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THERMAL STRESS ENHANCES PHENOLIC METABOLISM AND ANTIOXIDANT CAPACITY IN HAMATOCOCCUS PLUVIALIS: A SUSTAINABLE PLATFORM FOR MICROALGAL ANTIOXIDANTS

ABSTRACT

Haematococcus pluvialis is a commercially valuable freshwater green microalga with the remarkable ability to produce abundant natural astaxanthin, a potent natural antioxidant with applications in nutraceuticals and cosmetics. Adverse cultivation conditions significantly affect the accumulation of phenolic compounds and antioxidant capacity in this microalga. In this study, the effects of three temperature treatments (10°C, 25°C, and 35°C) on antioxidant compounds accumulation in H. pluvialis were investigated using two culture media: BG11 and OHM. At 35°C, phenolic content per cell (0.104 ± 0.008 pgGAE/cell) and antioxidant capacity (0.005 ± 0.001 I%/cell) represented 1.8- and 2.5-fold increases, respectively, over 10°C values (p < 0.05, ANOVA). At 25°C, optimal growth conditions were observed, with the phenolic content and antioxidant capacity increasing proportionally with cell density. Notably, OHM medium supported significantly greater (p < 0.05) accumulation of antioxidant compounds compared to BG11. These findings confirm the biological value of H. pluvialis and highlight its potential applications in industrial and medical fields.
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1. INTRODUCTION

Recently, algae have emerged as novel food sources with extensive nutritional benefits and significant potential in industrial and medical applications [1]. These microorganisms provide numerous bioactive compounds characterized by remarkable properties, including antiviral capabilities, antibacterial properties, potent antioxidant effects [2], anti-inflammatory characteristics, cholesterol and lipid reduction, and potential anti-cancer mechanisms [3]. Globally, the trend of seeking natural antioxidants from plant sources is increasingly prevalent, with algae representing a highly promising natural antioxidant reservoir.
Haematococcus pluvialis, a unicellular freshwater green alga belonging to the Chlorophyceae class, the Volvocales order, and the Haematococcaseae family, is widely distributed across temporary freshwater environments worldwide [4]. This microalga has garnered significant attention as the most abundant natural source of astaxanthin - a vibrant red carotenoid with 100-fold stronger antioxidant activity than α-tocopherol [5].
Chemically identified as 3,3′-dihydroxy-β,β′-carotene-4,4′-dione, astaxanthin is a vibrant red carotenoid with extensive applications in the food industries, cosmetic sectors, aquaculture, and pharmaceutical developments. Its powerful antioxidant properties contribute to preventing cancer, diabetes, cardiovascular diseases, ulcerative conditions, and inflammatory processes [5]. Natural astaxanthin from H. pluvialis shows superior bioactivity compared to synthetic alternatives, particularly in pharmaceutical applications.
Temperature serves as a critical regulator of astaxanthin accumulation in Haematococcus pluvialis. Studies demonstrate that elevated temperatures (35°C) significantly enhance astaxanthin biosynthesis compared to optimal growth conditions (25°C) [6], reflecting a cellular protective mechanism against thermal stress through carotenoid production. This differential response highlights H. pluvialis metabolic capacity to prioritize antioxidant accumulation under adverse environmental conditions.
This research aims to comprehensively evaluate phenolic compound accumulation and antioxidant activity in H. pluvialis under three distinct temperature conditions (10°C, 25°C, and 35°C) across two culture media: BG11 and OHM.

2. MATERIALS AND METHODS

2.1 Haematococcus pluvialis strain and cultivation conditions
 
The freshwater microalga Haematococcus pluvialis (UTEX 2505) was cultured in the Biochemistry and Toxicology Laboratory at Nguyen Tat Thanh University. Each experiment was repeated three times independently (n=3) to ensure statistical reliability. H. pluvialis was cultivated in 50 mL Erlenmeyer flasks with BG11 medium (pH 7.1) [7] and OHM medium (pH 7.5) [8] for a 21-day period - comprising 7 days of vegetative growth at 25°C ± 2°C [11] followed by 14 days of stress induction, as this duration has been shown to optimally balance biomass production and astaxanthin accumulation [9]. The cultivation conditions included white light with an intensity of approximately 20 µmol photons/m²/s [10], a 12:12-hour light-dark cycle [11, 12], a temperature of 25°C ± 2°C [13, 14], and continuous aeration.

2.2 Determination of cell density

A 1000 µL algae suspension was transferred to a 1.5 mL Eppendorf tube. Subsequently, 100 µL of the suspension was diluted with 900 µL of distilled water in a new 1.5 mL Eppendorf tube. The algae were fixed with 10 µL of Lugol's solution. A 10 µL aliquot from the diluted suspension was placed on a pre-gridded microscope slide. The number of microalgae cells was counted via an optical microscope at 100x magnification.

2.3 Determination of phenolic content

A 1 mL algae suspension was centrifuged at 13.000 rpm for 5 minutes, the supernatant was discarded, and the algal pellet was collected. The pellet was resuspended in 1 mL of absolute methanol and vortexed. After centrifugation at 13.000 rpm for 5 minutes, 0.5 mL of the extract was transferred to a 2 mL Eppendorf tube. Folin-Ciocalteu's phenol reagent (0.5 mL) was added, followed by the addition of  0.5 mL of 10% Na₂CO₃ solution. The mixture was incubated in darkness for 90 minutes, and the absorbance was measured at 750 nm [15, 16]. A gallic acid standard curve was prepared at concentrations ranging from 0.5 to 5 mg/L, with the phenolic content determined via the following equation: 
y = 0.032x - 0.0091; R² = 0.999.

2.4 Determination of antioxidant capacity

DPPH reagent was prepared by dissolving 0.04 g of 1,1-diphenyl-2-picrylhydrazyl (DPPH) in methanol, and the volume was adjusted to 100 mL. A 1 mL algae suspension was centrifuged at 13.000 rpm for 5 minutes. The pellet was subsequently resuspended in 1 mL of absolute ethanol, vortexed, and incubated for 4 hours at 4°C. After centrifugation, 0.5 mL of the extract was mixed with 1 mL of DPPH reagent, vortexed, and incubated in darkness for 30 minutes. The absorbance was measured at 517 nm. The antioxidant capacity (I%) was calculated via the following formula [17, 18]:
I% = ((A blank - A sample)/A blank) × 100%

2.5 Data Processing

All experiments were conducted in triplicate (n = 3), and results are expressed as mean ± standard error (SE). Statistical analyses were performed using SPSS 20.0 software. Data normality was assessed using the Shapiro–Wilk test [19], and homogeneity of variance was tested using Levene’s test [20]. One-way ANOVA was applied to determine significant differences among groups at a confidence level of 95% (p < 0.05), followed by Tukey’s HSD post hoc test for multiple comparisons.

3. RESULTS 

3.1 Phenolic Content of H. pluvialis 

The phenolic content increased steadily throughout the culture period and peaked on day 21 at 25°C, reaching 4.003 µg/mL in BG11 medium and 4.764 µg/mL in OHM medium (p < 0.05). OHM consistently showed higher phenolic levels than BG11 at all times. From day 9 to day 18, the phenolic content in both media decreased at 10°C. At 35°C, the phenolic content of BG11 remained quite stable while increasing steadily in OHM (Figure 1).
The maximum phenolic concentration per cell was found at 35°C in both media. On day 21, the values reached 0.167 pgGAE/cell in BG11 and 0.104 pgGAE/cell in OHM, showing a significant increase between 10°C and 25°C (p < 0.05). The phenolic concentration per cell remained fairly stable between 10°C and 25°C throughout the culture period (Figure 2).





Figure 1. Effect of temperature on the phenolic content (µgGAE/mL) of H. pluvialis cultured in BG11 & OHM medium. Data represent mean ± SE of triplicate samples (n = 3). Error bars show standard error. Different letters indicate significant differences between groups (p < 0.05).

Figure 2. Effect of temperature on the phenolic content (pgGAE/cell) of H. pluvialis cultured in BG11 & OHM medium. Data represent mean ± SE of triplicate samples (n = 3). Error bars show standard error. Different letters indicate significant differences between groups (p < 0.05).

3.2 Antioxidant capacity of H. pluvialis

H. pluvialis had consistently higher antioxidant capacity (I%) in OHM medium than BG11 at all temperatures. At 25°C, the integral-based antioxidant capacity (I%/mL) increased gradually from day 9 to day 21, peaking at 46.720 I%/mL in BG11 and 76.751 I%/mL. There was a statistically significant difference between the media (p < 0.05). At 10°C and 35°C, the integral antioxidant capacity increased slightly during the culture period, with no significant change between days in both media (Figure 3).
The antioxidant capacity per cell (I%/cell) was recorded at 35°C. In both BG11 and OHM media, the values increased gradually from day 9 and peaked at day 21 at 0.003 I%/cell in BG11 and 0.005 I%/cell in OHM. At 10°C and 25°C, the antioxidant capacity per cell remained low and changed little throughout the culture period (Figure 4).









Figure 3. Effect of temperature on the antioxidant capacity (I%/mL) of H. pluvialis cultured in BG11 & OHM medium. Data represent mean ± SE of triplicate samples (n = 3). Error bars show standard error. Different letters indicate significant differences between groups (p < 0.05).

Figure 4. Effect of temperature on the antioxidant capacity (I%/cell) of H. pluvialis cultured in BG11 & OHM medium. Data represent mean ± SE of triplicate samples (n = 3). Error bars show standard error. Different letters indicate significant differences between groups (p < 0.05).

4. DISCUSSION

The findings showed that temperature had an impact on the accumulation of phenolic compounds and antioxidant activity in Haematococcus pluvialis. Among the conditions studied, 35°C was found to be the most effective for enhancing metabolite synthesis at the cellular level. Under temperature stress, the metabolic pathway shifted from growth to secondary metabolite synthesis. Meanwhile, culture at 10°C was clearly unsatisfactory, resulting in slow growth and low levels of phenolic compounds and antioxidant activity. However, at 25°C, phenol accumulation was more closely related to increased cell density than to activity per cell, despite the ideal growth rate.
The study also found an advantage of OHM medium over BG11 in all temperature treatments. The OHM medium showed higher values of total phenolic content per cell as well as antioxidant activity, implying that its nutritional composition promotes metabolite production, especially under stress conditions. These results emphasize the importance of media optimization in the design of microalgae bioprocesses.
Furthermore, significant differences were observed between red and green cyst cells. Red cyst cells had approximately 2.5 times higher antioxidant activity than green cyst cells, which is consistent with previous studies showing that red cyst cells are more metabolically active under stress conditions [21, 22]. In addition to temperature and medium, time also had a significant impact on metabolite accumulation. During the 21-day culture period, both phenolic content and antioxidant activity increased gradually and peaked at day 21. This suggests that stress exposure is required to initiate and maintain maximal secondary metabolite synthesis. However, the magnitude of this increase was temperature dependent, with 35°C causing the strongest response.
Overall, the study confirmed that temperature, media composition, and culture duration were important factors influencing bioactive chemical production in H. pluvialis. These findings can be used to improve large-scale microalgal culture systems for the production of functional ingredients, which have potential applications in the food, cosmetic, and pharmaceutical industries.
Limitations of the study: This study has several limitations. First, only three temperature levels (10°C, 25°C, 35°C) were tested, which may not cover the full range of thermal stress responses in H. pluvialis. Second, the 21-day cultivation period might be insufficient to observe long-term adaptive mechanisms. Future studies should include intermediate temperatures and extended durations to validate these findings. Additionally, the lack of molecular data (e.g., gene expression analysis) limits the mechanistic understanding of phenolic compound accumulation under stress.

5. CONCLUSION

[bookmark: _GoBack]In conclusion, temperature plays a crucial role in influencing the phenolic accumulation and antioxidant activity of H. pluvialis. Specifically, 35°C was identified as the optimal temperature for microalgae to accumulate phenolics and achieve the highest antioxidant activity. At 25°C, although the microalgae grew well, phenolic accumulation and antioxidant capacity showed only minimal changes compared with those at 35°C. Moreover, H. pluvialis red cells, with their greater astaxanthin accumulation capacity, exhibit significantly stronger antioxidant activity than green cells do during the vegetative growth stage. The study of cultivation under different temperature conditions helps confirm the importance of temperature conditions in improving the quality of biological products from H. pluvialis. These results not only advance our understanding of microalgal stress responses but also pave the way for future research directions: investigating intermediate temperatures and extended cultivation periods, elucidating molecular mechanisms through transcriptomic and enzymatic studies, and developing scalable cultivation systems for industrial applications in nutraceutical and cosmeceutical production. This work ultimately positions H. pluvialis as a promising, sustainable source of high-value antioxidants through optimized thermal stress strategies.
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0.0599766988075651	0.581366688200011	0.717825981810411	0.781439323480114	0.322012893044596	0.578263939357416	0.609312246395451	0.0599766988075651	0.581366688200011	0.717825981810411	0.781439323480114	0.322012893044596	0.578263939357416	0.609312246395451	Day 3	Day 6	Day 9	Day 12	Day 15	Day 18	Day 21	31.8739353505935	28.1953535462001	18.3632630425307	46.3015816406393	41.09317739337	44.9101143849198	48.9330174137316	Days

I%/mL






BG11
10℃	a

1.04864549283734	0.709669889110099	0.86325913397477	0.0599894019042711	0.291786756821633	1.92809891012681	0.632310331678692	1.04864549283734	0.709669889110099	0.86325913397477	0.0599894019042711	0.291786756821633	1.92809891012681	0.632310331678692	Day 3	Day 6	Day 9	Day 12	Day 15	Day 18	Day 21	31.7881368847046	36.900727877956	16.3593705946324	22.8009685873595	21.6832234649864	25.8701732057775	30.402147864702	25℃	c

0.725341977986576	0.330019452224868	0.417044129354262	0.570551703664029	0.393311711447403	0.52455304404217	0.589482453100794	0.725341977986576	0.330019452224868	0.417044129354262	0.570551703664029	0.393311711447403	0.52455304404217	0.589482453100794	Day 3	Day 6	Day 9	Day 12	Day 15	Day 18	Day 21	35.7198638603383	37.5271324369724	30.5892284145376	35.2879671196252	43.837118628499	45.0662365233255	46.7202588804916	35℃	b

0.963672837953453	0.0255124707681904	0.829432572667522	0.0343535672352684	0.032530558111796	0.860078973497373	0.122421352805512	0.963672837953453	0.0255124707681904	0.829432572667522	0.0343535672352684	0.032530558111796	0.860078973497373	0.122421352805512	Day 3	Day 6	Day 9	Day 12	Day 15	Day 18	Day 21	30.6704370354064	37.3698525069223	12.7026301303654	21.2949676844391	23.7012896908768	30.8242572120692	32.5867957809692	Days

I%/mL






BG11
10℃	b

2.70424339127109e-5	8.2519754547686e-6	1.33723445882494e-5	2.33724942484172e-6	7.83904719819316e-6	3.05508630125726e-5	1.64950521307485e-5	2.70424339127109e-5	8.2519754547686e-6	1.33723445882494e-5	2.33724942484172e-6	7.83904719819316e-6	3.05508630125726e-5	1.64950521307485e-5	Day 3	Day 6	Day 9	Day 12	Day 15	Day 18	Day 21	0.00081975138098092	0.000429078231139023	0.000253415379262808	0.000888349425481537	0.000582534361745904	0.000409914716288728	0.000793099509513965	25℃	a

6.20539715007526e-6	2.54950649787453e-6	4.77531445825491e-6	4.68946605751255e-6	1.81528482206494e-6	2.72259365419811e-6	2.86465554962589e-6	6.20539715007526e-6	2.54950649787453e-6	4.77531445825491e-6	4.68946605751255e-6	1.81528482206494e-6	2.72259365419811e-6	2.86465554962589e-6	Day 3	Day 6	Day 9	Day 12	Day 15	Day 18	Day 21	0.000305588188919244	0.00028990917762468	0.000350258340624476	0.000290038085914727	0.000202325162900764	0.00023390780202418	0.000227042294775607	35℃	c

3.36164943472134e-5	9.07558248670825e-7	3.36256448378725e-5	1.38646683909155e-6	1.44938130201074e-6	6.24250867860996e-5	1.28115369215071e-5	3.36164943472134e-5	9.07558248670825e-7	3.36256448378725e-5	1.38646683909155e-6	1.44938130201074e-6	6.24250867860996e-5	1.28115369215071e-5	Day 3	Day 6	Day 9	Day 12	Day 15	Day 18	Day 21	0.00106989896635139	0.00132936234214348	0.000514971491771568	0.000859438157667943	0.00105599805553412	0.00223724447506953	0.00341024607010142	Days

I%/cell






OHM
10℃	b

6.84396041641637e-6	1.21364199153994e-5	1.2534993827493e-5	1.19735973966482e-5	1.76901847840166e-5	2.68013624314414e-5	7.82145587973288e-6	6.84396041641637e-6	1.21364199153994e-5	1.2534993827493e-5	1.19735973966482e-5	1.76901847840166e-5	2.68013624314414e-5	7.82145587973288e-6	Day 3	Day 6	Day 9	Day 12	Day 15	Day 18	Day 21	0.000731028229149435	0.000541902565728913	0.000485140210072378	0.00107240406432102	0.00117640891229988	0.00104652366209945	0.000960353269922293	25℃	a

4.36194173145927e-6	7.4047315999067e-7	1.50649734277174e-6	1.15048645110924e-6	7.89508438186453e-7	1.59901945477025e-6	1.04820395261624e-6	4.36194173145927e-6	7.4047315999067e-7	1.50649734277174e-6	1.15048645110924e-6	7.89508438186453e-7	1.59901945477025e-6	1.04820395261624e-6	Day 3	Day 6	Day 9	Day 12	Day 15	Day 18	Day 21	0.000347506423771727	0.000210468770217656	0.000121903792573622	0.000146467001743119	0.000147904285049395	0.000183667985293106	0.000202627101089395	35℃	c

2.59514562148122e-6	3.27018762112505e-5	3.82274191496668e-5	4.28838653129331e-5	2.35619190032631e-5	3.85509292904944e-5	6.09312246395451e-5	2.59514562148122e-6	3.27018762112505e-5	3.82274191496668e-5	4.28838653129331e-5	2.35619190032631e-5	3.85509292904944e-5	6.09312246395451e-5	Day 3	Day 6	Day 9	Day 12	Day 15	Day 18	Day 21	0.00137916066420837	0.00158598863697376	0.000977925250785659	0.00254094045588875	0.00300681785805145	0.00299400762566132	0.00489330174137316	Days

I%/cell









