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Abstract: Haematococcus lacustris (formerly called Haematococcus pluvialis) is regarded as the most
promising microalgae for the production of natural astaxanthin, which is secondary metabolism
used as a dietary supplement, also for cosmetic applications, due to its high anti-oxidant activity.
Astaxanthin has a wide range of biological activities and high economic potential, and currently
dominates the market in its synthetic form. Furthermore, because of the difficulty of bioprocess and
the high cost of cultivation, astaxanthin extracted from this microalga is still expensive due to its low
biomass and pigment productivities. Large-scale biomass production in biotechnological production
necessitates the processing of a large number of cultures as well as the use of both indoor and outdoor
systems, such as open pond raceway systems and photo-bioreactors (PBR). The photo-bioreactors
systems are suitable for mass production because growth conditions can be controlled, and the risk of
contamination can be reduced to a certain extent and under specific culture parameters. This review
discusses current technologies being developed to improve cultivation and operation efficiency and
profitability, as well as the effect of parameter factors associated with H. lacustris cultivation on
biomass and astaxanthin bioproduction, and even strategies for increasing bioproduction and market
potential for H. lacustris astaxanthin.

Keywords: Haematococcus lacustris; astaxanthin; secondary metabolism; bioprocess

1. Introduction

Astaxanthin is a red ketocarotenoid with a high anti-oxidant capacity that is widely
used in a variety of industries due to its potential in the nutraceutical and pharmaceuti-
cal industries [1]. Astaxanthin can be synthesized chemically or naturally produced [2].
Furthermore, natural astaxanthin has a 20-fold higher anti-oxidant potency than synthetic
astaxanthin and about 100–1000-fold higher than coenzyme Q10 or vitamin E [3,4]. The mi-
croalgae Haematococcus lacustris (formerly Haematococcus pluvialis) has become a significant
commercial source of natural astaxanthin since it was shown to be reliable and approved
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for human consumption as a dietary supplement [5]. Furthermore, no proven adverse
reactions have occurred during its 20-year distribution as a food supplement for humans
and clinical study [6]. The high demand for natural astaxanthin from H. lacustris is a result
of the fact that retail prices for nutraceutical-grade astaxanthin have reached as high as USD
100,000 per kg [7]. For commercial purposes, H. lacustris production efficiency has become
a primary concern in the industrial production of natural astaxanthin; biofertilization can
also be obtained from residual H. lacustris biomass [8].

H. lacustris is currently produced in two distinct cultivation systems: open and
closed [9]. The open system makes use of both natural and man-made ponds (raceway
ponds), whereas the closed system makes use of closed systems such as photo-bioreactors
(PBR) [10]. In microalgae cultivation, optimization can be accomplished by exploiting
key process parameters that affect biomass growth and bioactive compound accumula-
tion [11,12]. The interaction of these factors may have a significant impact on biomass
production and intracellular culture composition [13]. H. lacustris is a freshwater strain
of green microalgae with the life cycle of H. lacustris cells, from green to red cyst cells,
which synthesize and accumulate astaxanthin [14]. The cultivation strategy for astaxanthin-
rich Haematococcus, such as phototrophic, heterotrophic, or mixotrophic cultivation, or
methods that overcome the disadvantages of heterotrophic–phototrophic and mixotrophic–
mixotrophic cultivation, has the potential to improve the process economics of astaxanthin
production from H. lacustris [2]. The comparative effects of various cultivation strategies
on growth and astaxanthin accumulation result in an increase in dry biomass weight, an in-
crease in astaxanthin yield, and a decrease in cultivation costs and energy consumption [15].

The goal of this review is to provide current research and knowledge dealing with a
cultivation system using a green microalgae H. lacustris and the influence of parameter fac-
tors related to H. lacustris cultivation in producing biomass and astaxanthin bioproduction.
This review also discusses future directions for improving bioproduction and expanding
the market potential of astaxanthin derived from H. lacustris.

2. Composition Biochemical of Microalgae Haematococcus lacustris
2.1. The Astaxanthin Molecules

Astaxanthin is as well known as (3,3′-dihydroxy-,-carotene−4,4′-dione). Figure 1
shows the structure of astaxanthin, which belongs to xanthophyll ketocarotenoid, which
contains carbon, hydrogen, and oxygen [1]. Additionally, it contains 13 conjugated double
bonds (which generate the red pigment), as well as hydroxyl and keto groups [16]. The
molecular formula of astaxanthin is C40H52O4, and its molar mass is 596.84 g/mol. It
is fat-soluble and solid at room temperature, with a melting point of 182.5 ◦C and a log
P (octanol/water partition) of 13.27 [16]. Currently, both synthetic and natural supplies
meet the high demand for astaxanthin. The synthetic form has been approved as a food
colorant for salmon, trout, and ornamental fish, as well as for fish feed, by the US Food
and Drug Administration (USFDA) [1]. Astaxanthin was created by combining other
carotenoids, multivitamins, and omega−3, 6 fatty acids [17]. In H. lacustris, the natural as-
taxanthin esters are predominantly composed of oleic acid (C18:1, n9), followed by palmitic
(C16:0) and linoleic (C18:2, n6) acids [1]. Because dietary components like lipids promote
carotenoid absorption, the time of natural astaxanthin intake affects its bioavailability for
human intake. For instance, in broilers fed with Phaffia rhodozyma, the small intestine
had the highest concentration of astaxanthin, followed by adipose tissues, spleen, liver,
heart, kidneys, skin, and ultimately, muscles [16]. Surprisingly, only natural astaxanthin
is used in the pharmaceutical, cosmetic, and food industries. Antioxidant-rich natural
astaxanthin has recently been shown to provide therapeutic benefits in the treatment of
human and animal disorders, including diabetes and inflammation, as well as neurological,
cardiovascular, ophthalmic, and skin ailments. This means it has excellent potential for
commercialization [17].

An efficient extraction technique is required in cell recovery to extract the highest
percentage of astaxanthin produced by the cells of H. lacustris. Thus, by employing solvent
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extraction or other technologies such as ultrasound and supercritical CO2 (SC-CO2) during
cell disruption, astaxanthin extraction can be performed in a single step and yield a high-
purity product [18]. Recently, the combination of liquid-liquid chromatography, such as
high-speed counter-current chromatography (HSCCC), and liquid-solid chromatography
has resulted in high productivity and astaxanthin purity of up to 99%. Furthermore, SC-CO2
and two-dimensional chromatography show great promise [15]. Moreover, when compared
to synthetic astaxanthin, natural astaxanthin has stronger pigmentation and a much higher
oxygen radical absorbance capacity (ORAC). In terms of anti-oxidant properties, there are
notable differences between natural and synthetic astaxanthin [1].
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2.2. Haematococcus lacustris

H. lacustris is a green microalgae found in a variety of habitats around the world [18].
In nature, H. lacustris belongs to the Volvocales; it is mainly found in temporary water
points and natural or artificial freshwater pools [19]. The unique life cycle of H. lacustris
can be divided into a two-stage process. In the first phase, favorable growth conditions for
H. lacustris strains are exposed in the green stage. H. lacustris accumulates for astaxanthin
occurs in the second phase, which is in the red stage under stress conditions (e.g., nutrient
depletion, light stress, high acidity, temperature fluctuations) [1,20,21].

In general, the metabolic regulation of astaxanthin biosynthesis in H. lacustris is
a complex process that is highly up-regulated in response to stress conditions, which
coincides with the accumulation of triacylglycerols (TAGs) [10]. During the “red” or
encysted aplanospore stage of H. lacustris culture, the compounds are deposited in cytosolic
lipid bodies. β-carotenoid is formed when red lycopene undergoes cyclization following
isopentenyl pyrophosphate (IPP) conversion, condensation into colorless phytoene, and
dehydrogenation [18]. Astaxanthin formation begins with β-carotene, a byproduct of
photosynthesis in the microalgae H. lacustris that serves as a precursor for keto-carotenoids
in the chloroplast and cytosol during the green stage. Echinenone and canthaxanthin are
produced when β-carotene is oxygenated by -carotene ketolase (BKT). Multiple BKT genes
are up-regulated to a certain threshold in the red stage under stress conditions. Astaxanthin
is produced in H. lacustris through the hydroxylation of canthaxanthin catalyzed by CrtR-b.
H. lacustris then begins to synthesize astaxanthin [1].

The primary morphotypes of the green H. lacustris cycle are vegetative cells containing
motile cells (Figure 2a), aplanospore-accumulating astaxanthin (Figure 2b), and a red cyst
cell (Figure 2c) when under unfavorable stress conditions containing immobile cells [1].
During the green stage, a nutrient-dense medium is required, as well as moderate light
intensity, temperature, and pH [9]. Recent research has concentrated on astaxanthin
production via vegetative cells in H. lacustris in first stage cultivation, which include a
mixture of motile and non-motile cells [8,19,21]. The second stage is a red, non-motile
resting stage during which green vegetative cells transform into red cysts with a thick
cell wall, where cell division ceases, and chlorophyll levels remain constant, resulting in
a continuous increase in astaxanthin content and cellular dry weight. Under high-stress
conditions, astaxanthin can reach 5% of DBW (dry weight) and can reach up to 7.72% DBW
when 5% of CO2 is supplied [12].

When microalgal cells are deprived of nutrients, the inhibition of cell propagation
results, and the accumulation of astaxanthin is triggered. Light intensity or nutrient deple-
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tion are the primary factors stimulating the synthesis of astaxanthin in H. lacustris [8]. High
temperatures and high salt concentrations also have been reported to enhance astaxanthin
accumulation. Nevertheless, these stress factors may cause cell death, leading to decreased
astaxanthin efficiency in H. lacustris s cultures [22]. Furthermore, Gu et al. [23] revealed
that when cell density decreased by 41%, the intent to (photo-bleach) mass cells owing to
die-off was detected during the process’s transition between the green and red stages. The
mechanisms by which cells die during the transition from green to red stages of cultivation
are critical for minimizing productivity losses [24].
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Figure 2. Light microscopic images of cells H. lacustris morphology to observe the astaxanthin
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3. Microalgae Cultivation Strategies for Production of H. lacustris

Microalgae have a rapid growth rate. Although microalgae are easily grown, maintaining
high productivity in large-scale manufacturing is difficult. It should have adequate lighting,
good material transfer across the liquid-gas barrier, be simple and cheap, have a low con-
tamination rate, have a low total building and production cost, and be area efficient. Open
cultivation systems, such as open ponds, tanks, and raceway ponds, and controlled closed
cultivation systems using various types of bioreactors are the two most common microalgae
culture methods [25]. Each strategy has benefits and drawbacks. H. lacustris, a commercially
viable microalgae, is presently cultivated in open and closed systems. In this context, it is
critical to develop microalgae for mass production at a low cost and on a huge scale [26].

3.1. Open Cultivation Systems

Of the raceway pond cultivation designs available, a single paddlewheel is adequate to
appropriately agitate a 5-hectare open pond cultivation, making it one of the most energy-
efficient [25]. The open pond system is the most cost-effective cultivation technique due
to its low construction, maintenance, and operation costs. Open pond systems also have
low energy requirements and are easily scaled up [27]. Despite the vast production area,
open-system microalgae cultivation has lower biomass productivities than closed-system
microalgae cultivation, necessitating a more effective harvesting approach due to more
diluted cultures [28,29]. Furthermore, bad weather conditions and precipitation runoff can
negatively impact microalgae development conditions such as salinity and pH, while the
erosion of banks can lead to leaks and increased water turbidity [10,25]. Moreover, the open
system makes it difficult to control temperature and light intensity, which can influence
microalgae growth [25].

In the cultivation of H. lacustris, open pond cultivation is typically used only during
the stressed phase and for a short period of time (4 to 6 days) during the cultivation
cycle [30]. In the study by Zhang et al. [31], the changes in cell density and medium pH
were closely monitored, and the astaxanthin content and yield of the four Haematococcus
strains were measured after 12 days of cultivation. The strains H. lacustris 26 and H. lacustris
WZ produced astaxanthin yields of 51.06 mg L−1 and 40.25 mg L−1, respectively, which are
equivalent to 2.79 and 2.50% of their dry biomass, respectively. The two-stage growth one-
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step process of H. lacustris WZ cultures produced astaxanthin in two 100 m2 open race-way
ponds and content from 1.61 to 2.48 g/100 g of dry weight, with an average of 2.10 g/100 g
dry weight. The cultivation has been conducted in outdoor two-stage H. lacustris production
processes. The researcher has reported that astaxanthin yields can reach 8–10 mg L−1 day−1

over a 10-day cycle (4 days green, 6 days red), with astaxanthin accounting for up to 4%
DW under high light and nitrate depleted conditions during the red stage in two-stage
H. lacustris outdoor cultivation [32]. Technically, open-system H. lacustris cultivation is
preferred over closed-system cultivation due to its simplicity and low cost. However,
the pond’s limitations should be addressed, such as contamination, low growth rate, and
inefficient light and CO2 mass transfer [12,31]. Bacterial contamination is a major issue
when growing microalgae in open cultivation [1]. Large-scale open-pond farming systems
commonly suffer from pollution, bacterial loads, and grazers [10]. Bacterial contamination
is generally increased when organic carbon is present in the medium, and bacterial growth
more accurately correlates with the nutrients in the culture medium [33,34]. Wen et al. [14]
recently reported that adding acetic acid to the culture increased astaxanthin production by
more than 20% under nitrogen-depleted conditions, and bacteria reproduction was limited.

3.2. Closed Cultivation Systems

The other method of microalgal cultivation is the use of closed control systems, also
referred to as closed photo-bioreactors, which do not make a direct exchange of material
between the culture and the environment but do ensure homogeneous CO2 mass transfer
and light intensity distribution [19,25]. The photo-bioreactor can overcome numerous limits
that are often encountered in open pond culture design. Because they can be operated
under precisely controlled circumstances, closed photo-bioreactors are more efficient in
terms of quality. This corresponds to improved nutritional and metabolic efficiency, which
results in more biomass production per unit of substrate [10,28]. As a consequence, culti-
vation in closed systems can overcome the drawbacks of open cultivation by producing a
contamination-free, single-strain microalgae culture [35]. Closed systems, however, have
higher capital and running expenses [28]. Photo-bioreactors are usually tanks of various
sizes and shapes that have been specially designed for the purpose and are automatically
controlled for optimal conditions using process monitoring equipment [10].

Moreover, several studies indicated that H. lacustris could be cultured using an immo-
bilized biofilm technique utilizing a multilayer photo-bioreactor. This technique enabled
researchers to achieve astaxanthin productivities of approximately 390 mg m−2·day−1 in a
one-phase culture [36] and 160 mg m−2·day−1 in a two-phase culture [37]. Wan et al. [26]
reported indoor culture utilizing 1 L column bioreactors with a light intensity of around
250 µmol photons m−2 s−1, a 12 h:12 h light–dark cycle, and a temperature range of 8 ◦C
to 33 ◦C during the day and 28 ◦C at night. Astaxanthin accumulation in H. lacustris was
shown to be optimum between 20 and 28 ◦C, with the highest biomass at 28 ◦C and the
lowest at 23 ◦C. The cell slowly dissolved and died at 33 ◦C. At the temperature of 28 ◦C,
the maximum net biomass and astaxanthin productivities were 0.12 g L−1 day−1 and
5.4 mg L−1 day−1, respectively. Recently, Do et al. [30] reported biomass productivity of H.
lacustris was achieved at 6.5 mg L−1 day−1 under conditions of 80 µmol photons m−2 s−1

and a closed system by using a photo-bioreactor. Current findings on the type cultivation of
H. lacustris for astaxanthin production in open and closed system strategies are summarized
in Table 1. Furthermore, to induce astaxanthin in the red stage, microalgae cultivation
processes must be carried out under environmental stresses to induce astaxanthin. With
current cultivation strategies, biomass and astaxanthin production from H. lacustris could
be sustained [18]. At the green stage, the optimum temperature and pH ranges for H. la-
custris are 20 to 25 ◦C and pH 6 to 8 [3]. In addition, cultivation conditions with low light
intensity, a white plasma light source, and urea as the nitrogen source under a photoperiod
of 12:12 h light/dark cycle are the best for cell growth with the suitable for cultivating
green microalgae starting with an initial biomass of 0.4 to 0.5 g L−1 [1].
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Table 1. Summarized recent research of type cultivation H. lacustris for astaxanthin production in open and close system strategy.

System Medium Temperature (◦C) Light Intensities
(µmol photon m−2 s−1) Productivity References

Closed Column
Photobioreactors BG−11 25 50, 100, 200, 400

The highest level of astaxanthin production was achieved in
nitrogen starvation and under light intensity at
200 µmol photons m−2 s−1, which productivity obtained 1.64 times
higher than the control group under the photoautotrophic mode.

[3]

Closed air-lift
photo-bioreactors

Bold’s Basal
Medium 23–25 190

The system comprised of 90 dm3 volume photo-bioreactors was
obtained biomass concentration in the range 1.40–1.99 g dm−3 on
the eighth day of conducting experiments

[11]

Vertical bubble column
photo-bioreactor (VBC-PBR) BG−11 28 55–280

High-intensity light stress increased total carotenoids (5.21 mg g−1)
and FA production (19.62 mg g−1), while low light intensity stress
decreased total carotenoids (5.21 mg g−1) under the different
photoautotrophic conditions.

[12]

Outdoor raceway pond Modified
BG11 Not Control 300, 800, 1800

The mixotrophic cultivation in an outdoor raceway pond of
H. lacustris reached a maximum biomass productivity of
6.75 g m−2·day−1, the astaxanthin productivity reached
140 mg m−2·day−1 and about 1.2 times that of the simple
phototrophic cultivation.

[14]

Twin-Layer porous substrate
photo-bioreactor (TL-PSBR)

Modified Blue
Green 11
(BG11)

26 300–1000

The TL-PSBR produced the most biomass and astaxanthin, at
8.7 g m−2 day−1 and 170 mg m−2 day−1, respectively. The longer
storage times reduced productivity, but the most efficient use
occurred between 300–500 µmol photon m−2·s−1. The experiment
has been cultivated in the photoautotrophic mode.

[30]

Twin-Layer porous substrate
photo-bioreactor (TL-PSBR)

Modified
BG11 26 300

In the 0.05 m2 and 2 m2 systems, dry biomass productivity reached
12 g m−2 day−1 (3% astaxanthin content in the dry biomass) and
11.25 g m−2 day−1 (2.8% astaxanthin) after 10 days of cultivation.
The cultivation was conducted under photoautotrophic mode.

[38]

Small-scale angled (TL-PSBR) Modified
BG11 26 20–80

The cultivation under photoautotrophic with initial biomass at
6.5 g·m−2 (inoculum) density of the biofilm was 6.5 g·m−2·day−1

dry biomass yield under 80 mol photon m−2·s−1 light intensity.
[39]
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3.3. Cultivation of H. lacustris

Generally, H. lacustris can grow under phototrophic, heterotrophic, or mixotrophic
conditions. When microalgae are grown phototrophically, sunlight is used as an energy
source and CO2 as a carbon source [1]. Microalgae grow heterotrophically when they con-
sume organic molecules such as glucose or acetate as their primary source of nutrition [40],
and no light is used during cultivation [34]. Additionally, heterotrophic cultivation has
received much interest recently as a result of its high cell density and high rate of biomass
production [41]. Furthermore, in comparison to photoautotrophic systems, heterotrophic
cultivation can achieve more consistent and predictable biomass productivity due to the
consistent availability of the energy source in the form of organic carbon uptake [42]. In
addition, microalgae cultivation can be carried out under mixotrophy conditions by us-
ing alternative organic carbon sources, such as acetate organic acid and light, in which
organic carbon and CO2 are assimilated concurrently, and respiratory and photosynthetic
metabolisms coexist [43]. Cell growth in mixotrophic conditions is able to promote the
growth of microalgae using a variety of nitrogen sources and is not dependent on the pro-
cess of photosynthesis [8]. Thus, the cultivation method of H. lacustris using heterotrophic
and mixotrophic is effective for increasing astaxanthin productivity, as indicated by in-
creased biomass concentration and growth rate [44].

Recently, Wen et al. [14] reported that when H. lacustris cells were grown initially in
the dark and then accompanied with acetate/acetic acid when the culture media became
depleted of nitrate, the productivity of astaxanthin can be reached 140 mg m−2·day−1,
which is higher than phototrophic cultivation. Thus, using a two-stage cultivation method
that included perfusion culture during the vegetative stage and stepwise light irradiation
during the induction stage, the mixotrophic culture system produced high-density biomass
(2.47 g L−1), which was 3.09 and 1.67 times greater than batch and fed-batch processes,
respectively [42]. Moreover, Sipaúba-Tavaresa et al. [41] reported that high cell density
increased from 0.4 × 105 cells mL−1 to 1.7 × 105 cells mL−1 during exponential growth
from day 1 to day 10 under mixotrophic cultivation in H. lacustris when using E. crassipes
culture medium.

4. Influence of Stress Factor on Biomass Growth and Astaxanthin Accumulation of
H. lacustris

Microalgae cultivation is influenced by a variety of factors, including light intensity,
temperature, nutrients such as carbon and nitrogen source, and initial biomass before
starting the cultivation of microalgae. The interaction of these factors has the potential to
have a significant effect on biomass production, intracellular composition, and chlorophyll
content [13].

In terms of influence stress factors on biomass growth of H. lacustris, Saha et al. [45]
investigated the effects of photosynthetically active radiation (PAR), nitrate and/or phos-
phate restrictions, light intensity, and quality. PAR without P and low N produced high
biomass production. In addition, perfusion culture and sequential light irradiation were
used in H. lacustris cultures to improve immature cell stress tolerance while enhancing
biomass production. Moreover, the use of additional carbon sources and subsequent
heterotrophic-photoautotrophic growth could boost biomass yield. Integrating waste
carbon and nutrients in a biorefinery setup could help to reduce cultivation costs [18].

4.1. Light Intensity

Light is a critical factor in microalgal cultivation because it provides the energy re-
quired for photosynthesis [11]. When H. lacustris cells are exposed to bright light, the
phytoene synthase gene (psy) expression is increased, and the cells transition from the
green to the red stage [12]. Additionally, it was suggested that high-intensity light could be
used to create an electrochemical in trans membranes such as proton gradient, resulting in
the photooxidation of the PS II reaction centers [46]. Recently, Do et al. [39] demonstrated
that high light intensities, up to 2000 µmol photons m−2·s−1 sunlight, are the most impor-
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tant single factor in the induction of astaxanthin accumulation; in contrast to low light
intensities, less than 100 µmol photons m−2·s−1, which are frequently used to maintain
and increase the density of microalgae suspended in a suspension in the green phase.
Additionally, blue light increases cell size, while red light increases cell division rate. When
2500 lux and 500 lux LED blue light were used, the cell size accelerated by 4.1 and 2.5 times,
respectively, in the red stage [12]. There are a few lighting colors: sunlight, blue, deep red,
green, warm-white, orange-red, and yellow, which have always been used to optimize
microalgae cultivation productivity [11]. Since green algae contain chlorophyll a and b,
which are major light-harvesting pigments, they are sensitive to blue and red light. How-
ever, green and white light had a detrimental effect on red phase induction and growth,
resulting in a chlorophyll-a deficiency of approximately 26% [47]. Mehareya et al. [12]
recently demonstrated the interaction between light intensity and nutrient concentration,
demonstrating that the growth medium contained more nutrients when the light intensity
was (280 µmol photons m−2·s−1), as opposed to (55 µmol photons m−2·s−1). The results
indicated that growth under conditions of reduced nutrient and low light intensity resulted
in a greater biomass concentration. Growth cultivation of H. lacustris under the optimum
concentration of nitrate, sulfate, phosphate, and magnesium with high light intensity re-
sulted in an 85% increase in total carotenoids and a 58% increase in fatty acids, respectively.
Additionally, Kiperstok et al. [36] demonstrated that the total biomass content was 130 g m2

at 1000 µmol photons m−2·s−1, which was related to the higher CO2 concentrations used
during cultivation.

4.2. Temperature

Temperature has a direct impact on the rate of growth of microalgae and has a major
influence on the cellular chemical composition, nutrient absorption, and CO2 production in
all green algae species. Temperature is a significant and fundamental element determining
biomass concentration and astaxanthin content in H. lacustris production [26]. According
to Shah et al. [18], increased temperature affects astaxanthin synthesis by stimulating the
formation of oxygen radicals. Temperatures above 30 ◦C cause a transition from the green
vegetative stage to the red stage, and astaxanthin accumulation is 2–3 times higher than
at 20 ◦C. In batch culture, the growth rate, cell cycle, and astaxanthin accumulation of
H. lacustris Flotow were strongly affected by growth conditions. The optimal temperature
for H. lacustris growth was found to be between 25 and 28 ◦C, with a specific growth
rate of 0.054 h−1. Furthermore, higher light intensities (e.g., 400 µmol photons m−2·s−1)
stimulated astaxanthin accumulation. In addition, other researchers also stated that an
optimum temperature range of 20 to 30 ◦C was discovered for the growth of various algae
species such as Chlorella, Spirogyra, and Chlamydomonas (Chlorophyta) [47].

4.3. Different Types of Nutrients

Apart from light absorption and CO2 supply, the growth medium must contain an
adequate supply of macro- and micronutrients for microalgal growth. Nutrient concen-
tration and consumption are critical for cell growth and metabolic activity in H. lacustris,
particularly nitrogen and phosphorus [12]. For example, phosphate plays a critical function
in cellular developments such as energy transfer and signal transduction and causes signif-
icant degradation of chlorophyll under starvation of phosphorus [18,48]. It was discovered
that inorganic nitrogen sources such as sodium nitrate and urea could be used at the op-
timal concentration. Urea is composed of approximately 46% nitrogen and 20% carbon
by elemental composition. Furthermore, both nitrate and ammonium ions are present in
the urea-based medium under both light and dark conditions, indicating that the nitrogen
source could increase biomass accumulation [1]. When a culture is starved of nutrients,
astaxanthin accumulates within the cell [18]. However, using excessive ammonium hydro-
gen carbonate (NH4HCO3) as a nitrogen source in H. lacustris cultivation could result in
medium acidification and cell death [1].
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Furthermore, Li et al. [7] recently studied the impacts of phosphorus deficiency on the
structure of non-motile cells in H. lacustris and discovered that after 3 days of treatment
with 0.1% NaCl in the presence of phosphorus deficiency, more than 80% of motile cells
had transformed into non-motile cells. The green phase cultivation was carried out un-
der mixotrophic conditions on EG:JM media with optimal growth conditions, followed
by resuspension in medium without nitrate, leading to accumulation of astaxanthin and
carotenoids content, which is 2.74% and 78.4%. respectively [24]. Numerous nutrient medi-
ums have been used for the cultivation of microalgae, of which the Bold Basal Medium
(BBM) enriched in nitrogen or a modified BBM, the Blue Green medium (BG−11), the Na-
tional Institute for Environmental Studies medium (NIES), and the Optimal Haematococcus
Medium (OHM) are currently used to increase biomass productivity of H. lacustris [16].
Recently, it was demonstrated in two-step cultivation that BBM had higher biomass produc-
tivity than BG−11 during the first vegetative growth stage, whereas the nitrogen-starved
BG−11 medium had a higher astaxanthin content [49].

To increase biomass production during the green phase of H. lacustris cultivation,
carbon dioxide (CO2) was supplied as a carbon source [50]. Microalgae can primarily
capture CO2 from three sources: (1) CO2 in the atmosphere; (2) CO2 in industrial process
gas emissions (e.g., flue- and flaring gases); and (3) fixed CO2 in the form of soluble car-
bonates (e.g., NaHCO3 and Na2CO3) [9]. Furthermore, the hydrodynamic performance
of CO2 from flue gas is critical during H. lacustris cultivation in the PBRs system [46]. To
maintain agitation in PBR, air and CO2 were alternately administered. The administrated
air and carbon dioxide flow rates were kept constant at 0.5 dm3 gas per minute [11]. A
CO2 concentration greater than 2.2 mg L−1 is required for high biomass productivity [9].
H. lacustris cultivation under conditions of high CO2 (15%) may indeed increase the pro-
ductivity of astaxanthin [51]. Furthermore, CO2 is also important in closely monitored
culture pH; whenever the culture pH reaches high at 10, the CO2 bubbling system is able to
reduce the culture pH back to 6–7 by supplementing CO2. Additionally, glucose containing
approximately 2.8 KJ mol−1 and acetate contains only 0.8 KJ mol−1 when used as a carbon
source in the cultivation of microalgae, whereas glucose contains more energy than any
other carbon source [19,52]. For example, the low-cost carbon source sugarcane molasses
can be utilized to grow microalgae [41]. Molasses comprises roughly 50% total sugars, with
sucrose making up the vast bulk [53].

4.4. Initial Biomass Density

Additionally, the initial biomass density of the red stage is critical for optimizing
astaxanthin productivity [16]. The volume of biomass that was utilized significantly ranged
between 0.42 and 0.78 g dm−3 [11]. However, when cell density is high in culture and
cells have limited access to light, photoinhibition of photosynthesis is disrupted as a result
of photooxidative damage to the cells [1]. As a consequence, it is critical to optimize the
initial cell density when switching to a new culture system [39]. The cultivation of H.
lacustris in an outdoor photo-bioreactor with varying initial biomass densities resulted in
astaxanthin productivity of 17.1 mg L−1 day−1 at an initial biomass density of 0.8 g L−1 [54].
However, during the winter season, photoinhibition of photosynthesis was observed at
low initial biomass densities, such as 0.1 g L−1 cultures. Recently, Li et al. [21] reported
that the optimal initial biomass density is 0.5, and the maximum astaxanthin content is
38.02 ± 2.40 mg g−1. The cell density should be greater than 10 million cells per milliliter
to avoid a long lag period following inoculation, which increases costs and introduces the
risk of contamination [55]. When scaling up microalgae growth, inoculation levels of 1–10%
of the tank volume used for the next stage are recommended. Scaling up cultivation in
stages is necessary, beginning with a small volume of initial production and ending with
commercial-scale production [11]. However, Hanan et al. [56] suggested that the inoculum
size range is from 5% to 40% of total volume, with 40% being the best inoculum size to
maximize culture growth and being directly proportional to the increase in cell density
in the culture. Additionally, the influence of the inoculum demonstrates that reusing the
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inoculum has no detrimental effect on H. lacustris cultivation. Pham et al. [57] have studied
the influence of inoculum size on the cultivation of H. lacustris, resulting in finding that
inoculum size from 3 × 104 cells.ml−1 was suitable for the growth. Furthermore, numerous
studies have demonstrated the beneficial effect of reusing inoculum [58,59]. Sun et al. [58]
reported a replacement inoculum increased biomass and astaxanthin accumulation in batch
(1.97 ± 0.08 g/L) and fed batch (89.17 ± 4.07 mg L−1) cultures. Thus, the experiment
strategy resulted in a 1.16-fold increase in biomass concentration when H. lacustris was
cultivated in the green growth phase.

5. Perspective and Future Direction

At the present time, natural astaxanthin contributes a negligible portion of the market,
whereas synthetic astaxanthin monopolizes the market. Although many organisms can
produce astaxanthin, only a few are widely produced. Based on an initial economic assess-
ment of the cost of producing natural astaxanthin from Haematococcus, Li et al. [60] from
China predicted that natural astaxanthin can be produced more cheaply than synthetic
astaxanthin using currently available technologies, including photo-bioreactors and race-
way ponds in low-cost areas. A comprehensive cost analysis of Haematococcus astaxanthin
and microalgae biomass production shows that the costs can be as low as USD 718/kg and
USD 18/kg, respectively. In terms of economics and the environment, using wastewater
as an alternative growth medium allows for the recovery of essential nutrients needed for
microalgae growth [61] as well as increased biomass and astaxanthin yield. However, high
organic matter content may have a negative impact on biomass growth and metabolite accu-
mulation. As a result, pre-treatment of wastewater should be used to address these issues.
Consequently, wastewater undergoes phyco-remediation, promoting the circular economy
concept and increasing the process’s sustainable development [62]. It is also possible to use
tropical organic fruit waste medium as a nutrient supplement during H. lacustris cultivation
instead of an inorganic medium. This has the potential to be a successful cost-cutting
strategy. In this context, wastewater and fruit waste, which both contain essential nutrients
for microalgae growth, could be used as a substitute culture medium for H. lacustris. To
meet the current bio-requirement economy’s goal of producing “high-value products first,”
newly integrated processes in biorefinery research can be applied, and they can be found in
a variety of industrial sectors, such as for fertilizer commercialization [63].

Furthermore, to our knowledge, there have been limited reports of Haematococcus
isolation in Malaysia. Malaysia is home to a diverse array of tropical algae that have yet to
be fully exploited for commercial purposes. As a result, isolating Haematococcus strains to
overcome these issues is a critical area of research in the production of natural astaxanthin.
The demand for astaxanthin as a functional ingredient will grow at the fastest rate in
both the domestic and international markets. Large-scale biomass production requires the
processing of a large number of cultures and the use of both indoor and outdoor systems
with varying engineering principles and variable ambient conditions. With laboratory
results in mind, most large-scale cultivation systems produced lower yields than expected.
In terms of salinity and temperature variation, the cultivation of microalgae in closed
systems provided a number of advantages over the tanks placed in open system cultivation.
In terms of appearance, it enabled cultures to reach higher temperatures (about 4 ◦C
increased), particularly during autumn and winter for indoor treatment. Hence, the closed
system produced more biomass, particularly during the winter experiment, when the water
temperature was at its lowest. However, no differences were observed in warmer seasons,
as clearly demonstrated in the spring and autumn experiments. Similarly, during the rainy
season, the closed system avoided a decrease in salinity caused by rainwater input and, as
a result, a decrease in productivity caused by cell dilution [64].

New fermentation strategies must be investigated in order to increase the productivity
of natural astaxanthin without increasing cultivation costs. The two most important criteria
on a laboratory scale are minimizing required time and costs. Large-scale processes require
the development of appropriate processes and strategies. Due to the obvious high down-
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stream processing cost, novel fermentation strategies (cell recovery, cell disruption, and
cell drying) must be investigated. Since astaxanthin is an intracellular product, obtaining it
from H. lacustris is challenging because microalgae have a thick cell wall; cell disruption
and extraction are the most important steps in the overall recovery process. Following
harvest from cultivation systems, the current industrial processes for extracting astaxanthin
from biomass, such as ultrasonication, solvent, acid, edible oils, and supercritical CO2
(SC-CO2) [18,65], have been investigated for industrial microalgae. As a consequence, the
other challenge is to encapsulate astaxanthin for the functional ingredients in industry. To
date, in order to achieve a good balance of astaxanthin extraction efficiency, environmental
compatibility, economics, astaxanthin quality, and safety must be considered. On the other
hand, employing these techniques may significantly reduce sample processing time and
entail the use of environmentally friendly technology.

6. Conclusions

Globally, natural astaxanthin bioprocessing using H. lacustris cultivation is now being
explored and appears to be economically viable. High anti-oxidant characteristic makes
H. lacustris among the most promising microalgae, and it has a huge amount of potential
for producing products that have high market value in a sustainable manner, as well.
Astaxanthin’s limited utilization is hampered by the expensive cost of its manufacture. A
better understanding of microalgal physiology and cultivation strategy, as well as process
innovation, are all necessary for increasing the biomass and astaxanthin productivity of
H. lacustris. The production of biomass and astaxanthin is influenced by innovative tech-
niques and an understanding of the interplay between stress factors. Open pond raceway
systems and photo-bioreactors, for instance, are utilized in biotechnological manufacturing
for large-scale biomass production. Discovering more sustainable and energy-efficient
inputs and processes can reduce the environmental impact of this industry.
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