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Enhancement of astaxanthin 
accumulation using black light 
in Coelastrum and Monoraphidium 
isolated from Malaysia
Marshila Kaha1,5, Koji Iwamoto1,5*, Nurul Ashyikin Yahya1, Noraiza Suhaimi1, 
Norio Sugiura1, Hirofumi Hara1, Nor’Azizi Othman2, Zuriati Zakaria1 & Kengo Suzuki3,4

Microalgae are important microorganisms which produce potentially valuable compounds. 
Astaxanthin, a group of xanthophyll carotenoids, is one of the most powerful antioxidants mainly 
found in microalgae, yeasts, and crustaceans. Environmental stresses such as intense light, drought, 
high salinity, nutrient depletion, and high temperature can induce the accumulation of astaxanthin. 
Thus, this research aims to investigate the effect of black light, also known as long-wave ultraviolet 
radiation or UV-A, as a stressor on the accumulation of astaxanthin as well as to screen the 
antioxidant property in two tropical green algal strains isolated from Malaysia, Coelastrum sp. and 
Monoraphidium sp. SP03. Monoraphidium sp. SP03 showed a higher growth rate (0.66  day−1) compared 
to that of Coelastrum sp. (0.22  day−1). Coelastrum sp. showed significantly higher accumulation of 
astaxanthin in black light (0.999 g mL  culture−1) compared to that in control condition (0.185 g  mL−1). 
Similarly, Monoraphidium sp. SP03 showed higher astaxanthin content in black light (0.476 g mL 
 culture−1) compared to that in control condition (0.363 g mL  culture−1). Coelastrum sp. showed higher 
scavenging activity (30.19%) when cultured in black light condition, indicating a correlation between 
the antioxidant activity and accumulation of astaxanthin. In this study, black light was shown to 
possess great potential to enhance the production of astaxanthin in microalgae.

In recent years, there has been a surge in attention to extract bioactive compounds from natural resources due 
to their efficiency in the treatment of various diseases. Microalgae, which are oxygen generating photosynthetic 
microorganisms, are gaining great interest from biotechnological viewpoint. Microalgae can be classified as 
prokaryotic and eukaryotic organisms that are mostly found in the aquatic environment. These organisms pos-
sess unique characteristics of higher plants (oxygenic photosynthesis) combined with biotechnological attributes 
such as fast growth rates, ease of cultivation and the ability to accumulate primary and secondary  metabolites1,2. 
These useful features led to the selection of microalgae in various applications such as biofuels, food, aquaculture, 
cosmetics, nutrition and pharmaceuticals.

Depending on the microalgae species, various valuable secondary metabolites can be extracted from its 
biomass, including carotenoids, polysaccharides, fatty acids and vitamins. Among all the secondary metabolites 
identified from microalgae, carotenoids have received particular attention due to their importance in therapeutic 
value, including antioxidant, neuroprotective, anti-angiogenic and anti-inflammatory  activities1,2. Carotenoids 
comprise a huge group of natural compounds that are found predominantly in green plants, algae and some bac-
teria which belong to photosynthetic  organisms3. It also can be found in non-photosynthetic microorganism such 
as fungi and yeast. Carotenoids are a class of terpenoid pigments consisting of carotenes (non-oxygenated mol-
ecule) and xanthophylls (oxygenated molecule) which can be distinguished based on their chemical  structure4.

Among the carotenoids, astaxanthin, a group of xanthophyll carotenoids is recognized as one of the most 
powerful antioxidants found in nature that has been noted to surpass those of β-carotene and α-tocopherol 
(vitamin E)5. It is a red fat-soluble pigment found mainly in microalgae, yeast, and some crustaceans and gained 
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a significant interest from pharmaceutical and nutraceutical industries due to the presence of two hydroxyl (OH) 
and two keto groups in the side chains of  astaxanthin6. These applications include protection from ultraviolet 
(UV) light oxidation owing to astaxanthin’s anti-inflammatory and anti-aging  properties7. Antioxidants are com-
pounds that can neutralize the reactive oxygen species (ROS) and other free radicals that generated by various 
metabolic processes and environmental stresses such as smoke, air pollution and UV damage.

Production of astaxanthin can be carried out by two methods, namely biological synthesis and chemical 
 synthesis8. Biological synthesis includes the production of natural astaxanthin from potential organisms such as 
microalgae, yeast and some crustaceans as a by-product, whereas chemical synthesis includes the production of 
synthetic astaxanthin from petrochemicals. Synthetic astaxanthin was not approved by the US Food and Drug 
Administration (FDA) for human consumption due to its low bioavailability and health  issues9. Thus, production 
of natural astaxanthin is gaining interest as it is shown to have greater stability and more biological functions 
than synthetic astaxanthin.

In microalgae, astaxanthin is accumulated in the cytosolic lipid bodies (LBs)10 and acts as a defense chemi-
cal that reacts to environmental stresses such as nutrient starvation, high light intensity, high salinity, and high 
temperature. Light availability is one of the most important factors which control the photosynthesis process 
and production of carotenoids in the photosynthetic membrane  vesicles11. In this study, black light was used to 
enhance the astaxanthin production in microalgae. Black light, also referred to as UV-A light, has a purple colour 
when it is turned on. UV light is classified into three wavelengths, UV-A (320–400 nm), UV-B (280–320 nm) 
and UV-C (200–280 nm)12. As the world is experiencing global warming and ozone-layer  depletion13, UV radia-
tion issue has become worse as it affects various organisms including humans and microalgae. UV radiation is 
harmful as it generates reactive oxygen species such as hydrogen peroxide  (H2O2), superoxide anion  (O2−) and 
hydroxyl radical (∙OH) which possess a strong oxidation  ability14. However, UV radiation is considered to be a 
stressor for many physiological processes such as triggering the production of secondary carotenoids to protect 
the cells from  damage15. Therefore, in this study, black light was used to increase the accumulation of astaxanthin 
in tropical microalgae isolated from Malaysia.

Results
Isolation of tropical microalgae and growth analysis. Algal strains used in this study were isolated 
from brackish water environment at Kuala Selangor Nature Park, Malaysia (3.361057, 101.244325). The pH of 
the collected water was 7.2 and the temperature at the sampling site was in a range of 27–29 °C. Prescreening was 
done by observing the microalgae under a microscope to monitor the growth and ability of the isolated species 
to accumulate carotenoids, which was indicated by the colour change (yellowish-orange, data not shown). From 
this screening, two out of ten isolated strains were chosen for further analysis. Their morphological characteris-
tics are shown in Fig. 1. The alga in Fig. 1A was considered Coelastrum sp. because it showed typical morphol-
ogy, ie. the spherical cells are arranged in pherical, about 30-celled  coemobia16. The alga in Fig. 1B seemed to 
be Monoraphidim sp. from the morphology, a single cell with curved, sigmoid, or spiral, and gradually tapered 
towards the  apex17. Strain SP03 was identified as a Monoraphidium representatives as it established a phyletic 

Figure 1.  Light microscopic image with ×40 magnification. (A) Coelastrum sp., (B) Monoraphidium sp. SP3. 
Scale bar: 20 μm.



3

Vol.:(0123456789)

Scientific Reports |        (2021) 11:11708  | https://doi.org/10.1038/s41598-021-91128-z

www.nature.com/scientificreports/

lineage associated with Monoraphidium strains in the 18S rRNA gene-based phylogenetic analysis (MW507790) 
(Fig. S1).

Figure 2 shows the growth profiles of Coelastrum sp. and Monoraphidium sp. SP03 cultured in control (without 
black light) and black light conditions. In this study, the isolated strains were exposed to black light at different 
initiation times since the time to reach stationary phase of growth varied between different strains. Coelastrum 
sp. and Monoraphidium sp. SP03 were exposed to black light at day 13 and 9, respectively. Monoraphidium sp. 
SP03 culture of exhibited higher growth rate (0.66  day−1) compared to that of Coelastrum sp. culture (0.22  day−1) 
both under control and black light conditions as shown in Fig. 2B.

Astaxanthin production in both strains cultured in black light condition. Figure 3A shows the 
typical chromatogram and retention time for standard astaxanthin at 8.499 min (log k’ = 1.35, Fig. S2), whereas 
Fig. 3B–E show the chromatograms of astaxanthin extracted from Coelastrum sp. and Monoraphidium sp. SP03 
cultured in black light and control conditions after 30 days of cultivation. Both strains showed similar retention 
time and log k’ to that of standard astaxanthin in either condition (Fig. 3, Fig. S2) with the absorbance maxima 
at 480 nm (personal communication from Dr. Tharek,  A18, Fig. S3) and 474  nm19, respectively. The log k’s of 
contaminated carotenoids in Coelastrum sp. and Monoraphidium sp. SP03 in both control and black light condi-
tions were shown in Fig. S2. Data of chromatogram obtained after 15 days of cultivation was not shown in this 
study. Figure 4 shows the production of astaxanthin in Coelastrum sp. and Monoraphidium sp. SP03 after 15 and 
30 days of cultivation. After 15 days, Coelastrum sp. cultured in black light and control conditions produced asta-
xanthin with the concentrations of 0.178 µg/mL culture and 0.139 µg/mL culture, respectively (Fig. 4A). Interest-
ingly, when cultured in black light condition, the astaxanthin production in Coelastrum sp. increased remarkably 
(5.4-fold per volume culture) compared to that in control condition. The concentrations of astaxanthin in black 
light and control conditions were 0.999 µg/mL culture and 0.185 µg/mL culture, respectively. This difference was 
significant as verified statistically by using t-test (p < 0.05). In Monoraphidium sp. SP03, no production of astax-
anthin was observed in either control or black light condition after 15 days of cultivation (Fig. 4B). After 30 days 
of culture, the production of astaxanthin was significantly increased (0.23-fold per volume culture) by black light 
compared to those cultivated in control condition. The concentrations of astaxanthin in black light and control 
conditions were 0.476 µg/mL culture and 0.363 µg/mL culture, respectively.

Antioxidant profile of astaxanthin extracted from Coelastrum and Monoraphidium. Scaveng-
ing activity is the ability of an antioxidant to inhibit oxidation. Thus, the higher the scavenging activity, higher 
the ability of the antioxidant to scavenge the free radicals. Both Coelastrum sp. and Monoraphidium sp. SP03 
cultured in black light condition showed higher radical scavenging activity compared to those cultured in con-
trol condition (Fig. 5). In this study, correlation analysis was conducted to test the relationship between the 
scavenging activity and the amount of astaxanthin produced. The results indicated that both Coelastrum sp. 
(Fig. 5A) and Monoraphidium sp. SP03 (Fig. 5B) showed a correlation between the production of astaxanthin 
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and scavenging activity with r-values 0.75 and 0.99, respectively. The scavenging activity of astaxanthin extracted 
from Coelastrum cells was approximately 30.19% per volume culture, which was higher compared to that of 
Monoraphidium sp. SP03 This was consistent with the higher astaxanthin production by Coelastrum sp.
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Figure 3.  HPLC chromatogram of astaxanthin extracted after 30 days of cultivation. (A) astaxanthin standard, 
(B) Coelastrum sp. in control condition, (C) Coelastrum sp. in black light condition, D Monoraphidium sp. 
SP03 in control condition (E) Monoraphidium sp. SP03 in black light condition. Control condition: continuous 
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Figure 4.  Astaxanthin production after 15 and 30 days of cultivation under black light and control conditions. 
(A) Coealastrum sp., (B) Monoraphidum sp. SP03. ND, not detected; white bar: black light condition; grey bar: 
control condition. Error bars correspond to the standard deviation of triplicate cultures. The asterisk shows that 
the p-value is less than 0.05.
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Discussion
In the present study, Coelastrum sp. that belong to the family of Scenedesmacea and Monoraphidium sp. SP03 
that comes from Selenastraceae family were successfully isolated from brackish water in Malaysia. The isolation 
of tropical strain would be the promising approach for the adaptation to local changing environment and can 
provide more productive culture. There were only few reports on the production of astaxanthin by these strains. 
A report by Liu et al.20 showed that Coelastrum sp. HA-1 produced 1.6-fold of astaxanthin as compared to control 
condition when induced with linoleic. Similarly, Coelastrum sp. TISTR 9501RE showed increase in carotenoid 
biosynthesis in nutrient-depleted  condition21. The carotenoid production by Coelastrum cf. pseudomicroporum 
was also reported using urban  wastewater22. More recently, astaxanthin production by Coelastrum sp. was shown 
to be enhanced by methyl viologen as the reactive oxygen species  enhancer18. In case of Monoraphidium strain, 
previous study improved the photoautotrophic culture condition and outdoor cultivation method for increasing 
the astaxanthin content in Monoraphidium  GK1223,24. In the present study, black light was introduced to increase 
the accumulation of astaxanthin in Coelastrum sp. and Monoraphidium sp. SP03. These strains were subjected to 
a stress condition induced by the black light at their initial stationary phase of growth. Carotenogenesis has been 
reported to be enhanced when microalgae are subjected to unfavourable or stress conditions such as nutrient 
depletion, intense irradiation, high salinity or high temperature which usually occur when the algal cells reach 
the stationary  phase25.

Astaxanthin was extracted from Coelastrum sp. and Monoraphidium sp. SP03 at day 15 and 30 and compared. 
Based on the results shown in Fig. 4, both strains showed higher astaxanthin production on day 30 compared 
to that on day 15. Both strains showed higher astaxanthin content in black light condition compared to those 
cultured in control condition. However, only Coelastrum sp. showed a significant difference in the amount of 
astaxanthin produced between the control and black light conditions, as verified by using t-test analysis (p < 0.05). 
On the other hand, Monoraphidium sp. SP03 cultured in control and black light conditions showed no statisti-
cally significant difference (p > 0.05).

Light intensity is one of the factors that influence the carotenogenesis in  microalgae26. Photosynthesis can 
proceed at both low and high light intensities. Under low light intensity, fewer oxygen radicals are generated, 
whereas under high light intensity, surplus energy activates more oxygen molecules, since the cells are unable to 
utilize all energy that is generated by photosynthesis. The excess energy leads to the formation of  astaxanthin27. 
Thus, the early culture stage of the strains resulted in low accumulation and no detection of astaxanthin due to 
exposure of the cultures to low light intensity (Fig. 3).

The black light, referred to as UV-A radiation, has a purple color when it is turned on. The term UV radiation 
is used to describe the UV wavelength region ranging from 200 to 400 nm and is classified into three categories, 
UVC (200–280 nm), UVB (280–320 nm) and UVA (320–400 nm)12. UV radiation exerts both positive and 
negative effects on microalgae  cells28. For instance, UV radiation was known to cause DNA damage in the cells. 
Photodamage and conformational change caused by absorption of UV radiation by nucleic acids and proteins 
directly impair the vital metabolic functions such as DNA replication, translation, and  transcription29. UV-A 
irradiation has been shown to inhibit  photosynthesis30. Thus, it needs to be counteracted or avoided. Despite the 
inactivation of photosynthesis, the irradiation drives the accumulation of secondary  metabolites31 and induced 
oxidative stress that resulted in the accumulation of  carotenoids32.
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Figure 5.  Astaxanthin production and scavenging activity in (A) Coelastrum sp. and (B) Monoraphidum sp. 
SP03 after 30 days of culture. Grey bar: astaxanthin content (µg mL  culture−1); dashed line: scavenging activity. 
The asterisk shows that the p-value is less than 0.05.
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At present, the effect of black light radiation on the accumulation of astaxanthin has not been reported. There 
were only a few reports on the effect of UV-A radiation on the production of carotenoids in microalgae. Salguero 
et al. studied the effect of adding UV-A radiation with different intensities to photosynthetically active radiation 
in marine microalga Dunaliella bardawil33. They observed that exposure to UV-A enhanced the production of 
total carotenoids, mainly β-carotene, lutein, and zeaxanthin, as well as the cell growth and the photosynthetic 
efficiency of D. bardawil. Higher β-carotene accumulation was observed in D. bardawil when UV-A radiation 
was coupled with nitrogen  starvation34. The findings of the present study are consistent with the results of the 
previous studies which showed that UV-A could be one of the stressors that can enhance the accumulation of 
carotenoids in the algal cells.

Carotenoids show significant absorption in the UV-A spectrum, and this can be the logic behind the correla-
tion between the higher production of astaxanthin (this study) as well as the higher production of β-carotene 
(previous studies) in microalgae and UV-A radiation (Figs. 3, 4). Astaxanthin has been known as an excel-
lent antioxidant in numerous applications, for example, as an additive in feed industries, cosmetics as well as 
 pharmaceuticals35. It has been reported that antioxidants play a role in preventing certain tumors as well as 
ameliorating degenerative and cardiovascular  diseases36.

In this study, DPPH assay was performed as a fast screening method to analyze the antioxidant profile of 
astaxanthin extracted from Coelastrum sp. and Monoraphidium sp. SP03 after 30 days of culture. DPPH assay is 
a simple and easy method to perform antioxidant assays. In addition, DPPH is a stable radical compound that 
does not disintegrate in methanol, ethanol and water. Thus, in this study, ethanol was used as a solvent to dilute 
DPPH. DPPH assay has been successfully used to analyze the antioxidant properties of edible seed oils, wheat 
grains, and  herbs37.

In this study, both Coelastrum sp. and Monoraphidium sp. SP03 showed a correlation between the production 
of astaxanthin and scavenging activity. Coelastrum sp. showed 30.19% scavenging activity that correlated with 
the higher amount of extracted astaxanthin. Generally, carotenoids in microalgae act as excellent antioxidants 
by antagonizing oxidative stress and nitrogen stress through neutralizing the excess of free radicals and ROS. In 
addition, strong antioxidants are commonly found in the carotenoids, especially from microalgae, due to their 
unique molecular structure, which consists of an additional oxygenic functional group (carbonyl, hydroxyl and 
epoxy) and several conjugated double bonds. Apart from astaxanthin, other carotenoids such as β-carotene, 
lutein, α-tocopherol, canthaxanthin, and fucoxanthin were also reported in microalgae due to their ability to 
scavenge free radicals. Nonetheless, the antioxidant properties of these carotenoids are not as strong as that of 
astaxanthin.

Astaxanthin is chemically similar to β-carotene but more powerful in terms of singlet oxygen quenching 
mechanism (antioxidant activity) compared to other members of carotenoids such as β-carotene, lutein, and 
 lycopene38. The antioxidant activity of astaxanthin was tenfold higher than that of β-carotene and 500-fold higher 
than that of α-tocopherol39. A number of studies have validated the superior antioxidant activity of astaxanthin. 
In particular, the potent antioxidant properties of astaxanthin, zeaxanthin, lutein, β-carotene, and lycopene 
were studied in specific physio-chemical interactions with  membranes40. Their result showed that astaxanthin 
could suppress lipid peroxidation and maintain the membrane integrity, whereas lutein and β-carotene could 
not prevent the distortion of the membrane structure and production of high levels of lipid hydroperoxides. To 
summarize, astaxanthin plays an important role in scavenging the ROS produced by exposure to black light. In 
addition, Coelastrum sp. showed astaxanthin accumulation following exposure to black light. To clarify the effect 
of black light on the production of axtaxanthin in algae, further study would be required such as the comparative 
analysis of astaxanthin production among Coelastrum sp., Heamatococcus, and other algal strains with black light.

Materials and methods
Isolation and culture conditions. Water samples were collected from a freshwater environment at Kuala 
Selangor Nature Park, Selangor Malaysia (3.361057, 101.244325) by using 25 µm plankton net from a known 
distance. The pH of water samples was measured by using a compact pH meter (B-71X, Horiba Scientific, Japan), 
while the temperature of water samples and surroundings were measured by Thermo recorder TR-71wf (T&D, 
Japan). Microalgae cells from the water samples were isolated using traditional isolation technique by picking 
up the single cells using a Pasteur  pipette41. This technique included the use of a Pasteur pipette attached to a 
latex tube and the isolation process was performed under a microscope (Eclipse TS100, Nikon, Japan). A drop of 
sterilized AF-6  medium42 was placed on a glass slide and into the microplate. A single cell of microalgae from the 
collected water samples was transferred to the AF-6 medium on the glass slide. The isolated cells were washed 
several times (2–3 times) on the washing plate before being transferred to the 96-well microplates containing 
AF-6 medium. The microplates were incubated at (28 ± 1) °C. Throughout this process, sterilized equipments 
and media were used to avoid contamination and to get unialgal cultures.

Isolated culture (5 mL) was transferred to 250 mL Erlenmeyer flask containing 100 mL of medium (5% v/v 
inoculation). The Erlenmeyer flask was placed on an orbital shaker (Orbitron, InforsHT, Switzerland) with the 
speed of 120 rpm at (28 ± 1) °C under continuous illumination by white fluorescene lamps (18 W/865, TL-D, 
Philips, Nederland) at 35 ± 5 µmol photon  m−2  s−1. After the cultures reached stationary phase, the light intensity 
was increased to 165 ± 5 µmol photon  m−2  s−1 with continuous illumination. All inoculations were prepared in 
triplicate.

Exposure to black light. To investigate the effect of black light on the production of astaxanthin, triplicate 
culture of each strain was prepared with 5% v/v inoculation. These triplicate cultures were maintained in identi-
cal conditions until they reached the early stationary phase. The cultures were subjected to continuous illumi-
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nation (165 ± 5 µmol photon  m−2  s−1) and black light (365 nm, 18 W, TL-D, Philips, Nederland). The triplicate 
cultures were exposed to black light for 1 h every day.

Growth measurement. The optical density at 750 nm was measured every day by using a colorimeter 
(Spectronic 20A, Shimadzu, Japan). The specific growth rate was calculated using the Eq. (1)43

where  ODt2 = Highest absorbance  (OD750) at exponential phase,  ODt1 = Lowest absorbance  (OD750) at exponential 
phase,  t2 = time (day) at  ODt2,  t1 = time (day) at  ODt1.

Phylogenetic analysis. Plant DNA Preparation Kit (Jena Bioscience, Germany) was employed to extract 
the genomic DNA with slight modification of the manufacturer’s protocol. Two eukaryotic universal primers to 
amplihy the specific region of nuclear-encoded small subunit ribosomal RNA gene (18S rDNA), SR1 (forward, 
5ʹ-TAC CTG GTT GAT CCT GCC AG-3ʹ) and SR12 (reverse, 5ʹ-CCT TCC GCA GGT TCA CCT AC-3ʹ) were  used44. 
PCR mastermixes were prepared by using Promega Kit (Promega, USA). The PCR reaction conditions were as 
described; 30 cycles of initial denaturation at 94 °C for 2 min, denaturation at 98 °C for 10 s, annealing at 53 °C 
for 30 s, and extension at 72 °C for 2 min. Amplified DNA was sequenced by First Base Laboratory Sdn. Bhd. 
(Kuala Lumpur, Malaysia), and the sequences were analysed by BLAST algorithm available on National Center 
for Biotechnology Information (NCBI) website. Genbank database sequecnces having 90–99% similarity With 
the analyzed sequence were aligned by using MEGA X software. The phylogenetic tree was constructed using 
Maximum likelihood method with bootstrap test (1000 replicates).

Extraction of astaxanthin. Astaxanthin from the isolated microalgae was extracted by the acid-acetone 
method as described  previously45. The samples (10 mL) were centrifuged, and the harvested biomass was lyo-
philized and used for the extraction process. The biomass was treated with 1 mL of 1 N HCl (Sigma-Aldrich, 
USA) at 70 °C for 45 min. The sample was cooled at room temperature (25 °C) and centrifuged (10,000g) for 
10 min. Then, the treated sample was washed twice with deionized water (1 mL) and suspended in 1 mL of 
acetone (Sigma-Aldrich) prior to incubation for 1 h in an orbital shaker (200 rpm). The sample was centrifuged 
(10,000g) for 5 min. The supernatant was filtered through 0.45 µm membrane filters (Whatman, Germany) and 
was injected into vials for high-performance liquid chromatography (HPLC) analysis.

Quantification of astaxanthin content. The astaxanthin content was analyzed by HPLC system (1220 
Infinity LC, Agilent Technologies, USA) with a diode-array detector (DAD, threshold 0.001 mAU). The chro-
matographic separation was achieved on Eclipse Plus C18 column (5 µm, 4.6 × 250 mm, Agilent Technologies). 
The extracts (10 µL) were injected onto the column with 0.8 mL/min flow rate. The optical density at 475 nm 
detected by DAD with 4 nm of slit width and 4 nm band width was used for quantifying astaxanthin. The mobile 
phase consisted of solvent A (acetone HPLC grade) (Sigma-Aldrich) and solvent B (methanol:  H2O, 9:1) (Sigma-
Aldrich) with the following 30 min gradient: 0 min (80% solvent B, 20% solvent A), 10 min (50% solvent A, 
50% solvent B), and 20 min (20% solvent B, 80% solvent A). Standard astaxanthin (Sigma-Aldrich) was used to 
compare the concentrations of astaxanthin in isolated algal samples. The peaks were identified from the reten-
tion time and log k’46.

Antioxidant activity assay. The DPPH assay was performed as described  previously47. The antioxidant 
activity was assessed colorimetrically at 517 nm. The reagent 1, 1ʹ diphenyl-2-picrylhydrazyl (DPPH) (Sigma-
Aldrich) (2.4 mg) was mixed with ethanol (100 mL) and stored at 20°C in dark until further use. Then, sample 
(0.2 mL) was added to ethanol (2 mL), incubated for 20 min, and assessed as a diluted sample. For the blank, 
distilled water (0.2 mL) was added to ethanol (2 mL) and incubated for 20 min. Both dilutions were stored at 
–20°C in dark until further use. Then, the diluted sample (1.5 mL) was mixed with DPPH solution (0.06 mM, 
1.5 mL). This reaction was incubated for 30 min in dark at room temperature. This step was repeated for the 
blank solution. Finally, the solution was analyzed spectrophotometrically at 517 nm. The percentage of radical 
scavenging activity was was calculated using the Eq. (2).

Statistical analysis. All the assays used in this research were conducted in triplicates and the results were 
expressed as mean values. A two-tailed paired t-test was performed to check whether the utilization of black 
light could affect the production of astaxanthin by the microalgae. The p-value of less than 0.05 was used to indi-
cate statistically significant  differences48. In addition, correlation analysis was also conducted to check the linear 
relationship between the antioxidant profile and astaxanthin production in isolated species. Pearson’s correlation 
coefficient (r-value) was used to measure the correlation between the two variables, where the correlation coef-
ficient value of 0.7 to 1.0 indicated a strong positive linear relationship. Microsoft Excel 2010 equipped with the 
Analysis Toolpak was used as a statistical tool.

Data avaiability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on resasonable request.

(1)Specific growth rate: µ = (lnODt2−lnODt1)/(t2 − t1)

(2)Radical scavenging activity (%) = Abs of blank−
Abs of sample

Abs of blank
× 100.



8

Vol:.(1234567890)

Scientific Reports |        (2021) 11:11708  | https://doi.org/10.1038/s41598-021-91128-z

www.nature.com/scientificreports/

Received: 20 April 2020; Accepted: 19 May 2021

References
 1. Gateau, H., Solymosi, K., Marchand, J. & Schoefs, B. Carotenoids of microalgae used in food industry and medicine. Mini Rev. 

Med. Chem. 17, 1140–1172 (2017).
 2. Mimouni, V. et al. The potential of microalgae for the production of bioactive molecules of pharmaceutical interest. Curr. Pharm. 

Biotechnol. 13, 2733–2750 (2012).
 3. Bijttebier, S. et al. Ultra high performance liquid chromatography versus high performance liquid chromatography: Stationary 

phase selectivity for generic carotenoid screening. J. Chromatogr. A 1332, 46–56 (2014).
 4. Ahmed, F. et al. Profiling of carotenoids and antioxidant capacity of microalgae from subtropical coastal and brackish waters. Food 

Chem. 165, 300–306 (2014).
 5. Higuera-Ciapara, I., Félix-Valenzuela, L. & Goycoolea, F. M. Astaxanthin: A review of its chemistry and applications. Crit. Rev. 

Food Sci. Nutr. 46, 185–196 (2006).
 6. Britton, G. Chapter 10: Functions of intact carotenoids. In Carotenoids. Volume 4: Natural Functions (eds Britton, G. et al.) 189–211 

(Birkhauser, Basel, 2004).
 7. Yang, Y., Kim, B. & Lee, J. Astaxanthin structure, metabolism, and health benefits. J. Hum. Nutr. Food Sci. 1, 1003. https:// doi. org/ 

10. 3390/ md120 10128 (2013).
 8. Haque, F., Dutta, A., Thimmanagari, M. & Chiang, Y. W. Intensified green production of astaxanthin from Haematococcus pluvialis. 

Food Bioprod. Process. 99, 1–11 (2016).
 9. Solymosi, K., Latruffe, N., Morant-Manceau, A. & Schoefs, B. Food colour additives of natu in Colour Additives for Foods and 

Beverages (eds. Scotter, M.J) 1–34, (Woodhead Publishing, 2015).
 10. Pick, U., Zarka, A., Boussiba, S. & Davidi, L. A hypothesis about the origin of carotenoid lipid droplets in the green algae Dunaliella 

and Harmatococcus. Planta 249, 31–47 (2019).
 11. Lemoine, Y. & Schoefs, B. Secondary ketocarotenoid astaxanthin biosynthesis in algae: a multifunctional response to stress. Pho-

tosynth. Res. 106, 155–177 (2010).
 12. Maverakis, E., Miyamura, Y., Bowen, M. P. & Correa, G. Light, including ultraviolet. J. Autoimmun. 34, 247–257 (2010).
 13. Rozanov, E. Preface: Ozone evolution in the past and future. Atmosphere 11, 709 (2020).
 14. de Jager, T. L., Cockrell, A. E. & Du Plessis, S. S. Ultraviolet light induced generation of reactive oxygen species. Adv. Exp. Med. 

Biol. 996, 15–23 (2017).
 15. Thoma, F., Somborn-Schulz, A., Schlehuber, D., Keuter, V. & Deerberg, G. Effects of light on secondary metabolites in selected 

leafy greens: A review. Front. Plant Sci. 11, 497 (2020).
 16. Comas, A. & Krienitz, L. Comparative LM- and SEM-studies on Coelastrum (Chlorophyta, Chlorococcales) under culture condi-

tions. Algol. Stud. 87, 87–98 (1997).
 17. Ramos, G. J. P., Bicudo, C. E. D., Neto, A. G. & Moura, C. W. D. Monoraphidium and Ankistrodesmus (Chlorophyceae, Chlorophyta) 

from Pantanal dos Marimbus, Chapada Diamantina, Bahia State, Brazil. Hoehnea 39, 421–434 (2012).
 18. Tharek, A. et al. Enhanced astaxanthin production by oxidative stress using methyl viologen as a reactive oxygen species (ROS) 

reagent in green microalgae Coelastrum sp. Indones. J. Biotechnol. 25, 95–101 (2020).
 19. Mulders, K. J. M. et al. Nitrogen-depleted Chlorella zofingiensis produces astaxanthin, ketolutein and their fatty acid esters: a 

carotenoid metabolism study. J. Appl. Phycol. 27, 125–140 (2014).
 20. Liu, Z. et al. Enhancement of linoleic acid content stimulates astaxanthin esterification in Coelastrum sp. Bioresour. Technol. 300, 

122649 (2020).
 21. Rauytanapanit, M. et al. Nutrient deprivation-associated changes in green microalga Coelastrum sp. TISTR9501RE enhanced 

potent antioxidant carotenoids. Mar. Drugs. 17, 328 (2019).
 22. Úbeda, B., Gálvez, J. Á., Michel, M. & Bartual, A. Microalgae cultivation in urban wastewater: Coelastrum cf. pseudomicroporum 

as a novel carotenoid source and a potential microalgae harvesting tool. Bioresour. Technol. 228, 210–217 (2017).
 23. Fujii, K., Nakajima, H. & Anno, Y. Potential of Monoraphidium sp. GK12. J. Chem. Technol. Biotechnol. 83, 1578–1584 (2008).
 24. Fujii, K. et al. Potential use of the astaxanthin-producing microalga, Monoraphidium sp. GK12, as a functional aquafeed for prawns. 

J. Appl. Phycol. 22, 363–369 (2010).
 25. Minhas, A. K., Hodgson, P., Barrow, C. J. & Adhloleya, A. A review on the assesment of stress conditions for simultaneous produc-

tion of microalgal lipids and carotenoids. Front Microbiol. 7, 546; https:// doi. org/ 10. 3389/ fmicb. 2016. 00546 (2016).
 26. Přibyl, P., Pilný, J., Cepák, V. & Kaštánek, P. The role of light and nitrogen in growth and carotenoid accumulation in Scenedesmus 

sp. Algal Res. 16, 69–75 (2016).
 27. Wu, K. et al. High irradiance compensated with  CO2 enhances the efficiency of Haematococcus lacustris growth. Biotechnol. Rep. 

26, e00444. https:// doi. org/ 10. 1016/j. btre. 2020. e00444 (2020).
 28. Wulff, A., Roleda, M., Zacher, K. & Wiencke, C. UV radiation effects on pigments, photosynthetic efficiency and DNA of an 

Antarctic marine benthic diatom community. Aquat. Biol. 3, 167–177 (2008).
 29. Buma, A. G. J., Boelen, P. & Jeffrey, W. A. UVR-induced DNA damage in aquatic organism in Comprehensive Series in Photochem-

istry and Photobiology 1, UV Effects in Aquatic Organism and Ecosystem (eds. Helbling, E. W. & Zagarese, H.) 291–327, (Royal 
Society of Chemistry, 2003).

 30. Larkum, A. W. D. & Wood, W. F. The effect of UV-B radiation on photosynthesis and respiration of phytoplankton, benthic mac-
roalgae and seagrasses. Photosyn. Res. 36, 17–23 (1993).

 31. Holzinger, A. & Lutz, C. Algae and UV-irradiation: Effects on ultrastructure and related metabolic functions. Micron 37, 190–207 
(2006).

 32. Jahnke, L. S. Massive carotenoid accumulation in Dunaliella bardawil induced by ultraviolet: A radiation. J. Photochem. Photobiol. 
B Biol. 48, 68–74 (1999).

 33. Salguero, A. et al. UV-A mediated induction of carotenoid accumulation in Dunaliella bardawil with retention of cell viability. 
Appl. Microbiol. Biotech. 66, 506–511 (2005).

 34. Mogedas, B., Salguero, A., Casal, C. & Vilchez, C. UV-A promotes long-term carotenoid production of Dunaliella in photobiorea-
tors with retention of cell viability in Communicating Current Research and Educational Topics and Trends in Applied Microbiology 
(ed. Méndez-Vilas, A.) 348–355 (Formatex, 2007).

 35. Kim, H. C. et al. Treating high-strength saline piggery wastewater using the heterotrophic cultivation of Acutodesmus obliquus. 
Biochem. Eng. J. 110, 51–58 (2016).

 36. Abe, K., Hattori, H. & Hirano, M. Accumulation and antioxidant activity of secondary carotenoids in the aerial microalga Coelas-
trella striolata var. multistriata. Food Chem. 100, 656–661 (2007).

 37. Cheng, Z., Moore, J. & Yu, L. High-throughput relative DPPH radical scavenging capacity assay. J. Agric. Food Chem. 54, 7429–7436 
(2006).

 38. Edge, R. & Truscott, T. G. Singlet oxygen and free radical reactions of retinoids and carotenoids-a review. Antioxidants 7, 5. https:// 
doi. org/ 10. 3390/ antio x7010 005 (2018).

https://doi.org/10.3390/md12010128
https://doi.org/10.3390/md12010128
https://doi.org/10.3389/fmicb.2016.00546
https://doi.org/10.1016/j.btre.2020.e00444
https://doi.org/10.3390/antiox7010005
https://doi.org/10.3390/antiox7010005


9

Vol.:(0123456789)

Scientific Reports |        (2021) 11:11708  | https://doi.org/10.1038/s41598-021-91128-z

www.nature.com/scientificreports/

 39. Ceron, M. C. et al. Antioxidant activity of Haematococcus pluvialis cells grown in continuous culture as a function of their carot-
enoid and fatty acid content. Appl. Microbiol. Biotechnol. 74, 1112–1119 (2007).

 40. McNulty, H. P., Byun, J., Lockwood, S. F., Jacob, R. F. & Mason, R. P. Differential effects of carotenoids on lipid peroxidation due 
to membrane: X-ray diffraction analysis. Biochem. Biophys. Acta. 1768, 167–174 (2007).

 41. Throndsen, J. Special method-micromanipulators in Handbook of Phycological Methods: Culture Methods and Growth Measurement 
(ed. Stein J. R.) 139–144 (Cambridge University Press, 1973).

 42. Kawachi, M. et al. in MCC-NIES List of Strains 9th edn Microalgae, endangered macroalgae and protists (Microbial Culture Col-
lection at the National Institute for Environmental Studies, Tsukuba, Japan, 2013).

 43. Li, T., Zheng, Y., Yu, L. & Chen, S. Mixotrophic cultivation of a Chlorella sorokiniana strain for enhanced biomass and lipid produc-
tion. Biomass Bioenergy 66, 204–213 (2014).

 44. Sekimoto, S. et al. A multigene phylogeny of Olpidium and its implications for early fungal evolution. BMC Evol. Biol. 11, 331. 
https:// doi. org/ 10. 1186/ 1471- 2148- 11- 331 (2011).

 45. Sarada, R., Vidhyavathi, R., Usha, D. & Ravishankar, G. A. An efficient method for extraction of astaxanthin from green alga 
Haematococcus pluvialis. J. Agric. Food Chem. 54, 7585–7588 (2006).

 46. Darko, E., Schoefs, B. & Lemoine, Y. Improved liquid chromatographic method for the analysis of photosynthesis pigments of 
higher plants. J. Chromatogr. A. 876, 111–116 (2000).

 47. Marinova, G. & Batchvarov, V. Evaluation of the methods for determination of the free radical scavenging activity by DPPH. Bulg. 
J. Agric. Sci. 17, 11–24 (2011).

 48. Damiani, M. C., Popovich, C. A., Constenla, D. & Leonardi, P. I. Lipid analysis in Hematococcus pluvialis to assess its potential use 
as a biodiesel feedstock. Bioresour. Technol. 101, 3801–3807 (2010).

Acknowledgements
We are grateful to the Algal Biomass and Metabolic & Molecular Biological Engineering Laboratory of Malaysia-
Japan International Institute of Technology for providing the materials and equipments throughout this research. 
We also thank Editage (www. edita ge. com) for English language editing. This study was supported by the Inter-
national Grant of University of Tsukuba (R.K130000.7343.4B335).

Author contributions
K.I., H.H. and Z.Z. conceied and desined the experiments; M.K., N.A.Y. and A.S. performed the experiment; 
K.S. and K.I. analyzed the data; N.O., Z.Z. and N.S. contributed reagents/materials/analytical equipment; M.K., 
K.I. and K.S. prepared and revised the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 021- 91128-z.

Correspondence and requests for materials should be addressed to K.I.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

https://doi.org/10.1186/1471-2148-11-331
http://www.editage.com
https://doi.org/10.1038/s41598-021-91128-z
https://doi.org/10.1038/s41598-021-91128-z
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Enhancement of astaxanthin accumulation using black light in Coelastrum and Monoraphidium isolated from Malaysia
	Results
	Isolation of tropical microalgae and growth analysis. 
	Astaxanthin production in both strains cultured in black light condition. 
	Antioxidant profile of astaxanthin extracted from Coelastrum and Monoraphidium. 

	Discussion
	Materials and methods
	Isolation and culture conditions. 
	Exposure to black light. 
	Growth measurement. 
	Phylogenetic analysis. 
	Extraction of astaxanthin. 
	Quantification of astaxanthin content. 
	Antioxidant activity assay. 
	Statistical analysis. 

	References
	Acknowledgements


