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Abstract: An internally-illuminated photobioreactor was designed to maximize the astaxanthin production by 

Haematococcus pluvialis. Four optimization steps were conducted: 1. light wavelength 2. light intensity 3. astaxanthin 

formation and 4. astaxanthin extraction methods. Efficient biomass production of H. pluvialis of 4.58 ± 0.15 × 10
5
 cells/ml and 

dry biomass of 520 ± 12.5 mg/L was accomplished under red LED light (660 nm) with 70 µmol m
-2

 s
-1

. Besides, the biomass 

production can be optimized to 5.31 ± 0.15 × 10
5
 cells/ml and dry biomass of 680 ± 10.5 mg/L under 140 µmol m

-2
 s

-1
 in the 

light intensity of 70-210 µmol m
-2

 s
-1

. Furthermore, the astaxanthin accumulation was significant with 7 days encystment under 

140 µmol m
-2

 s
-1

 blue LED lights. For extraction method, using hydrochloric acid could obtain the highest astaxanthin yield of 

3.85 ± 0.05% (% to dry weight). Further studies were proposed whatever such photobioreactor can be applied to different 

microalgal strains. 

Keywords: Astaxanthin, Haematococcus Pluvialis, Internally-Illuminated Photobioreactor, Lighting, Cell Disruption, 

Extractability 

 

1. Introduction 

Currently, research findings mentioned that the green 

microalga Haematococcus pluvialis (H. pluvialis) was 

recognized in synthesizing and accumulating the largest 

amount of natural astaxanthin [1-5]. When microalgae 

expose to an oxidative stress environment, the 

overproduction of reactive oxygen species and singlet 

oxygen leads to poor cell growth and molecule damage, such 

as DNA, lipid and protein [6-10]. Astaxanthin production is a 

cell protective mechanism against long-term oxidative stress 

in the encysted stage of H. pluvialis [4]. The major function 

of astaxanthin is the neutralizing effect against singlet 

oxygen and exhibits a powerful scavenging ability for free 

radicals [11]. Due to its powerful antioxidative ability, 

astaxanthin is applied as a nutraceutical and pharmaceutical 

agent in commercial applications, for treating diseases, such 

as cardiovascular diseases such as atherosclerosis, 

degenerative diseases such as metabolic syndrome and eye 

diseases such as cataract [12, 13]. It is also applied to feed 

supplements for salmon and rainbow trout as a food coloring 

agent [14, 15]. The astaxanthin pigment imparted in the fish 
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bodies can enhance their immunity and reproduction capacity 

[8, 16-18]. 

Some recent findings exhibited that natural astaxanthin 

extracted from H. pluvialis is fifty and twenty times stronger 

than synthetic astaxanthin regarding singlet oxygen 

quenching and free radical elimination, respectively [19, 20]. 

Under oxidative stress, H. pluvialis transforms from the 

green motile stage into the red non-motile resting stage with 

increasing amount of astaxanthin (brown cells). The “brown” 

cells are more tolerant to the oxidative stresses. The “red” 

cells, finally accompanied with high astaxanthin content for 

protecting the cells from photooxidative stress, survive in the 

adverse environment [21]. In previous studies, artificial stress 

conditions were applied, such as nutrient deprivation (e.g., 

nitrogen and phosphorous). Excess photosynthetic photon 

flux density, salt and metal ions stress, either used singly or 

simultaneously, can accelerate the synthesis and 

accumulation of astaxanthin but the yield of product is 

controversial [1, 7, 22, 23]. 

It is inevitable that photoinhibition and photooxidation 

effects happened during microalgal cultivation [24]. In this 

research, an internally illuminated photobioreactor with 

LEDs light was installed to minimize the contamination with 

cultivation period and provide adjustable light conditions 

(light-dark cycle, light wavelength and light intensity) for the 

two-stage cultivation of H. pluvialis [25, 26]. Thus, 

optimized conditions in photobioreactor and suitable 

extraction method are crucial to the biomass productivity and 

astaxanthin synthetic rate. Therefore, this work aimed to 

maximize the production of astaxanthin in H. pluvialis. 

2. Materials and Methods 

2.1. Microalgal Strain and Chemicals 

H. pluvialis Flotow (UTEX 2505) was obtained from the 

algal culture collection at the University of Texas, Austin, 

Texas, USA and maintained in Bold Basal Medium (BBM) 

composed of NaNO3 0.25 g, CaCl2·2H2O 0.025 g, 

MgSO4·7H2O 0.075 g, K2HPO4 0.075 g, KH2PO4 0.175 g, 

NaCl 0.025 g, EDTA 0.05 g, KOH 0.031 g, FeSO4·7H2O 

4.98 mg, H3BO3 11.42 mg, ZnSO4·7H2O 8.82 mg, 

MnCl2·4H2O 1.44 mg, MoO3 0.71 mg, CuSO4·5H2O 1.57 

mg, Co (NO3)2·6H2O 0.49 mg per one liter of deionized 

distilled water [27]. For the seed culture, 100 ml algal culture 

with 250 ml of BBM was used for cultivation. The sterilized 

air was continuously bubbled into the culture in Erlenmeyer 

flask through an air pump (V-30, Hailea, China) as a source 

of CO2 and syringe filter (DISMIC-250CS, 0.45 µm, 

ADVANTEC, Japan). The lighting was supplied by cool 

white fluorescent tubes in a growth chamber (MLR-352-PE, 

Panasonic, Japan) with 50 µmol m
-2

 s
-1

 in a light/dark cycle 

of 12:12 h under 20 ± 1°C. Subcultures of the algal cells 

were made weekly. 

2.2. Photobioreactor Setup 

 

Figure 1. Schematic diagram of the internally-illuminated photobioreactor. 
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Figure 2. Photograph diagrams of the internally-illuminated 

photobioreactor under red and blue illuminations. 

Photobioreactor design was used with slight adjustment as 

in Figure 1 and 2 [28-30]. In brief, the dimension of the 

photobioreactor was 75 cm (height) × 20 cm (diameter). The 

reactor wall was made of transparent acrylic plastic with 0.3 

cm thickness. The working volume of the photobioreactor is 

13 liters. The photobioreactor received sterilized air at a flow 

rate of 1.2 L/min through an aquarium air pump (V-30, 

Hailea, China) and a syringe air filter (DISMIC-250CS, 0.45 

µm, ADVANTEC, Japan). A sparger was located 3 cm from 

the bottom of the reactor with a supply of ambient air at 1 

L/min flow rate. Air and CO2 were supplied to the algal 

cultures to minimize the sedimentation and adhesion on the 

inner surface. Three valves were installed on the reactor wall 

for medium and algal culture inlet, degassing and cell 

harvesting, respectively. The photobioreactor was equipped 

with red (660 nm) and blue (445 nm) 12V LED strips as the 

artificial light sources in the internal column of the 

photobioreactor. The LED strips provided a homogenous 

light distribution to the cell culture in the photobioreactor 

with the characteristics of energy saving, long lifetime and 

low heat dissipation [31, 32]. The switchers could adjust the 

light intensity by turning on/off and the colors of the LED 

strips. All experiments performed in the photobioreactors 

were in a temperature-controlled environment at 20 ± 1°C 

with a black side cover to minimize the disturbance of the 

environmental light. The light intensity (PAR value, µmol m
-2

 

s
-1

) was measured with a light meter (ILT 1400, International 

Light Technologies, USA). The inoculation for the 

photobioreactor was conducted by extracting the seed culture 

and centrifuged at 5000 rpm for 5 min (14 days culture, 

linear growth phase). The supernatant was discarded and 

cells were mixed with 13 L BBM (Cell number: 

approximately 1 × 10
5
 cells/ml) for the photobioreactor 

operation. Initial pH was adjusted to 7 with hydrochloric acid 

and sodium hydroxide. 

2.3. Experimental Setup 

Batch cultivation of H. pluvialis was applied inside the 

internally-illuminated photobioreactor. Separate light and 

experimental conditions were provided during the “green-

vegetative” and “red-astaxanthin formation” stages. Stage 1: 

Aim at investigating the vegetative growth stage of H. 

pluvialis with different wavelengths. Stage 2: Aim at 

optimizing the light intensity for enhancing the cell growth. 

Stage 3: Aim at investigating the astaxanthin formation. In 

stage 1 and 2, excess nitrate and phosphate were supplied in 

BBM to eliminate the nutrient starvation stress during the 

vegetative growth stage. In the stage 3 of the astaxanthin 

formation stage, continuous illumination of blue light (140 

µmol m
-2

 s
-1

) with modified BBM (0.025 g sodium nitrate 

and phosphate starvation) was applied as oxidative stress. 

The vegetable growth cells after stage 2 were transferred into 

starved nitrate and phosphate condition to slow down the cell 

division and triggered the accumulation of carotenoid. 

Details of the experimental conditions for the separate stages 

are listed in Table 1. 

Table 1. Experimental stages for the optimization of astaxanthin production. 

Stage Aim Light type 
Light intensity 

(µmol m-2 s-1) 

Light/dark 

cycle 

Experiment 

time (days) 
Culture medium 

1. 

Investigate the vegetative 

growth stage of H. pluvialis 

with different wavelengths 

Red (660 nm) and 

blue (445 nm) LED 

light 

70 12:12 h 14 BBM 

2. 
Optimize the light intensity for 

enhancing the cell growth 

Depended on the 

result from stage 1 

70, 140 and 

210 
12:12 h 14 BBM 

3. 
Investigate the astaxanthin 

formation 

Blue (445 nm) LED 

light 
140 24:0 h 7 

Modified BBM, adjusted with 0.025 g 

NaNO3 and phosphorus starvation 

 

2.4. Stage 4: Evaluation of Different Extraction Methods 

on the Astaxanthin Content in H. Pluvialis 

Astaxanthin extraction was all performed with the red 

encysted cells harvested after stage 3. Photomicrographs 

were recorded to provide image reference for the extraction 

performance in selected methods, including the hydrochloric 

acid digestion, ultrasonication, and microwave with 

vegetable oil extraction methods. The extracted astaxanthin 

content (% to dry weight) was evaluated with the 
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spectrophotometric method. 

2.4.1. Hydrochloric Acid Extraction 

Astaxanthin extracted by hydrochloric acid (HCl) was 

modified according to the experimental procedures reported 

by Dong et al. [33] and performed in triplicates. Ten 

milligrams of the freeze-dried cells were treated with 5-ml 1 

M, 2 M, and 3 M HCl respectively at 70
o
C water bath for 10 

minutes. The resulting solution was cooled and centrifuged at 

3500 rpm for 5 min. The supernatants were separated and 

estimated the amount of extracted astaxanthin. Three 

replicates were carried out in dim light for light protection 

and filled with pure nitrogen gas. 

2.4.2. Ultrasonication Extraction 

Ten milligrams of the dried H. pluvialis were homogenized 

in a mortar and pestle [34]. The freeze-dried cells were ultra-

sounded with 5 ml of distilled water in a 15-ml centrifuge 

tube by a 130-watt and 20 kHz ultrasonication processor 

(VCX130, Sonics and Materials, Inc., Newtown, USA). The 

extraction time was 5, 10, 15 and 20 minutes. The working 

cycles consisted of 15 seconds processing time and 15 

seconds resting time to avoid overheating. The working 

amplitude was set to be 35%, 45.5 watts. The centrifuge 

tubes were placed in an ice bath and performed in dim light 

during ultrasonication. The sonicated sample was then 

centrifuged at 5000 rpm for 10 min, and supernatants were 

extracted and tested for its astaxanthin content. 

2.4.3. Microwave with Vegetable Oil Extraction 

The vegetable oil extraction method was performed in 

triplicates. Ten milligrams of the freeze-dried cells were 

stirred and dissolved in acetic acid (5%) w/v. The microwave 

assisted extraction was carried out in a microwave oven of 

frequency 50 Hz with a maximum power of 400W 

(MWD900, Whirlpool, China) [35, 36]. After treatment, the 

samples were added to the centrifuge tubes with 5-ml 

flaxseed oil and olive oil separately [37]. Centrifugation was 

carried out at 5000 rpm for 5 mins to separate the samples 

into two layers. The supernatant was examined for 

astaxanthin content. All experimental steps were carried out 

in dim light. 

2.5. Analytical Methods 

2.5.1. Measurement of Cell Number and Algal Biomass 

Cell numbers (cells/ml) were determined with cell 

counting chambers through a light microscope (Primo Vert, 

Carl Zeiss, Germany) according to the Standard Method 

10200F [38]. Algal biomass was separated by weighted glass 

fiber filter (type GC-50, 47 mm diameter, 0.45 µm, 

ADVANTEC, Japan) and dried at 105°C for 24 hours. The 

weight difference of the filter paper was measured with an 

analytical balance (HR-200, A&D, Japan). The biomass 

concentration was calculated by the algal dry weight per one 

liter (mg/L). The overall specific growth rate (µ) at the 

exponential phase was calculated according to: 

� = �� 	(��/�
)/(�� − �
)                    (1) 

Where, �� and �
 are the cell dry biomass (cells/ml) at �� 

and �
 (sample day), respectively. 

The morphological features (size, number, and color) of H. 

pluvialis cells were observed using a light microscope (Primo 

Vert, Carl Zeiss, Germany) equipped with a digital camera 

(Axiocam ERc 5s, Carl Zeiss, Germany). 

2.5.2. Nutrient Content in Growth Medium 

The algal samples were filtered through a glass fiber filter 

(type GC-50, 47 mm diameter, 0.45 µm, ADVANTEC, 

Japan) and collected with centrifuge tubes. Nitrate 

concentration (NO3
− 

– N) and phosphorus concentration 

(PO4
3− 

– P) were measured according to standard methods 

[39, 40] with the use of a UV- spectrophotometer (UV-1800 

UV, Shimadzu, Japan). 

2.5.3. Analysis of Total Astaxanthin Content 

The total astaxanthin concentration was accounted for 80% 

of total carotene and measured with the wavelength of 450 

nm in UV-spectrometer (UV 1800, Shimadzu, Japan). Both 

concentrations were calculated according to Huang [41]: 

CXC = A450 × 10/2500 × V / V0                   (2) 

CAX = CXC × 80%                             (3) 

Where CXC and CAX are the total carotenoid content (mg) 

and astaxanthin content (mg) respectively; V and V0 are the 

extracted and original volume (mL), respectively. 

2.6. Statistical Analysis 

All reported data were collected and expressed as the mean 

± standard deviation (n=3). Statistical analysis was 

performed using SPSS software (Version 21), tested with t-

test, one-way analysis of variance (ANOVA) test and post-

hoc Tukey’s honestly significant difference (HSD) test. The 

significant level was set at P < 0.05. 

3. Results and Discussion 

3.1. Stage 1: Investigation of the Vegetative Growth Stage 

of H. Pluvialis with Different LED Wavelengths 

Figure 3 shows the exponential growth pattern under red 

and blue LED light in a photobioreactor. The cell numbers 

and dry biomass concentration of H. pluvialis were 

significantly higher in red light than in blue light (P < 0.05). 

H. pluvialis produced the maximal cell number of 4.58 ± 

0.15 × 10
5
 cells/ml and dry biomass of 520 ± 12.5 mg/L 

under red light at day 14 (Table 2). The cell number of H. 

pluvialis under red LEDs was nearly 65% higher than under 

blue LEDs. The exponential growth phase was observed 

from day 1 to day 9, while the stationary phase was observed 

from day 9 to day 14 under red LEDs. In this stage, almost 

all H. pluvialis cells were kept green under red LEDs. 

However, approximately 40% of brown and red encysted 

cells was observed at day 14 under blue LED illumination. 

Besides, it was demonstrated that red light induced a higher 

overall specific growth rate (d
-1

: 0.242 ± 0.004) than blue 
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light (d
-1

: 0.166 ± 0.002). Red light is detected by the 

photoreceptors which are responsible for the biomass 

production of H. pluvialis [8]. The spectra of 660 nm 

matched to the absorption peak of chlorophyll a and b which 

can be absorbed by the photosynthetic organs in H. pluvialis 

[42]. 

 

Figure 3. Effect of different wavelength on the cell number and dry biomass concentration of the H. pluvialis culture in photobioreactors. The plotted values 

indicate mean ± standard error (n = 3). 

 

Figure 4. Effect of different wavelength on nitrate and orthophosphate concentration in BBM. The plotted values indicate mean ± standard error (n = 3). 
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Table 2. Initial and final cell number, dry biomass and overall growth specific rate under red and blue LEDs. 

Light color (12:12 

light: dark cycle) 

Initial cell numbers 

(105 cells/ml) 

Final cell numbers 

(105 cells/ml) 

Initial dry biomass 

(Day 0) (mg/L) 

Final dry biomass 

(Day 14) (mg/L) 

Overall specific 

growth rate (d-1) 

Red LEDs (660 nm) 1.06 4.58 ± 0.15a 17.5 520.0 ± 12.5a 0.166 ± 0.002a 

Blue LEDs (445 nm) 1.06 1.43 ± 0.08b 17.5 180.0 ± 9.5b 0.242 ± 0.004b 

Data are given as mean ± standard deviation (n=3). 

Different superscript letters under each column indicate significant difference (t-test, P < 0.05) between treatments. 

Figure 4 shows the change in nitrate and phosphorus 

concentration in BBM. The overall specific growth rate of H. 

pluvialis declined (from day 10 to 14) under red LEDs. The 

nitrate nearly used up at day 14 (5.43 ± 0.08 mg/L). Higher 

biomass production was achieved under red LEDs with a 

faster nitrate and phosphate removal rate than in blue LEDs.  

3.2. Stage 2: Optimization of the Light Intensity of Red 

LEDs for the H. Pluvialis Cell Growth  

Enhancing the biomass production of H. pluvialis could 

achieve a high amount of extractable astaxanthin [43]. The 

biomass growth of H. pluvialis was further optimized by red 

LEDs illumination. Figure 5 shows the growth pattern of H. 

pluvialis under 70, 140 and 210 µmol m
-2

 s
-1

 light intensity 

under red LEDs. The cell numbers and dry biomass 

concentration of H. pluvialis were significantly influenced by 

the light intensity of red light (P < 0.05). The maximum cell 

density of 5.31 ± 0.15 × 10
5
 cells/ml and dry biomass of 680 

± 10.5 mg/L were observed under 140 µmol m
-2

 s
-1

 red LEDs 

(Table 3). The stationary phase observed at day 11 was due to 

the nitrate exhaustion in the culture. After that, the 

percentage of green cells gently decreased, while the 

brownish and red encysted cells number increased. Hence, 

the 70 µmol m
-2

 s
-1

 intensity became the limiting factor for 

the growth of H. pluvialis. The increase of red LEDs from 70 

to 140 µmol m
-2

 s
-1

 could induce a better biomass production 

while avoiding the induction of astaxanthin accumulation. 

However, an increase of intensity to 210 µmol m
-2

 s
-1

 caused 

a decline of the cell density at day 12 to 14 and the overall 

specific growth rate was slower to other two conditions. The 

high light intensity of 210 µmol m
-2

 s
-1

 exhibited 

photooxidative stress to H. pluvialis, resulting in the 

formation of astaxanthin and encysted cells [44]. This result 

showed that the optimized photobioreactor design needs to 

provide flexible light conditions (illumination cycle, light 

wavelength and intensity) to assure the biomass and 

astaxanthin production of H. pluvialis. 

 

Figure 5. Effects of different red LEDs light intensity on the cell number and dry biomass concentration of the H. pluvialis culture in photobioreactors. The 

plotted values indicate mean ± standard error (n = 3). 
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Table 3. Initial and final cell number, dry biomass and overall growth specific rate under red and blue LEDs. 

Red LEDs light intensity 

(12:12 light: dark cycle) 

Initial cell numbers 

(105 cells/ml) 

Final cell numbers 

(105 cells/ml) 

Initial dry biomass 

(Day 0) (mg/L) 

Final dry biomass 

(Day 14) (mg/L) 

Overall specific 

growth rate (d-1) 

70 µmol m-2 s-1 1.08 4.47 ± 0.11a 18.0 530.5 ± 8.5a 0.243 ± 0.001a 

140 µmol m-2 s-1 1.08 5.31 ± 0.15b 18.0 680 ± 10.5b 0.261 ± 0.001b 

210 µmol m-2 s-1 1.08 3.23 ± 0.14c 18.0 520 ± 8.0a 0.241 ± 0.001a 

Data are given as mean ± standard deviation (n=3). 

Different superscript letters under a column indicate significant differences (P < 0.05) among light intensity treatments, as analyzed by one-way ANOVA, 

Post-Hoc Test, Turkey HSD. 

3.3. Stage 3: Investigation of the Astaxanthin Formation in 

H. Pluvialis by Blue LEDs 

In this study, H. pluvialis had been observed to change 

from green to brownish green at 3 to 4 days and red encysted 

cells formed at 5 to 7 days (Figure 6 and 7). The blue light 

stress was adopted and supported a rapid formation of 

astaxanthin within 7 days. 

 

Figure 6. Photomicrographs (400X) of H. pluvialis, change from green to 

brownish green at 3 to 4 days. 

 

Figure 7. Photomicrographs (400X) of H. pluvialis, red encysted cells 

formed at 5 to 7 days. 

In the astaxanthin formation stage, the blue light 

influenced the gene expression and metabolic pathway of H. 

pluvialis [42]. Such light-harvesting complexes were up-

regulated in response to blue light via a cryptochrome-

mediated pathway, as cryptochrome is a class of 

flavoproteins that are sensitive to blue light [45, 46]. The 

blue photon has a short wavelength and relatively high 

energy which required by photosynthesis [42]. The blue light 

wavelength was thus excited and caused photooxidation of 

the photosystem II and increased the electron flow and 

carotenogenesis gene expression [8, 47]. Thus, the 

accumulation of astaxanthin under excessive blue light 

became the intracellular protective mechanism of the 

photosynthetic apparatus of H. pluvialis [48]. Our findings 

were in line with Sun et al. [49] that the reactive oxygen 

species increased at a high level, which was closely related to 

the environmental stress and induced the astaxanthin 

formation. Astaxanthin in H. pluvialis has become the cell 

defensive mechanism to oxidative stress [4, 50]. 

3.4. Morphological Change of H. Pluvialis with the High 

Light Intensity of Blue LEDs in a Photobioreactor 

Two-stage cultivation strategy was applied in this study for 

rapid accumulation of the algal biomass, then transferred to 

high blue light intensity to trigger the transformation of 

mature cyst H. pluvialis cells. The life cycle of H. pluvialis 

consists of macrozooids (or zoospores), green coccoid, 

microzooids, palmella, and aplanospores (or haematocysts) 

(Figure 8) [2, 51]. Macrozooids (pear-shape flagellated), 

green coccoid (non-flagellated), microzooids and palmella 

are dominant in the “green vegetative” stage, while 

aplanospores are referred to the “red-astaxanthin formation” 

stage [5]. In the present experiment, when macrozooids or 

green coccoid cells were subjected to the high light 

irradiance of blue LEDs, the cells underwent “encystment.” 

First, the green cells were changed into an intermediate state 

with brown cells (microzooids, round non-flagellated cells) 

[47]. Astaxanthin then accumulated in the cell body with loss 

of flagella and increase in cell size. Finally, the mature red 

cyst cells were formed to prevail in stressful conditions by 

accumulating a significant amount of astaxanthin [52, 53]. 
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Figure 8. Photomicrograph (400X) of the life cycle of H. pluvialis under blue light experimental conditions. 

In this study, the immature encysted cells were found with 

a larger diameter (35 – 52 µm) when compared to the green 

coccoid cells (11 – 25 µm) (Figure 9). The result agreed with 

Kobayashi et al. [54] that in the “red-astaxanthin formation” 

stage, H. pluvialis undergoes cell enlargement with the 

increasing amount of visual astaxanthin pigment in the 

cytoplasm. The resting stage of the encysted cells is formed 

with rigid cell walls [49]. However, H. pluvialis underwent 

germination under the condition of with fresh BBM, red 

color of 70 - 140 µmol m
-2

 s
-1

. Aplanospores would 

germinate to form flagellated zoospores again and begin a 

new vegetative growth cycle [2]. 

 

Figure 9. Photomicrographs (400X) of H. pluvialis, green coccoid cell and 

immature cyst cells. 

3.5. Stage 4: Evaluation of Different Extraction Methods 

on the Astaxanthin Content in H. Pluvialis 

The presence of a rigid multilayered cell wall in H. 

pluvialis creates the difficulties of astaxanthin extraction, 

which is cost ineffective [5]. Selecting an appropriate 

extraction method highly depends on the production scales, 

cost and final application. However, simple extraction 

methods, such as using hexane, chloroform and n-hexane 

solvents, can be toxic, have residue remains, and reduce the 

nutritional value of the extracted astaxanthin [55, 56]. 

Methods based on solvents and/or physical techniques were 

developed to extract astaxanthin in this study. Three 

proposed extraction methods were investigated, including the 

use of (1) acid, (2) ultrasonication, and (3) microwave. 

3.5.1. Acid Extraction Method 

It was observed that 3 M concentration HCl extraction 

presented the highest astaxanthin extraction efficiency with 

3.85 ± 0.05% (Table 4). Figure 10 shows the 

photomicrograph of the extraction process with encysted H. 

pluvialis, lysing after HCl acid extraction. Transparent lysed 

cells were found after treated with 3 M HCl and 

centrifugation (Figure 11). Photomicrograph showed that 

with an increase in the concentration of HCl acid, the amount 

of extracted astaxanthin increased (Figure 12). HCl acid 

cleaved the vital bond in the cell wall of H. pluvialis. 

However, 4 N or higher concentration of hydrochloric acid 

treatment led to astaxanthin ester degradation and 

morphological changes [34, 57].  
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Table 4. Effects of different concentrations of hydrochloric acid on the extraction of astaxanthin content from H. pluvialis cells. 

Extraction technique Extracted astaxanthin content (% to dry weight) 

1 M hydrochloric acid 1.35 ± 0.02%b 

2 M hydrochloric acid 1.83 ± 0.04%b 

3 M hydrochloric acid 3.85 ± 0.05%a 

Data are given as mean ± standard deviation (n=3). 

Different superscript letters indicate significant differences (P < 0.05) among HCl concentrations, as analyzed by one-way ANOVA, Post-Hoc Test, Turkey 

HSD. 

 

Figure 10. Photomicrographs (400X) of H. pluvialis encysted cells (A) Encysted cells before extraction, (B) Lysing cells (C) After HCl acid extraction. Bar = 

30 µm. 

 

Figure 11. The appearance of H. pluvialis cells that were heat treated for 10 minutes with 5 ml of (A) 1 M hydrochloric acid, (B) 2 M hydrochloric acid, (C) 3 

M hydrochloric acid, (D) mili-Q water (control). 

 

Figure 12. Photomicrographs (400X) of H. pluvialis cells that were heat treated for 10 minutes with 5 ml of (A) 1 M hydrochloric acid, (B) 2 M hydrochloric 

acid, (C) 3 M hydrochloric acid, (D) Distilled water with encysted cells (control). Bar = 30 µm. 
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3.5.2. Ultrasonication Extraction Method 

Ultrasonication is beneficial for cell disruption because of 

the uniform cell destruction by mechanical vibration and 

acoustic energy [58]. Ultrasonic frequencies in the range of 

20-100 kHz are commonly used for mechanical disruption of 

the cell wall [59]. Figure 13 shows that the appearance of H. 

pluvialis cells before and after ultrasonication. The clear 

solution was turned into a cherry red color with dark red 

precipitate after ultrasonication. Ultrasonication disintegrated 

the cell wall and plasma membrane and astaxanthin was 

extracted from the intercellular encysted cells (Figure 14). It 

was observed that the maximum astaxanthin extraction yield 

was obtained at 2.06 ± 0.08% at 15 min (Table 5). The 

ultrasonic cell disruption was significantly affected by the 

initial algal cell concentration and the energy was distributed 

to each cell [60]. An increase in the sonication time could 

improve the extraction efficiency but simultaneously would 

increase the power consumption. However, prolonging the 

extraction time for more than 15 minutes increased the 

culture temperature from 50 to 100°C and lowered the 

amount of extracted astaxanthin [58, 61, 62]. 

 

Figure 13. Appearance of H. pluvialis cells (A) Before extraction (B) After 

15 minutes ultrasonication. 

 

Figure 14. Photomicrograph (400X) of H. pluvialis encysted cells after 

ultrasonication. Bar = 30 µm. 

Table 5. Effects of different ultrasonication operation time on the extraction 

of astaxanthin content from H. pluvialis cells. 

Extraction technique 
Extracted astaxanthin content (% to dry 

weight) 

5 minutes ultrasonication 1.55 ± 0.04%a 

10 minutes ultrasonication 1.86 ± 0.06%b 

15 minutes ultrasonication 2.06 ± 0.08%c 

20 minutes ultrasonication 1.52 ± 0.04%a 

Data are given as mean ± standard deviation (n=3). 

Different superscript letters indicate significant differences (P < 0.05) among 

ultrasonication time treatments, as analyzed by one-way ANOVA, Post-Hoc 

Test, Turkey HSD. 

3.5.3. Microwave Extraction Method 

The amount of red astaxanthin pigment extracted by 

microwave was higher when assisted with flaxseed oil (0.54 

± 0.01%) than olive oil (0.85 ± 0.02%) (Table 6). The dry H. 

pluvialis cells were pretreated with 5% acetic acid. The 

internal cell temperature was readily increased when H. 

pluvialis were exposed to the high-frequency electromagnetic 

radiation of microwave. When the water reached its boiling 

point, H. pluvialis cells expanded, resulting in the cell 

membrane and cell wall disruption (Günerken et al., 2015). 

The vegetable oil facilitated the recovery of astaxanthin due 

to its lipophilic characteristics [36, 63]. Figure 15 shows the 

destruction of cell boundaries of H. pluvialis after microwave 

exposure with flaxseed oil and olive oil treatments. 

Microwave extraction is a beneficial method to extract 

biologically active compound without bringing pollution to 

the environment with a short extraction time [36]. Further 

investigation would help to apply microwave extraction 

method in the food industry [35, 63, 64]. 

 

Figure 15. Photomicrographs (400X) of H. pluvialis cells that were treated 

with acetic acid, microwave assisted and added with 5 ml of (A) Flaxseed 

oil, (B) Olive oil. Bar = 30 µm. 

Table 6. Effects of different vegetable oils on the extratin of astaxanthin 

content from H. pluvialis cells. 

Method + Solvent 
Extracted astaxanthin content (% to dry 

weight) 

Microwave + olive oil 0.54 ± 0.01%b 

Microwave + flaxseed oil 0.85 ± 0.02%a 

Data are given as mean ± standard deviation (n=3). 

Different superscript letters indicate significant differences (P < 0.05) 

between solvent treatments, as analyzed by t-test. 
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4. Conclusions 

In this study, an internally-illuminated photobioreactor was 

established for H. pluvialis cultivation and astaxanthin 

formation. The experimental results indicated that red LED 

light was practicable for growing vegetative green cells. 

Further optimization by increasing the red LED light 

intensity to 140 µmol m
-2

 s
-1

 achieved the highest biomass 

production. The cells were transferred under 140 µmol m
-2

 s
-1

 

blue LEDs together with nitrogen and phosphorus starvation 

to stimulate the cells encystment and astaxanthin formation. 

Subsequently, the highest yield of extractable astaxanthin 

(3.85 ± 0.05% dry weight) was found by treating the cells 

with 3 M HCl at 70°C water bath for 10 minutes. Based on 

the current investigation, further studies were conducted on 

different microalgal strains, so as to enhance the yield of 

extractable pigments. 
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