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1. Introduction

Astaxanthin has been shown to be one of the most 
powerful antioxidants out of many other carotenoids [1-3]. 
Astaxanthin can be found in the shells of crustaceans, seafood, 
the yeast Phaffia rhodozyma, and in some bacteria at low 
concentrations. However, the green alga Haematococcus 
pluvialis is able to synthesize and accumulate astaxanthin 
in high concentrations (possibly up to 5-6% [w/w] in the 
dry biomass) and is thus used to produce astaxanthin on an 
industrial scale [4-7].

Astaxanthin production from H. pluvialis is almost 
exclusively performed with suspended cultivation (open 
or closed systems). Outdoor open systems can be large 
shallow ponds, reservoirs, circular ponds or raceways, 
and the algal suspension is stirred by paddle wheels under 

sunlight. The amount of astaxanthin can reach 1.5-3.0% 
of dry biomass. The advantage of this culture system is its 
simple construction and operation. However, limitations 
like low light efficiency, loss of culture medium due to 
evaporation, large space requirements, and high risk of 
contamination inhibiting the growth of the target alga can 
occur in these systems [8]. Closed culture systems can limit 
the risk of contamination, for example, photobioreactors 
(PBRs) in the form of flat panel, tubular or columnar 
bioreactors. Environmental conditions (pH, light intensity, 
temperature, and CO2 concentration) are better controlled 
and water evaporation and CO2 loss are minimized in closed 
PBRs. However, some significant disadvantages of closed 
PBRs are difficulty controlling the cumulative oxygen 
concentration and costs of setting up and maintaining them 
in comparison to open ponds [9-11].
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The immobilized algal culture model in a twin-
layer porous substrate photobioreactor (TL-PSBR) has 
been shown to have several advantages over traditional 
suspension cultivation systems [12-15]. The TL-PSBR was 
originally placed vertically and had many advantages such 
as less water consumption, less restricted gas exchange 
surface, and easy separation of water from algal biomass 
when harvested. Additionally, the final cell density (standing 
crop) can be up to 100 times higher than in suspended 
cultivation [13, 14].

Recently in Vietnam, studies on culturing H. pluvialis 
in pilot-scale TL-PSBRs have been carried out with high 
capacity illuminations using a system of 10 high pressure 
sodium lamps (250 W/lamp) or 8 high-pressure sodium 
lamps (400 W/lamp). These illuminations stimulate the 
growth and accumulation of astaxanthin in H. pluvialis 
to achieve high yields [16, 17]. However, these lighting 
systems consume large amounts of energy that reduce 
production efficiency and emit considerable heat, which 
brings difficulty to the control of temperature in the culture 
environment [17].

Monochromatic illumination from light emitting diodes 
(LED) has been used in plant culture as well as in microalgae. 
The LEDs show many advantages such as high efficiency 
of converting electricity to light (less heat, more energy 
saving), creating light with a wavelength that matches the 
absorption spectrum of the pigments in microalgae, and a 
long service life [18-21]. However, the number of studies 
on the application of LEDs for the production of astaxanthin 
from H. pluvialis is limited, especially those in immobilized 
microalgal cultivation such as PSBR systems.

In this study, the effect of the light spectrum from LEDs 
(red LED, blue LED, and blue-red LED) on biomass growth 
and astaxanthin accumulation of H. pluvialis in angled TL-
PSBR was evaluated. From there, the type of LED light most 
suitable for culturing H. pluvialis to produce astaxanthin in 
TL-PSBRs will be selected for further studies.

2. Materials and methods

2.1. Algal strain and suspended cultivation to prepare 
microalgae for fixation to biofilm

The microalga H. pluvialis CCAC 0125 (Central 
Collection of Algal Cultures; https://www.uni-due.
de/biology/ccac/) was maintained and cultured in the 

Biotechnology Laboratory, Nguyen Tat Thanh University, 
Vietnam. Algae were suspended with BG-11H medium [22] 
in flasks of 500 ml (for 14 d), 2 l (14 d) and 10 l (20 d) at 
23±2°C while illuminated by fluorescent lamps with a light 
intensity of 30-40 µmol photon m-2s-1 and a light/dark cycle 
of 14 h/10 h.

2.2. Experimental designs

The experiments were carried out on pilot-scale angled 
TL-PSBRs [16]. Each chamber was illuminated by a separate 
set of LEDs. Each LED luminaire was composed of 16 
Bridgelux LED chips (Bridgelux, Inc., China) (Fig. 1). The 
LED chips selected for use were red LEDs, blue LEDs, and 
blue-red LEDs (1 blue:3 red). The LEDs were installed in a 
steel frame and automatically controlled to turn on and off 
by timers. The distance from the LEDs to the biofilms was 
adjusted to ensure the light intensity on the algal surface 
was 100-120 µmol photons m-2s-1. The light intensity was 
measured with a photometer Lutron LX-1108 (Taiwan).

Fig. 1. The LED luminaires have 16 LED chips used in the 
experiments.

2.2.1. Effects of monochromatic light on growth and 
astaxanthin accumulation

Experiments were conducted with blue light 
(wavelength 430-480 nm), red light (wavelength 620-650 
nm), simultaneous combinations of red and blue light with 
a ratio of 3 red:1 blue (Fig. 2). The intensity of the light was 
100-120 µmol photon m-2s-1.
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2.2.2. Effects of combinations of red LED and blue-red 
LED illuminations over the culture period

With the aim of increasing algal biomass in the early days 
of cultivation (with red light) and stimulating astaxanthin 
accumulation in the last days of cultivation (with red and 
blue light), the combination formulas in this experiment 
were: (1) 10 d with blue and red LEDs, (2) 2 d with red 
LEDs followed by 8 d with blue and red LEDs, (3) 4 d with 
red LEDs followed by 6 d with blue and red LEDs, (4) 6 d 
with red LEDs followed by 4 d with blue and red LEDs, (5) 
8 d with red LEDs followed by 2 d with blue and red LEDs, 
and finally (6) 10 d with red LEDs. The intensity of light 
was always maintained at 100-120 µmol photon m-2s-1.

2.3. Centrifugation to concentrate algae in suspension 
and immobilization of algae to biofilm in angled TL-
PSBRs

2.3.1. Centrifugation to collect concentrated algae 

Green stage microalgae were concentrated from 
suspended cultivation (cell density is about 5×105 cells ml-

1) by centrifugation at 800 g for 5 min with a ROTANTA 
460 RC high volume centrifuge (Hettich, Germany). The 
concentrated algal suspension at the bottom of the centrifuge 
tube was collected and the dry biomass was determined. To 
determine the dry biomass, 1 ml of concentrated suspension 
was added to filter paper (dried and weighed, mb (g)) and 
dried at 105°C for 2 h. Dry algae and paper were cooled in 
the desiccator for 30 min, weighed, and the drying process 
was repeated until the mass was constant (ma (g)). The 
dry biomass of H. pluvialis in 1 ml of concentrated algae 
suspension was calculated as mx (g/ml)=ma-mb and repeated 
3 times to calculate the mean weight (mA). Total algal 
biomass obtained was m(g)=VA×mA, where VA is the volume 
of concentrated algae solution. An initial algal density of 7.5 
g.m-2 was applied to establish the biofilm.

2.3.2. Algae immobilization on angled TL-PSBRs

In order to immobilize the microalgae to create a biofilm, 
the algal suspension was painted onto the substrate layers 

with a soft brush. The algae were painted in circles with a 
radius of 4 cm (each plot had an area of about 50.24 cm2) 
(Fig. 3) to facilitate sampling at the time of 4, 6, 8, 10 d 
after immobilization. The volume of concentrated algal 
suspension needed to immobilize each plot was calculated as:
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Fig. 3. Algae were immobilized into circular plots in angled TL-PSBRs. 
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Filtered water was added to the culture medium every day to compensate for 
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only about 1800-2000 µS/cm. The room temperature during experiments was 
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of 4 cm was scraped with a plastic piece (3×5 cm) and placed in a 10 ml centri-
fuge tube (pre-weighed, m1). The sample was then dried at 105°C for 2 h. The 
dry algae and tube were cooled in a desiccator for 30 min, weighed, and the pro-

Fig. 3. Algae were immobilized into circular plots in angled TL-PSBRs.

2.4. Culture conditions after algal immobilization

Algal biofilms in TL-PSBRs were cultivated for 10 d. 
Nutrition for growth of microalgae was provided with 40 
l of BG-11H medium from day 1 to day 7, the medium 
was replaced after 2 or 3 d. After 7 d of culture, the BG-
11H medium was replaced with 40 l of N- and P-free 
medium (stress medium). The culture medium was aerated 
with 1% CO2 (v/v) added to keep the pH between 6.5-8. 
Filtered water was added to the culture medium every day 
to compensate for evaporation, which ensured that the 
electrical conductivity of the medium was only about 1800-
2000 µS/cm. The room temperature during experiments 
was maintained at 23-26°C.

2.5. The following variables were monitored

2.5.1. Environmental factors

Temperature, pH, and electrical conductivity of the BG-
11H medium were measured daily during culture in the TL-
PSBRs.

Fig. 2. The monochromatic LED luminaires used in the experiments: (A) blue light, (B) red light and (C) combinations of red with 
blue light.
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2.5.2. The growth of microalgae

Microalgae growth was monitored by the dry biomass of 
microalgae obtained per m2 at 4, 6, 8, 10 d after inoculation 
of algae onto the substrate layer. The fresh algal biomass 
in a circular area with a radius of 4 cm was scraped with 
a plastic piece (3×5 cm) and placed in a 10 ml centrifuge 
tube (pre-weighed, m1). The sample was then dried at 105oC 
for 2 h. The dry algae and tube were cooled in a desiccator 
for 30 min, weighed, and the process was repeated the dry 
weight was constant (m2). The dry weight of microalgae per 
m2 was calculated as m(g.m-2)=(m2-m1)/0.005024. Three 
biological samples (n=3) were collected for each treatment 
at each time for statistical analysis.

2.5.3. Astaxanthin content in the dry biomass (A%)

To determine the astaxanthin content in H. pluvialis, 
0.001 g of dry biomass was weighed with a high precision 
balance and placed in a 2 ml centrifuge tube with cap. Then, 
0.5 ml 90% acetone (v/v) was added and shaken vigorously 
with stainless steel balls (0.5 cm in diameter) for 3 h to 
allow all cells to rupture (as evaluated by microscopic 
examination) and release astaxanthin. Then, 1 ml of 90% 
acetone was added and the sample centrifuged at 6000 g 
for 30 sec. The supernatant was collected and 90% acetone 
was added to obtain a final volume of 2.0 ml. The procedure 
was performed in the dark or under weak diffused light to 
minimize the breakdown of astaxanthin.

The pigment extracts were measured for optical 
density at a wavelength of 530 nm [22]. The astaxanthin 
concentration was determined using a standard curve 
equation constructed with standard astaxanthin (Sigma-
Aldrich) dissolved in acetone 90%. (Fig. 4). The standard 
curve equation is y=0.0577x+0.0131, where y is the OD 
value and x is the concentration of astaxanthin (µg ml-1). 
Astaxanthin concentration was determined according to the 
equation (x) (µg ml-1) = (OD530nm (y)-0.0131)/0.0577.

Fig. 4. Calibration curve for astaxanthin concentration.

2.5.4. Ratio of astaxanthin in dry biomass 

(A%)=[x(µg ml-1)x2 (ml)x100%]/[0.001(g)x1,000,000]

Astaxanthin productivity (mg.m-2d-1)=[m(mg)xA%]/10

2.5.5. Morphological criteria of microalgae under 
optical microscope

Algal cell morphology was observed with an Olympus 
CX21 optical microscope (Japan).

2.6. Data analysis

Statistical analyses were made by using R (version 
3.4.2). Tukey’s HSD (honestly significant difference) test 
was use for analysis of difference in experiments. The data 
were analysed by using Microsoft Excel 365. The presented 
values were average value (Mean) ±SD (standard deviation) 
of three replicates (n=3).

3. Results
3.1. Effect of monochromatic light on growth and 

astaxanthin accumulation of H. pluvialis in TL-PSBRs

3.1.1. Results of monitoring environmental factors

Monitoring results show that the pH was maintained 
at 6.6-7.57 throughout the culture period, which was still 
within the optimal range for the growth of H. pluvialis. The 
temperature of the BG-11H medium was maintained at 21-
24°C during experiments (Table 1).

Table 1. Results of monitoring the pH and temperature of the 
culture medium. The same nutrient medium was used for all 
treatments in an experiment.

Day 1 2 3 4 5 6 7 8 9 10

pH 6.60 6.96 6.89 7.06 7.21 7.31 7.57 7.40 7.20 7.28

Temperature (°C) 24.2 23.6 23.8 23.3 22.0 22.0 21.2 21.4 21.3 21.2

3.1.2. Effect of monochromatic light on the growth of H. 
pluvialis

The dry biomass for all three treatments increased during 
the first 6 d (initial dry biomass was 7.5 g.m-2) under the same 
culture conditions and light intensity (range from 100-120 
µmol photon m-2/s) but different types of monochromatic 
LED (red, blue or the combination blue and red) (Fig. 5). 
There was almost no significant change in the dry biomass 
when illuminated by the blue LED from day 6 to day 10 
(p>0.05, n=3).

For algae illuminated by the red LED, an increase in dry 
biomass was observed until day 6, which then decreased after 
day 8 (Fig. 5). The dry biomass of microalgae illuminated by 
the combination of blue and red LED, however, increased 
continuously over the culture period of 10 d and the growth 
was linear with a rate of 3.06 g.m-2d-1.
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Fig. 5. Total dry biomass of H. pluvialis over time when 
illuminated with different types of monochromatic light.

After 10 d of culture, the total dry biomass of microalgae 
with the red and blue LEDs combination was the highest, 
in fact, much higher than the blue LED or red LED alone 
(p<0.05, n=3). The dry biomass yield was highest at around 
3.06 g.m-2d-1 when illuminated with a combination of blue 
and red LEDs.

3.1.3. Effect of monochromatic light on astaxanthin 
accumulation of H. pluvialis

The percentage of astaxanthin accumulated in the dry 
biomass of H. pluvialis over the culture period is shown in 
Fig. 6. At day 4, the astaxanthin content in the biomass was 
highest with LEDs containing blue light (up to 1.7% in the 
blue and red LED lighting) and then decreased until day 8. 
This was likely because during the first days of cultivation, 
the algal cells in the thin biofilm were exposed to relatively 
high light intensities favouring astaxanthin accumulation. 
When the biofilm became thicker (i.e., >20 g dry weight/
m2, Fig. 7), the percentage of cells in the lower cell layers 
increased, which are shaded by the upper layers, thus 
lowering the overall astaxanthin content of the biofilm.

Fig. 6. Percentage of astaxanthin in dry biomass of H. 
pluvialis over time when illuminated with different types of 
monochromatic light.

Under red LED illumination, astaxanthin accumulation 
was highest at day 6 (Fig. 6) and then gradually decreased. 
After 10 days, the percentage of astaxanthin in the dry 
biomass was highest in the blue and red LED combination 
treatment (average 0.76%, Fig. 6), which is significantly 
higher than that of using only red or blue LEDs (p<0.05, n=3).

Therefore, the total dry biomass and the percentage 
of astaxanthin in the dry biomass after 10 days of culture 
were highest in the treatment with the combination of blue 
and red LEDs, thus the astaxanthin amount (mg.m-2) was 
also highest in this treatment (Table 2) and the difference 
was statistically significant compared with the other two 
treatments (p<0.05, n=3).
Table 2. Astaxanthin standing crop per square meter (mg.m-2) 
after 10 days when illuminated with different types of 
monochromatic light.

Blue and red LEDs Blue LED Red LED

291.99±44.73a 46.99±18.37b 89.75±15.85c

a, b, c: letters in the same row indicate statistically significant 
difference (p<0.05).

3.1.4. Effect of monochromatic light on biofilm surface 
and microscopic morphology of H. pluvialis

The macroscopic appearance of the algal biofilm surface 
over the culture period at different LED exposures is shown 
in Fig. 7. In general, the thickness of the biofilms increased 

 Blue and red LEDs Blue LED Red LED 

Day 
4 

   

Day 
6 

   

Day 
8 

   

Day 
10 

   
 

Fig. 7. Biofilm surface of H. pluvialis when illuminated with 
different types of monochromatic light.
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over time in accordance with the determinations of the total 
dry biomass, of which the thickest was that of the blue and 
red LED treatment.

The biofilm surface colour was also markedly different 
between the 3 treatments. After 10 d, the algal surface under 
red LED was still green in accordance with the very low 
level astaxanthin content while the biofilm surface from the 
combined blue and red LED illumination had a red colour.

3.2. Effects of the combinations of red LED and blue-
red LED illuminations over the culture period on H. 
pluvialis in TL-PSBRs

Previous studies have shown that red light stimulates the 
growth of H. pluvialis while blue light stimulates astaxanthin 
accumulation [23-25]. Therefore, this experiment 
investigated the effect of combining red LED illumination 
in the early days and blue-red LED illumination in the 
following days to investigate the ability to stimulate both 
algal growth and accumulation of astaxanthin.

3.2.1. Effects of the combinations of red LED and blue-
red LED illuminations over the culture period on growth

Under the same culture conditions and light intensity 
(100-120 µmol photon m-2/s), the total biomass of 
microalgae generally increased with culture time for all 6 
treatments (initial dry biomass was 7.5 g.m-2) (Fig. 8). The 
total dry biomass and biomass productivity were highest 
in the treatment with the the greatest number of days of 
blue-red LED (0 day of red +10 days of blue-red). After 
10 days of culture, the total dry biomass in this treatment 
(0 day of red +10 days of blue-red) was the highest at 38.1 
g.m-2, which is much higher than the other treatments and 
the difference was statistically significant (p<0.05, n=3). 
The lowest total dry biomass occurred in treatment (5) (8 

days with red LEDs +2 days with blue and red LEDs) and 
treatment (6) (10 days with red LEDs +0 day with blue and 
red LEDs), which was 25.1 and 26.28 g.m-2, respectively. 
Thus, the combination of blue and red lighting from the 
beginning still showed the highest dry biomass increase 
after 10 d of culture.

3.2.2. Effects of the combinations of red LED and 
blue-red LED illuminations over the culture period on the 
astaxanthin accumulation of H. pluvialis

The percentage of astaxanthin accumulated in the dry 
algal biomass over the culture time is shown in Fig. 9. The 
percentage of astaxanthin in the dry biomass reached its 
highest value of 1.2% after 10 d in treatment (2:2 days red 
LEDs followed by 8-d blue-red LEDs) and the difference 
was statistically significant compared with treatments (1), 
(4), (5) and (6) (p<0.05, n=3).

Fig. 9. Content of astaxanthin in the dry biomass of H. pluvialis 
over time when illuminated by LEDs. r: red LED, br: blue-red 
LED.

These results occurred because in treatments with 
more blue-red light, the microalgal layers in the biofilm 
were stimulated to accumulate more astaxanthin upon 
transition to the red phase. Conversely, the more days of 
red LED illumination, the greater the number of cells in the 
green phase in the biofilm layers, which results in a low 
percentage of astaxanthin in the dry biomass. On day 10, the 
astaxanthin contents in the dry biomass of the six treatments 
were distributed into two distinct groups: one with a higher 
astaxanthin content (1, 2, and 3) and one with a significantly 
lower percentage of astaxanthin in the biomass (4, 5, and 6) 
(Fig. 9). This suggests that a minimum of 6-d exposure to 
blue LEDs is required to attain higher astaxanthin values.

The results of determining the ratio of astaxanthin in 
dry biomass also showed that the percentage of astaxanthin 
when fully illuminated with blue-red LEDs reached the 
highest value at day 4 but then decreased gradually. In 
the early days of blue-red LED illumination, cells had 

Fig. 8. Total dry biomass of H. pluvialis over time when 
illuminated by LEDs. r: red LED, br: blue-red LED.
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mainly accumulated astaxanthin and changed into the red 
phase but the dry biomass of microalgae did not increase 
as significantly. Thus, the content of astaxanthin in dry 
biomass would be high.

Table 3 summarizes the amount of astaxanthin (mg.m-2) 
obtained in 6 treatments with combination LED illumination. 
The results show that treatments (1), (2), and (3) gave the 
highest astaxanthin productivity and the difference between 
these treatments was not statistically significant (p>0.05, 
n=3), but was much higher than the rest of the treatments 
(p<0.05, n=3).
Table 3. Astaxanthin standing crop per square meter (mg.m-2) 
after 10 d.

(1) 
0 r+10 br

(2) 
2 r+8 br

(3) 
4 r+6 br

(4) 
6 r+4 br

(5) 
8 r+2 br

(6) 
10 r+0 br

292.0±44.7a 342.9±60.3a 264.1±42.1a 130.8±27.5b 94.6±40.1c 97.5±10.1c

a, b, c: letters in the same row indicate statistically significant 
difference. p<0.05, r: red LED, br: blue-red LED.

4. Discussion

H. pluvialis and other green algae do not use all 
wavelengths of visible light spectrum (wavelengths between 
400 and 700 nm) for photosynthesis, but only absorb mainly 
blue, purple, and red light. Fluorescent lamps contain 60% 
of the light that is suitable for photosynthesis. When using 
a combination of red and blue light, this ratio was up to 
84%, increasing the amount of red light, the amount of light 
received by the photosynthetic chain was increased by 91% 
[26]. Red light provides a higher number of photons than 
white light for enhanced algal growth [26]. The use of blue 
light stimulated more algae proliferation and astaxanthin 
accumulation [24-27].

The two types of monochromatic LED light used 
in this study were red light (wavelength about 620-650 
nm) and blue light (wavelength about 430-480 nm). In 
two-step suspension cultivations, previous studies using 
monochromatic light from LEDs have shown an energy 
efficiency in stimulating growth and accumulation of 
astaxanthin in the green microalga H. pluvialis. In particular, 
the red LED light played a major role in stimulating growth 
to increase the dry biomass but did not stimulate astaxanthin 
accumulation, so the astaxanthin productivity was usually 
quite low and similar to the results of this study. Meanwhile, 
blue LED light stimulated the microalgae to accumulate 
astaxanthin but was not effective in increasing the total 
dry biomass [21, 24, 25]. Consequently, the combination 
of these two monochromatic light sources had the effect of 
both stimulating biomass growth and the accumulation of 
astaxanthin in suspension cultivations [18-20, 27].

The results of this study are consistent with previous 
research, although immobilized microalgal cultivation 
displays many differences compared to suspended 
cultivation. This study showed that LEDs have great 
potential for the cultivation of H. pluvialis in a TL-PSBR 
both by increasing biomass and stimulating astaxanthin 
accumulation. The simultaneous use of blue and red LEDs 
produced the highest dry biomass productivity that reached 
4.74 g.m-2d-1 under the experimental conditions used in this 
study and a culture period of 10 d. Previous research on 
immobilized H. pluvialis cultivation showed dry biomass 
productivities between 3.7-11.25 g.m-2d-1 after 7 to 15 d 
using fluorescence lamps [28, 29] or high power and high 
pressure sodium lamps as the light source [17, 30]. Recently, 
the use of monochromatic LEDs to cultivate immobilized 
algae in biofilms has been applied on Chlorella [31]. Our 
initial research using LED light to grow H. pluvialis in 
pilot scale angled TL-PSBRs resulted in a relatively low 
astaxanthin yield. For the application of LEDs in angled 
TL-PSBRs, further studies need to be performed to increase 
productivity of astaxanthin accumulation by variation of 
environmental parameters and the use of other strains or 
mutants [7, 32, 33].

5. Conclusions

The combination of blue and red LEDs with an 
intensity of 100-120 µmol photons m-2s-1 in immobilized H. 
pluvialis cultivation resulted in the highest dry biomass and 
astaxanthin accumulation compared to using only blue or 
red LEDs.
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