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Abstract

Haematococcus Pluvialis, a freshwater microalgae, is renowned as a significant source of
natural astaxanthin, an essential biological resource. This unicellular organism is known to
contain over 5% astaxanthin, making it one of the most abundant sources. Astaxanthin levels
in H. Pluvialis are elevated under growth conditions stressors such as high salinity,
temperature, and light exposure. It is intriguing to observe that all astaxanthin molecules
within the microalgae exhibit in a left-handed molecular configuration (3S, 3'S). This paper
presented a comprehensive review on H. Pluvialis, focusing on its culture technology,
astaxanthin extraction process, and derivative products. The aim is to facilitate and enhance

the broader and more in-depth utilization of natural astaxanthin.
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Astaxanthin, a derivative of oxygenated B-carotene, exhibits a chemical structure
analogous to that of B-carotene, with a chemical formula C40H5204 and a relative molecular
mass of 596.86 [1]. The chemical structure of astaxanthin is characterized by four isoprenoid
units, which are interconnected via a network of conjugated double bonds, culminating in a
cyclic hexaene structure. Each isoprenoid unit is linked to the two ends of the ring,
constituting the carbon skeleton of astaxanthin [2,3]. The astaxanthin molecule features
aromatic rings at both terminus of the carbon skeleton, each substituted with a hydrogen
group and a ketone group. Haematococcus pluvialis, a unicellular green alga classified under
Chlorophyta, Chlorophyceae, Volvocales, Haematococcaceae, Haematococcus, and
Pluvialis[4,5]. The paper presented research findings on the culture technology, astaxanthin
extraction process, and derivative products of H. Pluvialis. The objective is to catalyze a
more expansive and profound integration of naturally occurring astaxanthin into various

applications.

Morphological alterations in the process of astaxanthin accumulation in H. Pluvialis

In the life cycle of H. Pluvialis, distinct cellular morphologies are observed: microscopic
cells, swimming cells, immobile cells, and immobile spores. The microscopic cells,
measuring less than 10 pm in diameter, are flagellated and capable of rapid movement,
representing the initial phase of the life cycle [6]. Subsequently, the mobile cells, 20-50 um
in diameter, emerge as larger, elliptical or pear-shaped cells with two flagella, typically
exhiniting a green hue. These mobile cells, referred to as green trophoblasts, thrive in
optimal conditions. However, when faced with unfavorable environmental factors like
bright light, high temperatures, high salinity, and nutrient deficiencies (e.g., nitrogen and
phosphorus), the motile cells undergo a transformation. In response to these stressful
conditions, the cells increase in size, shed their flagella, and metamorphose into spherical,
immobile cells [7]. As the living environmental degradation persists, these immobile cells
subsequently develop thick cell walls and transition into immobile spores. Characterized by
their bright or deep red pigmentation, these spores possess the capacity to synthesize and

accumulate astaxanthin [8].
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Biological activity of astaxanthin

Antioxidant activity

The astaxanthin molecule possesses a unique structure featuring active electron
effects. These effects enable astaxanthin to either donate electrons to free radicals or
attract the unpaired electrons of free radicals. Consequently, the stabilized free radicals

revert to a non-reactive state, thereby mitigating cellular damage [9].

Astaxanthin molecule structure incorporates a series of conjugated double bonds,
hydroxyl groups, and unsaturated ketone groups. Notably, the hydroxyl and ketone
groups are positioned at the termini of the conjugated double bond chain, resulting in
the formation of an a-hydroxy ketone [10,11]. These structural components exhibit
active electronic effects, rendering astaxanthin particularly effective at neutralizing
highly oxidative, single-linear reactive oxygen species and other free radicals in the

environment [12].

Astaxanthin's superior antioxidant capabilities are evident, it exihibits 800 times the
free radical scavenging efficacy of Coenzyme Q10, surpasses Vitamin C by a factor of
6,000, and outperforms Vitamin E by 500-fold. Owing to these remarkable properties,

astaxanthin is referred to as Super Vitamin E [13].
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Enhancement of immune function

Investigators at the Medical and Healthcare Research Center of Kanazawa University
conducted a study wherein mice were administered a diet high in cholesterol leading to
NAFLD for a duration of three months. The study compared these mice with another group
received a diet high in cholesterol supplemented with astaxanthin[14,15]. The findings
indicated that the group supplemented with astaxanthin experienced a notable reduction in
liver fat deposition, by approximately 50 percent, and a decreased susceptibility to develope
fatty liver in comparison to the non-supplemented group [16]. Moreover, the study revealed a
significant inhibition of lipid peroxidation, which arises from lipid aggregation, by over
eighty percent. The researchers posited that the transition from fatty liver to non-alcoholic
steatohepatitis might be mitigated through the modulation of inflammatory macrophages into

anti-inflammatory macrophages, thereby reducing inflammation[17].

Heart health

Elevated levels of LDL cholesterol in the blood are correlated with an increased risk
of atherosclerosis. LDL is not fully oxidized in plasma, but its oxidation is considered a
contributing factor to the formation of atherosclerosis plaque [18]. Astaxanthin
supplementation is believed to increase plasma concentrations of HDL, thereby potentially
enhancing the balance of both LDL and HDL cholesterol concentrations in plasma, which

may subsequently foster cardiovascular health[19,20].

Additionally, astaxanthin exerts an influence on aortic vascular function by
modulating both endothelium-dependent and endothelium-independent vasodilation[21].
The endothelium-dependent effects of astaxanthin may be attributed to its antioxidant
properties, indicating that astaxanthin acts as a scavenger of superoxide radicals to
prevent the degradation of nitric oxide (NO), a crucial molecule with vasodilatory

properties. This action prolongs the lifespan of NO, resulting in a vasodilatory effect [23].

Protection of vision

Two prevalent etiologies of visual impairment and blindness are AMD and age-related
cataracts. Both conditions are associated with light-induced oxidative stress within the ocular
tissues [24,25]. Astaxanthin has has demonstrated the capacity to cross the blood-brain barrier
and accumulate in the mammalian retina. This selective accumulation of astaxanthin in the
mammalian retina provides effective protection against UV irradiation and oxidative stress in

retinal cells[26,27].
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Coloring effects

Li et al. discovered that the optimal pigment deposition in various fish body tissues,
including the body, scales, fins, and skin, was attained at a dosage of 200 mg/kg of
astaxanthin by the fifteenth day of supplementation. The study also revealed that the pigment
deposition was heterogeneous across different tissues, suggesting tissue-specific uptake and

deposition profiles of astaxanthin [28].

The efficacy of astaxanthin in coloration is dosage-dependent; however, excessive
levels of astaxanthin result in its metabolism being excreted from the body, preventing

further metabolic impacts [29,30].
Cultivation system of the red algae H. Pluvialis

In modern red algae culture facilities, the culture systems are broadly categorized into two
types: open systems and closed systems. The open system, commonly known as a runway or
open tank, and the closed system, also referred to as a pipeline photobioreactor, each offer

unique advantages and limitations [31,32].
Open culture system

Open culture systems represent the simplest and most prevalent form of microalgae
cultivation, typically exemplified by the raceway tank design. A runway pool, with a water
depth typically ranging from 20 to 30 centimeters, is a commonly used facility for cultivation
[33]. The dimensions of length and width can be customized based on specific requirements.
During the cultivation process, the flow rate of the culture liquid is typically maintained at 25-
30 cm/s. The mixing process is frequently facilitated by a waterwheel-type aeration pump,
which is employed to regulate parameters such as flow, velocity, and vortex. Thus, the runway
tank is recognized for its relatively low cost and favorable scalability [35,36]. However, the
open system is also associated with challenges such as unstable culture conditions,
susceptibility to contamination, volatile water quality, and difficulty in controlling water
temperature. These factors contribute to a limited adoption of this technology as the primary
cultivation system by companies. Notably, Cyanotech Company in Hawaii, USA, and overseas
companies, along with Jingzhou Natural Astaxanthin Co. Ltd. in Hubei Province and Yunnan
Green A Biological Engeneering Co., Ltd. In China, are among the limited organizations that

choose to utilize runway tank systems for microalgae cultivation[37].
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Glass Pipe Culture- From green to red

Confined photobioreactors

Pipeline photobioreactor is considered highly suitable for large-scale open-air
cultivation of H. Pluvialis. Several enterprises in China that have embraced this technology
for cultivating H. Pluvialis, including Algatechnologies in Israel and Kunming Biogenic
Co., Ltd. Kunming Biogenic Co., Ltd. was founded in 2004 as the first company in China to
utilize outdoor closed photobioreactor culture technology. The company has played a
crucial role in advancing the Yunnan astaxanthin industry and has a long-standing expertise

of 20 years in cultivating astaxanthin extracted from H. Pluvialis [38].
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Additionally, Kunming Biogenic Co., Ltd. boasts over 20 independent intellectual
property rights and has received recognition from national, provincial, and municipal
government departments as a national high-tech enterprise. The company has been
designated as a national high-tech enterprise and has received recognition as a science and
technology-based small and medium-sized enterprise at both the national and provincial
levels. Additional honors include the title of Yunnan Provincial Intellectual Property
Advantageous Enterprise, a small giant enterprise specializing in science and technology
within Yunnan Province, and a key contributor to the Yunnan (Kunming) Toru Numasawa

Microalgae Expert Workstation[39].

Factors affecting the culture process of Haematococcus Pluvialis

Temperature

Scientific literatures have indicated that rain-grown red algae exhibit optimal growth at
temperatures within the range of 14 to 15°C. However, further studies suggest that their
optimum growth occurs at approximately 25-28°C [40,41]. Elevated temperatures exceeding
28°C, however, have been found to impede the reproduction of red algae cells. Despite the
hindrance to growth at high temperatures, it has been observed that astaxanthin accumulation
is enhanced. Specifically, at 30°C, the levels of astaxanthin can triple compared to that at
20°C [42]. Consequently, the consensus is that the growth and development of rain-grown red
algae cells are most favorable within the temperature range of 20-28°C. Nevertheless,
temperatures exceeding 28°C lead to diminished reproduction rates of algal cells, causing a

transition from swimming cells to stationary spores [43,44].

Light intensity

During the cultivation of R. amylovora, light is identified as the primary factor
responsible for astaxanthin accumulation [46]. Appropriate light conditions are essential for
astaxanthin synthesis, yet excessive light intensity can lead to photoinhibition, photodamage,
and even apoptosis of algal cells. High light intensity is found to be detrimental to the
biomass proliferation of H. Pluvialis,, whereas it promotes astaxanthin synthesis[47,48].
Different research experiments have reported varying results on the optimal light intensity for
astaxanthin accumulation, with some studies suggesting 50-60 mol quanta/(m”2-s) as the
optimum for growth and others proposing 30 uE(m”2-s) for H. Pluvialis cultivation [49]. Red
light has been shown to favor the reproduction of H. Pluvialis, while blue light is beneficial

for the synthesis of astaxanthin by this microorganism [50].
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PH

H. Pluvialis shows optimal growth at a neutral or weakly alkaline pH level of 7.8 +
0.10. Current research practice employ various culture media, involving BBM, HGZ, MCM,
and BG11. for the cultivation of this microalga species. However, a common chanllenge
observed during the cultivation process is the natural increase in pH levels of the media over
time, which tends to rise rapidly. Consequently, it becomes essential to maintain the pH

stability by employing food-grade CO2 for periodic adjustments [51,52].
Nutrients such as nitrogen and phosphorus

Moderate regulation of nitrogen and phosphorus content is crucial for astaxanthin
synthesis and accumulation in microalgae [53,54]. Studies have indicated that an increase in
nitrogen and phosphorus sources has adverse effects on the growth of H. Pluvialis, yet it is
beneficial for astaxanthin accumulation. Specifically, an increased ratio of nitrogen and
phosphorus can significantly diminish the growth rate of H. pluvialis, leading to decreased
reproduction rates [55,56]. However, this unfavorable growth condition leads to higher
astaxanthin content in the microalgae. Consequently, balancing the levels of nitrogen and
phosphorus is essential to optimize astaxanthin production and accumulation in microalgae

[57].
Application of astaxanthin

Astaxanthin is a versatile compound with applications across various industries, including
healthcare, skincare, pet care, aquaculture, poultry farming, as well as in food additives and

other sectors.
Raw materials

Astaxanthin encompasses multiple forms based on its processing methods, each
tailored for specific applications in various industries. Astaxanthin unbroken algae powder
is characterized by its dark red appearance and a slight fishy odor reminiscent of seaweed,
however, insoluble in water, suitable for pressed tablet candy and hard capsules.
Astaxanthin wall-broken algae powder, similar dark red and subtle seaweed scent, exhibits
solubility in water. Consequently, it finds its place in feed formulations for aquatic,
poultry, and animal protection purposes. In addition, astaxanthin oil, obtained through
supercritical CO2 technology sans solvent, takes the form of a deep red viscous liquid with

a hint of seaweed odor. Being soluble in organic solvents like oils and fats, it is ideal for
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softgel capsules and cosmetics. Furthermore, Astaxanthin microcapsule powder utilizes
natural astaxanthin oil extracted from rainbow red algae. Through emulsification and spray
drying processes, this technology yields water-soluble microcapsules suitable for a wide
array of applications including pressed tablet confectionery, solid beverages, food
additives, hard capsules, and cosmetics.

Overall, by harnessing these diverse forms of astaxanthin, industries can create
products catering to consumer needs across various sectors, demonstrating the versatility

and applicability of this compound in different settings [62,58].

Foodstuffs

Astaxanthin-enriched yogurt is a popular product that retains the original flavor of yogurt.
Other forms such as capsules, candies, solid and liquid beverages are also prevalent in the

market [59].

Prominent global brands, such as Gossypol, Zizi, etc., have expanded a series of skincare
products like moisturizing creams, anti-wrinkle eye creams, and face masks to incorporate
extracts derived from rain-grown red algae [63,65]. Domestic manufacturers are pioneering
the use of natural astaxanthin as raw materials for producing a variety of commodities
including astaxanthin water sensation masks, eye patches, and cleansing soap. This trend
underscores the burgeoning integration of astaxanthin into various consumer products in the

beauty and wellness industry [66,67].

Feed addictive

A collaborative study on rainbow trout by Guangdong Ocean University and Kunming
Biogenic Co., Ltd. revealed noteworthy benifits of astaxanthin as a feed additive. The study
demonstrated improvements in seven key aspects pertaining to rainbow trout, including growth
performance, intestinal development, intestinal digestive and absorptive enzymes, intestinal

morphology, antioxidant ability, immune ability, and muscle quality.

Future prospects

As of 2022, more than 20 enterprises in Yunnan Province have engaged in the cultivation
of rainbow red algae and extraction of astaxanthin, with some advancing towards engineering
and industrialization initiatives [68] China declared in September 2020 its commitment to
achieving carbon peaking by 2030 and carbon neutrality by 2060. To reach this goal, the
foremost CO; emitting industries, namely power generation, cement production, iron and steel

manufacturing, need to implement various carbon sequestration measures. Microalgae
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cultivation presents a viable avenue for transforming CO2 into organic matter for carbon
sequestration purposes [69,72]. This approach not only aids in lowering CO2 emissions but also
brings significant economic advantages , attracting more participants to the microalgae carbon
sequestration sector. Currently, red algae cultivation remains largely in the agricultural stage,
susceptible to weather conditions. To address this limitation, the integration of indoor culture
technology is essential to achieve automation and non-stop operability in the cultivation process

[70,71].
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