Lu, 2024).

As shown in Figure 2, when stress conditions are employed to
microalgae cultivation, it shifts from green phase to red phase
accounting 80-99% astaxanthin of total. This may be due to the
replacement of primary carotenoids from the green stage with
secondary carotenoids in red phase (Dragos et al, 2010). The
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FIGURE 1
Optical and major geometrical isomers of astaxanthin (Nishida et al., 2023).
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“"Pathways involved in astaxanthin accumulation in microalgae.” Adapted with modification from (Lu and Lu, 2022), Journal of Chemical Technology

& Biotechnology, 97: 3035-3048. © 2022 Wiley. Reprinted with permission. Microorganisms assimilate both organic and inorganic nutrients from

the external environment and convert them into B-carotene, a key precursor in astaxanthin biosynthesis. GS-GOGAT, glutamine synthetase—glutamine
oxoglutarate aminotransferase; G3P, glyceraldehyde 3-phosphate; PYR, pyruvate; IPP, isopentenyl pyrophosphate; acetyl-CoA, acetyl coenzyme A;
o-KG, a-ketoglutarate; ATX, astaxanthin.

Frontiers in Marine Science 04 frontiersin.org


https://doi.org/10.3389/fmars.2025.1644644
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Jaryal et al.

synthesis of astaxanthin starts through canthaxanthin and this
stress response is exceptional and mediated by the reactive
oxygen species (ROS). This pigment is the byproduct of a defense
mechanism not the defending substance itself (Boussiba, 2000).
Initially, there is the formation of isopentenyl pyrophosphate (IPP),
which can be produced by two distinct pathways: the methyl
erythritol 4-phosphate (MEP) approach and the mevalonate
(MVA) pathway (Lichtenthaler, 1987; Nair et al., 2023). There are
three key mechanisms involved in the synthesis of astaxanthin: the
biosynthesis of B-carotene, the synthesis of IPP and dimethylallyl
pyrophosphate (DMAPP), and the synthesis of astaxanthin itself,
which is produced by the methyl erythritol 4-phosphate (MEP) and
mevalonate (MVA) pathways (Zhu et al.,, 2023). IPP is converted
into B-carotene by several essential steps. The breakdown of
DMAPP to form farnesyl diphosphate (FPP) and geranyl
diphosphate (GPP) is catalyzed by farnesyl diphosphate synthase
(FDPPS). Then, FPP is changed into geranylgeranyl pyrophosphate
(GGPP) by geranylgeranyl diphosphate synthase (GGPS).
Furthermore, farnesyl-diphosphate farnesyltransferase (FDFT1)
can catalyze FPP into sterols and squalene, which may affect the
carbon flux going into astaxanthin production (Du et al., 2019). The
production of astaxanthin is thought to depend on GGPS. Phytone
synthase (PSY), phytoene desaturase (PDS), zeta-carotene
desaturase (ZDS), and lycopene cyclase are among the enzymes
that convert GGPP into B-carotene. (LYC) (Zhu et al., 2023).
Finally, B-carotene is transformed into astaxanthin using some
specific enzymes. Two important enzymes, B-carotene
hydroxylase (CrtZ) and B-carotene ketolase (CrtW), mediate this
conversion. These enzymes produce a variety of intermediate
molecules, including valuable metabolites like canthaxanthin and
zeaxanthin (Johnson, 2014). B-carotene is transported from the
chloroplast to the cytoplasm, where it is catabolized into
astaxanthin by the enzyme Cyt P450-B-carotene hydroxylase
(CRTR-b). This enzyme is specific to the cytoplasm and is
regulated by the crtr-b gene, which also has an impact on
ketolase activity.

4 Recent advances in astaxanthin
production from microalgae

Extensive research on microalgae has been conducted globally,
owing to their exceptional capacity to generate a wide range of high-
value bio products, such as bioenergy, bio fertilizers, algae-based
feed, and dietary supplements like astaxanthin. However, despite
the numerous benefits offered by microalgae, several challenges
persist in their use as a feedstock for astaxanthin production.
Optimizing key aspects is one of the key challenges to improve
astaxanthin production in microalgae. Strain selection, cultivating
conditions such as temperature, salinity pH, growth nutrients and
carbon sources are some important upstream process factors which
can play a significant role in increasing astaxanthin yield

in microalgae.
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4.1 Prerequisites influencing the bio
synthesis of astaxanthin from microalgae

The efficiency and effectiveness of upstream processes
significantly impact the quantity and quality of astaxanthin
produced. It includes strain selection, microalgae cultivation
mode, bio reactors, growth nutrients with several environmental
factors like light intensity, temperature and oxygen saturation etc.

4.1.1 Strain selection

The selection of optimal strains plays a crucial role in effective
astaxanthin production. The strain should be robust and efficient to
adapt to environmental conditions easily. Research has shown that
species such as Haematococcus pluvialis and Chlorella zofingiensis
are the primary producers of astaxanthin (Shah et al., 2016; Patel
et al., 2022). However, other microalgae, including Tetraselmis sp.,
Scenedesmus sp., and Chlorella sorokiniana, also shown good
potential under different stress conditions for astaxanthin
production (Patel et al., 2022). Additionally, strain improvement
using genetic and metabolic engineering are some emerging
advance techniques to improve astaxanthin accumulation in
microalgae (Debnath et al., 2024).

4.1.2 Bioreactor design

This is another important factor which significantly affects cost-
effective astaxanthin production from microalgae. These include
open ponds, photo bioreactor, and hybrid system. Among them,
open raceway ponds are considered low-cost cultivation technology
for large scale production, but it leads to low biomass production
and high risk of contamination. On the other hand, photo
bioreactors result in higher biomass productivity with lower risk
of contamination and water loss. However, photo bioreactors are
expensive, and the research is still going to make cost effective photo
bioreactors. Polythene bag-based photo bioreactors are emerging as
most promising cultivation option due to lower maintenance, easy
to operate, good light permeability, and lower material cost. Some
researchers are also focusing hybrid system that combine of both
approaches and providing more flexibility and scalability to meet
varying production demands (Tambat et al., 2023).

4.1.3 Environmental factors

In addition, the production of astaxanthin is significantly
modulated by surrounding conditions, notably temperature, the
intensity of illumination, and light spectrum characteristics (Khoo
et al,, 2019; Kou et al., 2020; Debnath et al., 2024). Adding LED
colored light sources and temperature regulation systems to
advance photo bioreactors results in stimulating stress
environmental conditions that promote astaxanthin productivity.
Furthermore, the accumulation of astaxanthin in microalgae is
highly influenced by different carbon sources, nitrogen deficient
conditions, and salinity (Shah et al., 2016; Khoo et al., 2019; Butler
and Golan, 2020; Park et al., 2020; Nair et al., 2023). For instance, H.
pluvialis microalgae can accumulate up to 3-5% of dry weight under
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stress conditions (Oslan et al., 2021). Similarly, another study found
that Microcystis aeruginosa can accumulate more astaxanthin under
NaCl/KCl stress conditions (Huang et al., 2024). Some studies
conducted on astaxanthin production from different types of
microalgae species are represented in Table 1.

Providing carbon-rich substrates, including glucose enhances
significantly both biomass and astaxanthin yield. For example, a
study was conducted using Chlorella zofingiensis with supply of 50
g/L glucose under heterotrophic mode and they achieved 10.29 mg/
L of astaxanthin yield (Ip and Chen, 2005).

In addition, astaxanthin levels are significantly raised by
nitrogen shortage. The astaxanthin synthesis pathway is triggered
in algal cells exposed to a nitrogen-deficient environment, which
causes the cells to transition from a growth phase to a resting state.
This technique is widely utilized since it is economical and doesn’t
call for the addition of chemicals or specialist equipment to
stimulate the synthesis of astaxanthin in algal cells. Moraes et al.,
2024 cultivated Haematococcus pluvialis under various nitrogen
sources, employing nitrogen feeding and depletion conditions (De
Moraes et al, 2024). They discovered that nitrogen-deficient
conditions yielded a higher astaxanthin concentration of 23 mg/L.
In one another study, Nguyen et al. optimized a two-stage
mixotrophic bioprocess from Chlorella zofingiensis, yielding
astaxanthin and biomass of 16.7 mg/g and 3.3 g/L, respectively.
Three times the concentration of micronutrients and a gradual
increase in light intensity (4-8 Klux) were the crucial factors in
optimizing the biomass production of 2.5 g/L throughout the course
of the 15-day stage I. Furthermore, at stage II, astaxanthin output
was increased by stress conditions such as high CO,, light, salt, etc.
For optimum astaxanthin production, the ideal values were 20k lux
light, 3x nutrients, and 5% CO, (Tambat et al,, 2023). Figure 3
explains both one stage and two stage astaxanthin production under
nutrient deficient condition.

4.1.4 Cultivation strategies
Microalgae require a high-water content in addition to a variety
of macronutrients (like nitrogen, phosphorus, and carbon) and

10.3389/fmars.2025.1644644

micronutrients (such as cobalt, manganese, molybdenum, and
copper) to support cell growth and metabolite synthesis,
especially for the accumulation of valuable compounds like
astaxanthin. While microalgae are efficient producers of bioactive
compounds, the cultivation process can become resource-intensive
and costly due to the high demand for water and nutrients (Sharma
et al., 2015; Ganesan et al., 2020). To address this issue, wastewater
can serve as an alternative culture medium, as it contains most of
the essential nutrients required for microalgal growth (Nagarajan
et al., 2020). Various types of industrial wastewater, including dairy
effluent, agricultural runoff, fruit juice processing wastewater, and
effluent from the palm oil industry, have been extensively explored
for their potential to support microalgae growth. These waste
streams not only supply essential nutrients for biomass
production but also enable the bioconversion of microalgae into
value-added products such as biofuels, biopolymers, and bioactive
compounds, as summarized in Table 2.

In the recent times, one industrial wastewater i.e., dairy
wastewater is shown a great potential for microalgae growth and
astaxanthin production due to being rich in carbon content along
with other valuable micro and macro nutrients. The dairy industry
generates significant wastewater, ranging from 2.5 to 10 liters per
litter of product, primarily due to material losses (0.1%-1.9%) and
processes such as rinsing, cooling, and sanitizing. The Food and
Agriculture Organization (FAO) report states that global milk
production was 852 million tons in 2019 and is projected to grow
at an annual pace of 1.6% to hit 997 million tons by 2029 (Stasinakis
et al, 2022). In 2022-23, India produced over 230.58 million and was
the largest milk producer accounting 25% of the world’s total (Ye and
Li, 2023). Dairy wastewater (DW) is characterized by high levels of
total nitrogen (TN): 14-830 mg/L, total phosphorus (TP): 9-280 mg/
L, biochemical oxygen demand (BOD): 40,000-48,000 mg/L, and a
pH range of 4.7-11. The biochemical composition shows that it
contains lactose, milk solids, lipids, sanitizing agents, detergents, and
minerals. As shown in Table 2, several studies have been carried out
to investigate dairy wastewater for reducing the cost of microalgae
cultivation and bioremediation. For example, Kiani et al. (2024)

TABLE 1 Astaxanthin production from microalgae under various culture conditions.

Culture Media

Microalgae

Culture conditions

Astaxanthin

yield (g/L) References

(Additional)

1. Chlorella zofingiensis Kuhl medium 5 g/L glucose, Light: 120 pmol/m?/s 0.2388 (Ma et al,, 2025)

2. Haematococcus pluvialis BG-11 medium 2 g/L NaHCO; 0.01295 (Nguyen et al., 2024)

3. Chromochloris zofingiensis Kuhl medium 0 mM NaCl ~10.5 (Kou et al., 2020)

4. Chromochloris zofingiensis Kuhl medium 0 mM NaCl ~10.5 (Kou et al., 2020)

5. Haematococcus pluvialis BG-11 medium O.QOgIIIIJIYIICg?Scllein 0N007§§8 (E;T;1e:tdil,22()(?;)9))

6. Haematococcus pluvialis Bold’s Basal medium 17.1 mM NaCl 0.00858 (Liu et al., 2018)

7. Chlorella zofingiensis Kuhl medium 30 g/L industrial waste cane molasses 0.0138 (Liu et al,, 2012)

8. Chlorella sorokiniana Proteose medium 0.14 g/L nitrate 0.001-0.0012 (Raman and Mohamad, 2012)
9. Tetraselmis sp. F/2 medium 0.14 g/L nitrate 0.0021-0.0022 (Raman and Mohamad, 2012)
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Current strategies for production and purification of astaxanthin.

investigated Nannochloropsis oceanica microalgae cultivation in
nano-filtered whey permeate, a dairy industry waste for cultivation
2024). In another study,
Sudhanthiran and Perumalsamy (2024) explored the impacts of dairy

and fatty acid production (Kiani et al,

industry wastewater on the biomass productivity of Chlorella vulgaris
using 100% (pure dw), 75% dw, 50% dw, and 25% dw (Sudhanthiran
and Perumalsamy, 2024). The study demonstrated that when
Chlorella vulgaris was cultured in dairy wastewater, it achieved a
maximum biomass productivity of 225 g/L/day and a peak biomass
concentration of 2.43 g/L, reflecting promising growth potential. In
terms of bioremediation, the process exhibited notable efficiency,
with a chemical oxygen demand (COD) removal rate of 81.48%, total
nitrogen (TN) reduction of 87.70%, and total phosphorus (TP)
removal of 93.5%. Kiani et al. (2023) cultivated freshwater Chlorella
vulgaris, Tetradesmus obliquus, and N. ocenica microalgae using dairy
wastewater and found good biomass productivity with effective
bioremediation of nitrogen and phosphate (Kiani et al., 2023).
Singh et al. (2023) cultivated Monoraphidium sp. KMC4 using
dairy wastewater under mixotrophic condition for bioenergy
production (Singh et al, 2023). Most of the studies are focused on
dairy wastewater treatment using microalgae for bioremediation and
bioenergy production, highlighting the ability of microalgae to reduce
pollutants. However, the production of high-value compounds like
astaxanthin from microalgae grown in dairy effluent remains in the
research and development (R&D) phase. However, the nutrient-rich
nature of dairy wastewater holds promise for supporting astaxanthin
synthesis, further investigation is needed to optimize cultivation
conditions, stress factors, and extraction techniques to achieve
commercially viable yields. Despite the potential, scaling up
astaxanthin production from dairy wastewater is still being
explored in pilot studies and experimental trials.
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5 Extraction techniques for
astaxanthin from microalgae biomass

The extraction and purification of astaxanthin is essential to
regulate for efficient and cost effective astaxanthin production.
Microalgae harvesting methods can be energy-intensive, while
conventional solvent extraction techniques for astaxanthin pose
environmental and health concerns. Though advancements in
green extraction technologies and encapsulation methods are
promising, scaling up these processes while maintaining cost-
effectiveness and sustainability remains a significant challenge.
Several current strategies for production and purification of
astaxanthin are demonstrated in Figure 3.

5.1 Physical methods

The astaxanthin is extracted from microalgae using different
physical cell disruption techniques such ultrasonic treatment, bead
milling, High-pressure homogenization (HPH), pulse electric field
treatment and supercritical fluid extraction depending on various
energy input ranges such as shear forces, electrical pulses and the
heat waves (Lee et al., 2017). Generally, these methods are employed
with conjunction of other methods for the reduction of
consumption of energy and the cell destruction efficiency (Kim
et al., 2022).

Bead milling is a procedure of the disruption of cells from an
algal broth. In this technique, cells are employed to a combination
of compression and shear forces using rapidly moving beads within
a specially designed chamber equipped with grids. This process
splits, breaks, and abrades the algal cells, making the intracellular
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TABLE 2 Bioremediation potential of different microalgae grown in various types of industrial wastewater.

Sl. No Wastewater Microalgae Cultivation Cultivation Culture Conditions Pollutant Removal Purpose References
setup
1 Dairy Wastewater Chlorella 1L photo bioreactor Lab Temperature: 25 + 1°C, Agitation: 200 =~ TN:77.6%, TP:87.1%, COD:70.4% Lipid extraction (Kusmayadi
rpm, Light intensity: 140 pmol m™ % s et al., 2022)
Sorokiniana -1
2 Milk processing Chlorella 2L clear glass bottle Lab Temperature: 25 + 2°C, Light TN: 45.82-69.18%, Ammonical Lipid profiling (Verma et al.,
wastewater vulgaris with a screw cap intensity: 50-55].Lm01/m25_1, nitrogen:92.94-94.54%, 2022)
Agitation: 120 rpm SO4: 85.13-87.34%
TP:75.09-78.78%, BOD:89.53-92.40%
3 Dairy Wastewater Coelastrella sp. 190 L Raceway Lab Temperature:28 + 2°C NH,4-N:90.38%, NO5-N:90.24%, Electricity (Raja et al,, 2022)
pond Light: Dark i.e 16h:8h TP:66.75%, production
BOD:67.15%
COD:69.44%, TOC:83.51%
4 Municipal wastewater Chlorella vulgaris 500ml Erlenmeyer Lab pH: 7.1 + 0.1, Temperature: 25 + 2°C COD: 94%, Biodiesel (Leong et al.,
Chlorella sp. flask Light intensity: 1200 Ix. Ammonium nitrogen: 94% production 2022)
5 Municipal Wastewater Scenedesmus 2000 mL cylindrical Lab Temperature: 23.2 £2°C TN: 99.8%, Biodiesel (Alvarez-Diaz
obliquus flasks Light intensity: 2500-3000 Ix TP: 83.1% (primary settling tank), production et al, 2015)
Agitation: 120 rpm TN: 98.9%,
TP:97.6% (secondary settling tank)
6 Domestic wastewater Chlorella vulgaris 1.8 liters Erlenmeyer ~ Lab Temperature: 25 + 1°C TN: 36% Biodiesel (Ali et al., 2021)
flasks Humidity: 65% TP: 23%
7 Dairy wastewater Scenedesmus 1 L glass flasks Lab Temperature: 25°C, TN: 92.15%, Biochemical (Daneshvar et al.,
quadricauda Light: 90pmol/m>s TP: 100%, analysis 2019)
TOC: 76.77%
8 Dairy wastewater Tetraselmis suecica 1 L glass flasks Lab Temperature: 25°C, TN:83.17%, TP:100% Biochemical (Daneshvar et al.,
Light: 90umol/m™s ™! TOC: 38.82% analysis 2019)
9 Dairy wastewater Chlorella vulgaris 250 mL Erlenmeyer Lab pH: 7.3 + 0.4, Temperature: 28-32°C, TN: 85.47%, Biodiesel (Choi, 2016)
flasks Dark: Light i.e 8h:16h BOD: 85.61%, COD: 80.62%, production
Agitation: 80rpm TP: 65.96%
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target product(s) accessible to organic solvents. Ethanol and
acetone, which are recognized as safe solvents, can be used in this
method as part of pre-treatment processes to extract astaxanthin for
use in food and feed applications. One of the studies shown that the
astaxanthin recovery was significantly increased by 92 + 5% by
adding a step of bead milling before the supercritical CO, extraction
(Valderrama et al., 2003; Nobre et al., 2006) (Kusmayadi et al., 2022;
Verma et al., 2022; Raja et al., 2022; Leong et al., 2022; Alvarez-Diaz
et al., 2015; Ali et al., 2021; Daneshvar et al., 2019, 2019; Monteiro
Dos Santos et al., 2024; Das et al., 2017; Choi, 2016). In another
study, astaxanthin extraction was boosted up to 15 mg/g using
acetone and ethanol and Retch MM400® ball milling method. On
the other hand, strong milling favors negative impacts on the
astaxanthin levels since it is easily harmed by heat and physical
stress (like hitting a ball). Furthermore, it resulted in a large amount
of cake development on milling vessel’s surface, which made this
process challenging. HPH is another most important method which
is carried out by using high pressure to force the suspension of algae
with the help of a narrow valve. There are several categories of
mechanical stress provided in HPH for cell wall disruption which
are shown in Figure 4. The characteristics of the algal cell and the
specifications of equipment and operational parameters which are
as pressure for loading, cycling with the design of valve determine
HPH effectiveness (Kim et al., 2022).

Ultra sonication is also one of the impressive techniques to
pretreat and enhance astaxanthin recovery. In this technique, sound
waves higher than 20 kHz are commonly used to create acoustic
cavitation in liquid media. This enhances the mass transfer of the
employed solvent and deactivates and ruptures microbial cells (Lee
et al,, 2017). However, astaxanthin and other antioxidants may be
severely biodegraded and oxidized because of excessive ultrasonic
treatment due to the production of free radicals. Additionally, to
prevent thermal damage to the target biomolecules, the cell solution
needs to be appropriately chilled or sonicated (Saini and
Keum, 2018).

5.2 Chemical methods

Extraction of astaxanthin is performed by a range of organic
solvents i.e. acetone, hexane, dichloromethane (DCM), methanol,
and ethyl acetate. Although ethanol and acetone are green solvents

Mechanical stress

Shear Turbul Cavitat
stress ence ion

High
speed

FIGURE 4

Different types of mechanical stress provided in HPH for cell wall disruption.
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and advised for environmental health and safety reasons (Molino
et al., 2018b; Park et al., 2020). However, these technologies have
exhibited poor extraction of astaxanthin as they are unable in
disrupting the rigid cell wall structure of H. pluvialis cysts, which
is generally composed of algaenan (Saini and Keum, 2018).
According to one study, lyophilized H. pluvialis treated with
acetone for 24 hours had a very poor 14% astaxanthin extraction
efficiency. Some scientist tried a combination of ethanol and
acetone to extract carotenoid from wet H. pluvialis biomass, but
the performance was poor yielding with 6.2-7.0 mg g™* cell (Sarada
et al, 2006). Hence, it is essential to use some physical cell
disruption method such as HPH (Park et al., 2020) or mild bead
milling (Irshad et al., 2019) with chemical solvent extraction
methods. In a study, astaxanthin extraction was achieved by up to
96.7% using acetone from the dried H. pluvialis biomass, which was
carefully ground manually before employed for solvent extraction
(Kim et al., 2018). Ssolvent-based extraction techniques are highly
dependent on solvent selection. In one study, it was observed that
ethyl acetate was used by adding H,O and CO,, the astaxanthin
extraction efficiency increased significantly. In a further experiment,
the extraction efficiency of astaxanthin increased up to 93.1%, when
a mixture of methanol and N-ethyl-n-butyl amine employed along
with the same solvent recovery procedure (Liu et al., 2020).
Therefore, even small losses of the exceedingly hazardous SHS
need to be handled carefully. In another study, using a liquid
biphasic flotation approach with gas bubbles, astaxanthin was
efficiently and efficiently recovered by solvent extraction without
the need for further purification steps from mechanically disrupted
dry H. pluvialis powder (Khoo et al., 2019). The partition coefficient
and astaxanthin recovery rate using food-grade ethanol and 2-
propanol were 385 and 95.1%, respectively, which were both
relatively high numbers. The same treatment was completed with
a comparable result using a non-bubble ultrasound approach (Khoo
et al.,, 2020). Compared to traditional organic solvent extraction
techniques, accelerated solvent extraction procedures employ
comparatively greater pressures and/or temperatures. In algal bio
refineries, these procedures can drastically aid in the time reduction
of processing and dosage of solvent (Saini and Keum, 2018). The
high pressure promotes intramolecular interactions and increases
the solvent molecules’ cell permeability, which improves the
chemical breakdown of components of cell wall. Elevated
temperatures have the dual impact of increasing internal pressure
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through the heating effect and reducing solvent viscosity, which
allows the solvent to diffuse into the cell matrix. When combined,
these impacts cause both chemical and physical disruption of algal
cells. As a result, these methods fall within the categories of
chemical and physical cell disruption methods (Lee et al., 2017;
Nitsos et al., 2020). In a study, it was discovered that the extraction
efficiency of astaxanthin wet H. pluvialis was significantly higher
using accelerated solvent extraction in comparison to dimethyl
ether extraction (Boonnoun et al., 2014). Despite considerable
process improvement, astaxanthin yield of about 15 mg g cell
was achieved utilizing acetone and ethanol at about 100°C and
about 100 bars. The astaxanthin extractability was shown to be
enhanced by pressure increases (5 to 10 MPa), but temperature
increases (50 to 100 &#x25E6;C) had the reverse effect. This is
needed to maintain an inert atmosphere and precisely regulate
temperature, pressure, and residence duration to prevent
astaxanthin oxidation. Also, it might be a crucial component in
the use of this method in algal bio refineries (Kim et al., 2022).

5.3 Biological methods

These methods are considered more ecofriendly than chemical
methods. There are several biological methods which have been
established in literature for the extraction of astaxanthin which are
enzyme treatment, germination and milking.

5.3.1 Enzyme treatment

This technique facilitates the extraction of astaxanthin by
weakening the structural integrity of algal cell walls using
hydrolytic enzymes, allowing internal chemicals to extracted more
rapidly using solvents. A study examining the pre-treatment effects
for extracting astaxanthin from dried microalgae using
dichloromethane (DCM) investigated three distinct enzyme
formulations. when B-1,3-glucanase and protease collectively
employed, 79.3% astaxanthin yield achieved under optimal
conditions (pH 4.5, 55°C, and 30 minutes (Machado et al., 2016).
In another study, H. pluvialis cells were treated with proteinase and
cellulase at the same time to produce cell wall-free protoplasts
(Cheng et al., 2018). However, only around 40% of the protoplasts
were produced, which is a relatively poor yield. It is possible that
this is because these enzymes did not break down the second layer
of cell walls. Astaxanthin was extracted from dry powders of H.
pluvialis using ethyl acetate by utilizing the hydrolytic activity of
different combinations of cellulase and pectinase (Zhao et al., 2019).
Despite strict optimization of pH, temperature, and hydrolysis
duration, only a moderate astaxanthin extraction yield of 67%
was achieved. Enzyme-based extraction has a lower
environmental impact when compared to other physical and
chemical treatment techniques.

5.3.2 Milking

It is a prominent approach for the reduction of costs in the
downstream processing, to yield the substances such as lipids from
microalgae in a cost-efficient way. As in this process there is the
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release of substantial amount of hydrocarbons (long chain) in the
extracellular matrix (Kleinert and Griehl, 2022). In this technique,
the microalgae suspension culture was extracted from the process of
cultivation directly. Ultimately, there is the reduction in cost and
energy. These are considered as the highest effort taking steps in the
extraction, removal of water and the cell wall rupturing. This
exhibits the 50-80% of the average expense of the conventional
processes (Acien et al., 2012; Khoo et al., 2020).

5.3.3 Germination

This is another efficient way to break down the rigid cell walls of
microalgae cysts in an energy-efficient way. As a result of the cysts,
three-layered cell wall structure breaking down during germination,
the cysts divide and create new zooids with weaker cell walls.
Astaxanthin and other important substances can be extracted
more easily because of this mechanism, which leaves the zooids
extremely vulnerable to physical and chemical stress
(Praveenkumar et al., 2015). According to a study, when samples
of H. pluvialis were homogenized for 30 seconds while the
germination process was carried out outside, the concentration of
astaxanthin was 58% higher than that of non-germinated cells in a
significant amount of the differentiated zooids (Choi et al., 2015).
Different extraction and pretreatments techniques for the recovery
of astaxanthin from microalgae have been demonstrated in Table 3.

6 Application of astaxanthin in food
and health industries

Based on its present advantages, astaxanthin has potential uses
in human treatment due to its anti-aging, anti-diabetic, and anti-
inflammatory qualities. It also offers benefits for the food and feed
aquaculture industry.

6.1 Food industry

Development of foods containing algal components, especially
astaxanthin, has garnered substantial interest in functional food
ingredient research. The food and feed sectors also often use
astaxanthin as dietary supplements. The EFSA Panel on Nutrition,
Novel Foods, and Food Allergens concluded in 2020 that 8 mg of
astaxanthin consumed by adults through food supplements is safe
(EFSA Panel on Nutrition et al., 2020). Moreover, one of the main
causes of beef products’ declining food quality in the food industry is
oxidation. Sausage producers frequently use artificial antioxidants,
like Butylated Hydroxyl Toluene (BHT), to stop oxidation without
shortening the product’s shelf life or nutritional value. Conversely,
synthetic antioxidants may include carcinogens even if they aid in the
oxidation process. Oxidation stability increased when natural
astaxanthin was substituted, and BHT prevented malondialdehyde
production to the same extent over storage days (Seo et al., 2021).

Astaxanthin can also be added to the food in addition to its
antioxidant properties to improve growth performance in
aquaculture (Lim et al, 2019; Xie et al, 2020). Astaxanthin has

frontiersin.org


https://doi.org/10.3389/fmars.2025.1644644
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Jaryal et al. 10.3389/fmars.2025.1644644

TABLE 3 Extraction techniques for astaxanthin with several operating conditions from microalgae.

SLNo.  Pre-Treatment method @ Cultivation Operating conditions Astaxanthin References

scale Yield (%)

1. Bead Beating Lab 4.4 M/S in 2 ml Eppendorf tube, 300 mg of 0.5 35-37 (Tambat et al., 2023)
mm zirconium beads, 3 min

2. Acid Treatment Lab 4 N HCl, 70 °C, 10 min 99 (Vechio et al., 2021)
3. Milking Lab Cyclohexane for 1 h 20.6 (Samori et al., 2019)
4. Bead Beating Lab Zirconia balls >99 (Irshad et al., 2019)

30 min at 200 rpm

5. Pulsed electric field Lab 30 kV/cm in methanol,30 min 6.5 (Liu et al., 2018)

6. Superecritical fluid extraction Lab CO, and ethanol at 55 MPa and 65°C ~92 (Molino et al., 2018a)
7. High-pressure homogenization Lab 14,500 psi and three passes >80 (Liu et al., 2018)

8. Ultra sonication Lab 750 W, 2 N NaOH, 35 min 81 (Haque et al., 2016)
9. Enzyme treatment Lab f-1,3-glucanase and protease 79.3 (Machado et al., 2016)

pH 4.5, 55 °C, 30 min

been given for juvenile largemouth bass (Micropterus salmoides) at ~ reactions because of its ability to control redox equilibrium. In
doses of 75 and 150 mg kg™ on a diet containing high fat. This has  addition to its favorable effects as an antioxidant on the
an impact on fishery growth, lipid metabolism, and immune  cardiovascular system, it also helps prevent diseases including
response. Fish supplemented with astaxanthin demonstrated  atherosclerosis, dyslipidemia, and arterial hypertension (Pereira
significant improvements in superoxide dismutase activity, lower et al., 2021). Research carried out in vitro has demonstrated that
levels of malondialdehyde, and a notable reduction in oxidative  astaxanthin elongates LDL oxidation in a dose-dependent manner.
stress, highlighting the benefits of this powerful antioxidant (Xie =~ Moreover, it works better than tocopherol and lutein. Subsequently,
et al,, 2020). A study found that feeding fish a range of diets highin ~ blood samples from those who took supplements every day were
astaxanthin significantly improved their hematology and indices  examined, and it was shown that a dose of 14.4 mg astaxanthin for
(white blood cell count, red blood cell count, and hemoglobin). This 14 days produced the most benefit—a significant delay in LDL
carotenoid pigment is also widely known for being a necessary  oxidation (Iwamoto et al., 2000).
aquaculture feed additive that gives salmon flesh, trout, ornamental
fish, shrimp, lobsters, and crabs a pinkish-red color, enhancing their ~ 6.2.2 Anti diabetic
quality and raising market acceptance (Lim et al., 2019). Current Astaxanthin has been thoroughly investigated for use in anti-
study suggests that supplementing broiler chicks with astaxanthin  diabetic medications as an agent against diabetes. This can regulate
(40 or 80 mg kg-1) is a practical strategy to increase the overall  and stop diet-induced hepatic steatosis and insulin resistance in rats.
carotenoid content of the chickens’ breast, liver, and thighs.  In one experiment, the male wistar rats have given a high-energy diet
Additionally, the study discovered that while broiler chickens”  containing 15-50 mg kg™ of astaxanthin to test the compound’s
flesh had less malondialdehyde (MDA) and had higher redness or  anti-diabetic effects. The rats were then given a low dose of
yellowness, their astaxanthin intake boosted the superoxide  streptozotocin (STZ) at a rate of 40 mg kg’ to mimic diabetes
dismutase activity (Ao and Kim, 2019). (Zhuge et al., 2021). The results demonstrate that by upregulating
the expression of genes associated with insulin sensitivity
(adiponectin, adipoR1, and adipoR2), astaxanthin therapy

6.2 Health and medical industry dramatically lowers STZ-induced diabetes in vivo. No adverse
effects were observed in rats given high doses of ASX (up to 1240
6.2.1 Anti inflammatory mg kg’lday’l) for an extended period (90 days) (Vega et al., 2015). In

Astaxanthin can prevent the formation of inflammation in  rats fed a high-fat fructose diet (HFFD), another study indicated that
biological systems. It has been shown that astaxanthin, a naturally 6 mg kg day’ for 45 days dramatically decreased insulin and
occurring powerful antioxidant xanthophyll carotenoid, has anti-  plasma glucose levels and improved insulin sensitivity (Arunkumar
inflammatory properties and may be protective against acute lung et al., 2012). Furthermore, when taken at doses ranging from 8 to 45
injury (Cai et al, 2019). Both in vitro and in vivo, astaxanthin  mg daily for 4 to 12 weeks, astaxanthin has minimal adverse effects
lessens lung damage brought on by LPS by blocking the TLR4/  on humans. The astaxanthin mechanism was evaluated in animal
MyD88 and MAPK/NF-B signaling pathways. Additionally, it  models of type 1 and type 2 diabetes by either oral or parenteral
guards against lipopolysaccharide-induced sepsis and acute lung  treatment (Landon et al., 2020). In addition, for lowering insulin
damage in mice. In cardiovascular disorders, the antioxidant  resistance and secretion and preventing retinopathy, nephropathy,
astaxanthin is thought to be a critical regulator of inflammatory = and neuropathy, astaxanthin also lowers hyperglycemia. Moreover,
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astaxanthin demonstrated promise in improving glucose and lipid
metabolism in a randomized, placebo-controlled clinical
investigation. Astaxanthin (8 mg/day for 8 weeks)
supplementation was found to significantly raise serum
adiponectin (4714 g/mL) as compared to baseline and placebo
(4513 and 3615 g/mL, respectively) (Mashhadi et al., 2018).

6.2.3 Anti-Ageing

A carotenoid with potent anti-inflammatory and antioxidant
qualities is astaxanthin. Two main processes are known to be
responsible for age-related skin changes: ageing and UV radiation
exposure (photo aging). Photo aging results in wrinkles with
pigmentation, and a breakdown of texture of skin because it
destroys collagen and elastin, which are components of the
extracellular matrix (Davinelli et al., 2018). Also, the reactive
oxygen species are produced by the skin as a response to UV
light. By virtue of its anti-inflammatory properties, astaxanthin
supplementation has the potential to halt skin deterioration and
maintenance of skin conditions caused by environmental exposure.
Therefore, reducing oxidative stress through the inhibition of
inflammatory cytokines is essential to avert age-related skin
deterioration (Oslan et al., 2021). Additionally, when a human
model received 4 mg daily dose of astaxanthin, the levels of
malondialdehyde, a recognized indication of systemic oxidative
stress, decrease (by 11.2% on day 15 and by 21.7% on day 29
(Chalyk et al., 2017). Furthermore, it has been discovered that
astaxanthin as a dietary supplement helps in the inhibiting of the
phosphorylation of extracellular signal regulated kinases, which is
caused by the generation of reactive oxygen species (ROS) and
prevents the skin fibroblastic autophagic cell death caused by
bisphenol A (BPA) in normal human dermal fibroblasts (NHDF).
BPA significantly boosted autophagy and apoptotic cell death in
NHDF. Efficient restoration of cell death by autophagy caused by
BPA was achieved by the suppression of intracellular ROS
generation by astaxanthin (Lim et al., 2021).

10.3389/fmars.2025.1644644

7 Scientific obstacles and future
prospects of astaxanthin production
from microalgae grown in dairy
wastewater

There are various scientific obstacles in the study of using dairy
wastewater for microalgae-based astaxanthin production. The
challenges and future perspectives of astaxanthin production are
represented through a flowchart in Figure 5.

While significant advances have been employed in optimizing
growth conditions for microalgae along with astaxanthin
production, challenges remain unresolved. Especially with scaling
up these processes for industrial applications. Crucial factors like
temperature, nutrient availability, and light intensity are
challenging to reliably regulate on a large scale, but they have a
big impact on astaxanthin yield and quality.

The high organic load along with the turbidity including
variable composition can be a greatest challenge. Some factors
such as light penetration issue and residual chemicals which can
lead towards the growth inhibition of microalgae. Due to the
imbalances in nutrients, microbial contamination risk, pre-
treatment and pre filtration adds to the complexity of the process.
However, development of scaling up the systems for food grade
astaxanthin have regulatory, quality, and safety concerns.
Developing economical techniques to extract astaxanthin and
harvest microalgae biomass is another significant problem. For
large-scale operations, the current technologies are not
economically viable due to their energy-intensive nature. Effective
rupture of cell walls is another enduring problem; although several
approaches have been investigated, they still these are expensive,
ineffective, and frequently have adverse effects on the environment.
Contamination risks also pose a big problem, especially considering
the growing need for astaxanthin in the nutraceutical and
pharmaceutical sectors. Although helpful, the use of solvents in

Astaxanthin

Challenges Future perspective
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FIGURE 5

Challenges and future perspectives of astaxanthin production.
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the extraction process raises the risk of contamination, which is a
significant issue for producing high purity astaxanthin that humans
can consume. These difficulties highlight the need for further
research to develop scalable, commercially feasible, and
environmentally acceptable methods for generating astaxanthin
from microalgae cultivated in dairy wastewater.

The European Algae Biomass Association (EABA) 2023
conducted a workshop on industrial technologies based on
natural astaxanthin. Several technological barriers in the
production of astaxanthin were highlighted. These barriers
included high cost of production because of reliability on precise
raw materials with the cultivation systems which are complex,
susceptibility towards contamination during biomass production
on large scale. These factors can affect the quality and yield. The
feasibility of current production techniques is limited. There are
some concerns related to environment i.e the high carbon emission
during the production of synthetic astaxanthin as compared with
the natural production. The workshop focused on the demand for
innovative approaches to overcome the limitations and efficiency
improvement, commercial feasibility, sustainability for the
production of astaxanthin.

As the demand for naturally produced astaxanthin is increasing,
especially in the nutraceutical and cosmetic industries, this is
leading to the requirement of new methods for the large-scale
production with the quality assurance. For the enhancement of
astaxanthin yield, modification in genetics along with synthetic
biology can play a significant role. Genetic modification of
microalgae strains resulting in the improved metabolic pathways
can increase the yield of astaxanthin. In spite of being recognized as
the most prominent source of natural astaxanthin, there are several
issues regarding the cultivation of Haematococcus pluvialis comes
across several constraints, which comprises including a slow growth
rate with confined biomass. There are a number of microorganisms
i.e fungi, bacteria, and algae which contains exorbitant carotenoids,
demonstrate the capability to produce have the astaxanthin
(Nishshanka et al.,, 2022). With the development of new and
more efficient extraction methods with the advanced photo
bioreactor having optimized light distribution and nutrient
providing can make this more efficient. This is less energy
consuming and more productively efficient. The challenges and
future prospects for the astaxanthin are shown in Figure 5. The
techno economic modelling along with the life cycle analysis can aid
in the commercial feasibility of production. Substantial research
towards the reduction of costs during production and the
improvement in the sustainability approach with the using of
wastewater and capturing of carbon dioxide is important (Bauer
and Minceva, 2021). These methods can decrease the aftereftects of
the harmful solvents resulting in an environmentally sustainable
method. Utilization of the dairy wastewater as a media alternative or
a nutrient source for microalgae can be a promising option for the
sustainable cultivation with the low-cost input. But if the
astaxanthin production is integrated with the bio economic
models for a wider bio economic framework in which the
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valorization of waste streams can be done and this could increase
the economic feasibility.

8 Conclusion

Microalgae are represented as a significantly sustainable and
natural source of natural astaxanthin. This offers an eco-friendly
approach towards synthetic pigments. This review has summarized
the recent advancements in the strategies of cultivation, stress factors
along with the downstream processing. These factors are responsible
in the contribution for improvement of astaxanthin yield. However,
the utilization of dairy industry wastewater when used as a growth
media represents prominent potential towards a sustainable approach
which is even cost effective. This reduces the dependence on the
synthetic culture media. Additionally, this review represents the
innovations in emerging extraction and cell disruption technologies
for the representation of recovery enhancement and shifting towards
large scale production more. Apart from these findings, there are
substantial industrial implications. Microalgae based astaxanthin
represents significant promise for several applications in terms of
pharmaceuticals, food, cosmetics, and nutraceuticals. Future research
could be focused on the cultivation systems scale up, integration of
growth strategies which are mixotrophic, and genetic engineering in
microalgae for increased productivity. The establishment of
standardized protocols, and the ensuring of regulatory compliances
can be proven as a leading future prospect. Therefore, these are the
directions which demonstrates a practical roadmap for the
transformation of microalgae based astaxanthin into an impactful
and reliable industrial product.
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