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ORIGINAL RESEARCH

Abstract Microalgae are a promising source of natural antioxidants, but optimising culture conditions 
to enhance antioxidant production remains a significant challenge, as varying cultivation environments 
induce oxidative stress and promote antioxidant accumulation.  This study aims to assess the production of 
enzymatic (superoxide dismutase, SOD; catalase, CAT; ascorbate peroxidase, APX; guaiacol peroxidase, 
GPX; glutathione reductase, GR) pigments and non-enzymatic antioxidants (chlorophylls, Chls; carotenoids, 
CAR; ascorbic acid, AsA; α-tocopherol, TOC; total glutathione, GSH) in Chlorella vulgaris (UMT-M1), 
Isochrysis galbana (SWC002), and Tetraselmis chui (SWC001) at different growth phases.  Throughout 
the cultivation period, the early stationary phase was observed to be the most significant increase phase for 
most antioxidants. All tested species formed TOC in the largest amounts during this phase.  In this phase, 
C. vulgaris and I. galbana had the highest CAT and GPX, whereas C. vulgaris and T. chui had the highest 
SOD and APX. By identifying the early stationary phase as a key growth phase for maximum antioxidant 
production, this research provides valuable insights into the cultivation strategies that can be employed 
to maximise the yield of these beneficial compounds. This study thus contributes to the growing body 
of knowledge necessary for commercialising microalgae-derived antioxidants, offering a sustainable and 
natural alternative to synthetic antioxidants.
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Introduction

Microalgae are rich in nutritious components such as protein, lipids, carbohydrates, vitamins, and min-
erals, although their composition varies significantly depending on species and environmental variables.  
Microalgae typically contains 50–70% protein as part of their composition, over 50% carbohydrates in 
their dry weight, and up to 70% lipid content in oleaginous species, which account for 30–50% of the total 
weight (Reitan et al. 2021).  These nutritional contents can be regulated by manipulating the microalgal 
growth conditions.  Nitrogen depletion, high salinity, high temperature, and pH alteration are the common 
manipulations to upsurge lipid production. In addition, microalgae excel at producing nutritious polyunsat-
urated fatty acids, including eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), when subject-
ed to salinity stress, nutrient limitations, or light adjustments. These fatty acids from microalgae can serve 
as an alternative resource, helping to mitigate the depletion of ocean fish (Sharma et al. 2020).
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Microalgae are rich in natural pigments like carotenoids, chlorophylls, and phycobiliproteins. Pigments 
refer to intricate molecules or macromolecules capable of changing the colour of light that they transmit 
or reflect through selective absorption of specific wavelengths. In microalgae, natural pigments serve a 
crucial function in various activities reliant on pigmentation, including mechanisms related to photosynthe-
sis. These pigments commonly exhibit antioxidant, anticancer, antiviral, and anti-inflammatory properties, 
which benefit the cosmetics, pharmaceutical, and food industries.  Lipid-soluble chlorophylls, the primary 
photosynthetic pigments, have been utilised in the food industry and pharmaceutical products as natural 
colourants (Manzoor et al. 2024). 

Among the microalgae attracting significant biotechnological interest are Chlorella spp., Tetraselmis 
spp., Isochrysis spp., Nannochloropsis spp., Pavlova spp., and Thalassiosira spp.. These species are in-
creasingly recognised as valuable sources of natural antioxidants due to their rich content of encapsulated 
bioactive compounds, including both primary and secondary metabolites. They have diverse applications 
across health food, bioenergy, nutraceutical, and pharmaceutical sectors and serve as animal feed in indus-
tries such as aquaculture, agriculture, and pets (Ahmad et al. 2020).

In this study, C. vulgaris, I. galbana, and T. chui were selected for their high nutritional content and 
antioxidant properties, highlighting their potential in aquaculture, nutraceuticals, and biofuel production, 
making them significant subjects for ongoing research in biotechnology and nutrition. C. vulgaris exhibits 
exceptional resilience to varying environmental conditions, including changes in light intensity, tempera-
ture, and nutrient availability, allowing it to thrive in diverse aquatic environments, in natural and controlled 
settings (Su et al. 2023). Its rapid growth rate further enhances its robustness, facilitating efficient biomass 
production crucial for commercial applications. This microalga is rich in bioactive compounds, including 
vitamins A, C, and E, and carotenoids, contributing to its antioxidant properties. These antioxidants are 
vital for combating oxidative stress by neutralising free radicals and protecting cellular components from 
damage. Consequently, the combination of its robustness and high antioxidant content makes C. vulgaris 
a promising candidate for applications in health foods, nutraceuticals, and as a supplement in aquaculture 
(Udayan et al. 2023).

I. galbana is renowned for its high nutritional value, particularly as a source of essential fatty acids, anti-
oxidants, and pigments. This species is rich in polyunsaturated fatty acids, especially omega-3 and omega-6 
fatty acids, which are critical for human health and commonly used in aquaculture and fish farming. It typi-
cally contains 20-30% lipid content, with a significant portion comprising highly beneficial unsaturated fats 
(Sánchez-Bayo et al. 2020). Additionally, I. galbana possesses various antioxidants, including carotenoids 
like fucoxanthin and vitamins, contributing to its ability to mitigate oxidative stress. These compounds 
enhance the nutritional profile of the algae and promote the health and growth of aquatic animals when in-
cluded in their feed (Rahman et al. 2020).  T. chui is another promising microalga known for its adaptability 
and high nutritional value, containing 35 to 40% proteins, 30 to 35% carbohydrates, and 5 to 10% fats. It 
is also a good producer of fat-soluble carotenoids, which can serve as supplements for enhancing fish flesh 
and egg pigmentation (Khatoon et al. 2018). Furthermore, due to its robust growth and high nutritional 
profile, T. chui has been studied for its potential in bioremediation and biofuel production, as well as its 
applications in aquaculture.

During cultivation, microalgae pass through four different development phases consisting of lag (no 
or little growth), exponential (rapid growth), stationary (steady growth), and death (lysis).  During the lag 
or induction phase, an initial defer in growth with no or a little increase in the number of cells is observed.  
This initial period is important for microalgae as a physiological adaptation toward new environmental 
conditions. In this phase, new cellular components for metabolism and growth are synthesised (Chow-
dury et al. 2020).  After the lag phase, cells enter the exponential or log phase. Metabolic activity is high 
as DNA, RNA, cell components, and other substances necessary for growth are generated for division. 
The cell numbers are rapidly increasing and actively divided in the presence of nutrients and optimal 
light intensity. However, the cell division depends primarily on species, light quantity, and temperature 
(Zachleder et al. 2021).  Eventually, the rapid population growth observed during the log phase begins to 
decline as available nutrients are depleted and waste products accumulate. Microalgae cell growth then 
reaches a plateau, known as the stationary phase, where the number of dividing cells equals the number 
of dying cells, resulting in no net population growth. Under less favourable conditions, competition for 
nutrients intensifies, decreasing cell metabolic activity. During the death phase, the number of living 
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cells decreases exponentially, and population growth experiences a sharp decline due to reduced nutrient 
availability, pH changes, contamination, and waste accumulation (Chowdury et al. 2020).

The synthesis of microalgal antioxidants is commonly appreciable in the growth stages as an adaptive 
response to oxidative stress.  Throughout the growth phases, reactive oxygen species (ROS) are produced in 
microalgae as metabolic by-products, and exponential and stationary phases have been reported with higher 
ROS accumulation (Ugya et al. 2019), thus leading to the interactive regulation of natural antioxidants to 
counteract the harmful ROS.  Among the ROS are the free radicals like superoxide radical (O2

•─) and hy-
droxyl radical (•OH), as well as non-radical forms like hydrogen peroxide (H2O2) and singlet oxygen (1O2) 
(Shi et al. 2020).  Among them, •OH is a very reactive ROS in connection with chemical activity as it can 
oxidise most organic molecules, while H2O2 is moderately reactive.  High ROS accumulation in cells will 
trigger oxidative stress, which may impair the macromolecules such as lipids, proteins and DNA (Ugya et 
al. 2019). 

Microalgae activate antioxidant pathways to mitigate oxidative damage by ROS. The major group of 
antioxidants in microalgae is carotenoids (CAR), but there are also significant amounts of other antioxi-
dants such as superoxide dismutase (SOD), catalase (CAT), peroxidase (POD) and glutathione reductase 
(GR) as well as low molecular weight antioxidants, i.e. ascorbic acid (AsA), tocopherols (TOC) and glu-
tathione (GSH) (Zhang et al. 2020; Hasanuzzaman et al. 2020). SOD is a primary defence antioxidant that 
catalyses the dismutation of O2

•─ to H2O2 and oxygen (O2). H2O2 produced needs to be further detoxified 
by CAT and PODs to water (H2O) and O2. AsA, GSH, and TOC played interrelated roles in significantly 
limiting ROS production (Zhang et al. 2020).  

Current research on microalgae primarily focuses on specific growth phases, highlighting a significant 
gap in understanding the antioxidative mechanisms throughout all growth stages. This study addresses this 
gap by investigating the growth, biomass, and responses of enzymatic and non-enzymatic antioxidants in C. 
vulgaris, I. galbana, and T. chui across different growth phases of microalgae. Understanding these mech-
anisms is crucial as it may provide insights into optimising cultivation conditions to enhance antioxidant 
production, which is vital for various applications in health foods, nutraceuticals, and aquaculture.  Addi-
tionally, results obtained in this study can help future strategies for biotechnological applications, including 
biofuel production and bioremediation, thereby supporting sustainable practices in these fields.

Materials and methods

Cultural Initiation and cultivation Chlorella vulgaris (UMT-M1), Isochrysis galbana (SWC002), and Tet-
raselmis chui (SWC001) cultures were obtained from the Institute of Climate Adaptation and Marine Bio-
technology (ICAMB), Universiti Malaysia Terengganu, Kuala Nerus, Terengganu, Malaysia.  The first 
step in cultural initiation is inoculation, where a small amount of the selected microalgae cells from a 
pre-existing stock culture obtained from ICAMB is introduced into a fresh medium.  The inoculums of each 
species were cultivated in 500 mL conical flasks containing 450 mL of filtered-sterilized seawater at 30 ppt 
salinity and pH 8.0±0.2 enriched with F/2 medium (Guillard 1975).  The cultures were incubated under 
continuously 2,000 lux of 6,500 K daylight white LED lamps as a light source at a constant temperature of 
24±2°C in a growth chamber.  The aeration was supplied with a Hailea HAP-120 pump (Hailea Group Co., 
China) with an airflow rate of around 120 L/min of air under the pressure of 0.018 MPa and filtered through 
0.22 μm Minisart Sartorius syringe filter to avoid contamination.  All species were initially cultured from 
an equal inoculum at 1×106 cells/mL. Cell growth monitoring and biomass harvesting at different growth 
phases for antioxidant assays.

The cell density was observed daily for 24 days. The growth curve of each species was plotted by the total 
number of cell densities against cultivation time (days) to determine the growth phases. For the determination 
of the wet and dry biomass, enzymatic as well as the non-enzymatic antioxidant assays, the cells were harvest-
ed at the lag (I), log (II), early stationary (III), mid stationary (IV), and death (V) phases at day 1, 4, 8, 16, and 
24, respectively.  All results are presented as means and standard deviation (n = 5).

Determination of cell density

The growth of each culture was assessed by monitoring cell density daily for 24 days. Approximately 1 mL 
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of the microalgae liquid culture was taken using a sterile 10 mL syringe filter and was transferred into a 1.5 
mL microcentrifuge tube.  About 200 μL of the liquid culture was diluted with 800 μL of Lugol’s solution.  
Ten μL of the diluted solution was transferred into an improved Neubauer hemocytometer cavity. The cell 
density was calculated following the method by Sahastrabuddhe (2016).
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prepared. 
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Determination of non-enzymatic antioxidants

Chlorophylls (Chls) and Carotenoids (CAR) were extracted according to the method of Torres et al. (2014).  
The fresh sample was homogenised with 1.5 mL of absolute methanol for 10 min at 4ºC.  The homogenate 
was centrifuged at 10,000 rpm and 4ºC for 10 min.  About 200 µL of supernatant was transferred into a 
flat bottom 96-well plate.  The microplate was shaken for 10 s in the microplate reader (VarioskanTM LUX, 
Thermo Fisher Scientific, Finland).  The Chls and CAR were measured at 470, 653, and 666 nm. 

Ascorbic acid (AsA) content determination was adapted according to the procedure of Norhayati et al. 
(2016) with minor modifications.  The absorbance of the mixture was measured at 760 nm.  A standard 
curve was prepared using AsA at 0 to 5 μg/mL, and the amount of AsA in the sample was calculated based 
on the standard curve obtained.

α-Tocopherol (TOC) was assayed according to the method of Norhayati et al. (2016) with some modifi-
cations.  Under dim light and on ice, the fresh sample was homogenised with 1.5 mL acetone at 4°C for 10 
min.  The mixture was extracted with 0.5 mL hexane.  The homogenate was centrifuged at 10,000 rpm and 
4ºC for 10 min.  After the centrifugation, the top layer was removed, and the hexane extraction was repeated 
twice.  The absorbance of the reaction mixture was measured at 554 nm.  A standard curve was prepared 
using standard TOC at 0 to 100 μg/mL, and the amount of TOC in the sample was calculated based on the 
standard curve.

Total glutathione was assayed according to the method of Janknegt et al. (2009).  The fresh sample was 
homogenised with 1 mL of 50 mM 5-sulfosalicylic acid, 1 mM EDTA, and 0.15% L-ascorbic acid at 4°C 
for 10 min at 0-4ºC. The homogenate was centrifuged at 10,000 rpm at 4ºC for 10 min.  For the total GSH, 
10 µL of supernatant was transferred into a flat bottom 96-well plate.  Then, 150 µL of reaction mixture 
consisting of 100 mM potassium phosphate buffer (pH 7.0), 100 mM Ethylene diamine tetra acetic acid 
disodium salt dihydrate (EDTA), 0.11 mM DTNB and 0.17 U/mL GR was added to start the reaction.  Next, 
the microplate was left for 5 min for the conversion of GSSG to GSH, and then 50 μL of 0.2 mM β-NADPH 
was added.  Finally, the reaction rate was measured immediately at 405 nm with an interval of every 30 
seconds for 10 min at 25ºC in the microplate reader.  A standard curve was prepared using reduced GSH at 
0 to 0.5 nmoles, and the amount of total GSH in the microalgal sample was calculated based on the standard 
curve.

Statistical analysis

Data were expressed as means and standard deviation (SD) of five replications. The normality tests were 
performed using skewness and kurtosis. One-way analysis of variance (ANOVA) was used to determine 
treatment mean differences.  Multiple means comparison was determined by a Tukey’s test at a 95% sig-
nificance level.  Correspondence Analysis (CA) was analysed using Paleontological Statistics Software 
Package (PAST) version 4.03.

Results and discussion

Figure 1 shows images of C. vulgaris, I. galbana, and T. chui under a compound light microscope at 400× 
magnification and Scanning Electron Microscope (SEM), taken from inoculum cultures during the early 
stationary phase on day 8. It was observed that T. chui’s cells are bigger than those of C. vulgaris and I. gal-
bana. T. Chui cells have an oval shape and can grow up to 14 μm in length and 10 μm in breadth (Kokkali 
et al. 2020). C. vulgaris exhibits a spherical shape with a diameter of 4 µm, consistent with the findings of 
Chioccioli et al. (2014). The cell size of I. galbana varies from 5 to 6 µm in length and 2 to 4 µm in width. 
Both I. galbana and T. chui are flagellated microalgae; however, the flagella were absent in these samples, 
likely due to the drying process.

Microalgae growth phases and their biomass

The growth curve pattern exhibited in this study can be divided into four primary phases: lag, log, station-
ary, and death, which are comparable to those reported by Kasan et al. (2020) in Chlorella sp., Nannochlo-
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ropsis sp., and Desmodesmus sp. Consequently, the growth curve of C. vulgaris, I. galbana, and T. chui in 
this study was defined as follows: lag (I), log (II), early stationary (III), mid-stationary (IV), and death (V) 
phases occurring on days 1, 4, 8, 16, and 24, respectively (Figure 2). Based on these findings, samples were 
harvested on these selected days for antioxidant determination. 

Wet and dry biomass measurements of C. vulgaris, I. galbana, and T. chui were conducted throughout 
the growth phases, as illustrated in Figure 3. Measuring both wet and dry biomass is crucial because each 
provides distinct insights into the studied microalgae species. Wet biomass reflects the fresh weight, making 
it useful for short-term physiological studies or when analyzing processes related to water content. Howev-
er, since the water content in wet biomass can fluctuate due to environmental factors, it is not a consistent 
measure of the actual organic material (Huang et al. 2019). In contrast, dry biomass represents the mass 
after removing all water, typically by drying the sample at a controlled temperature. This method offers a 
more stable and accurate measure of the actual organic matter, including essential elements like carbon, 
nitrogen, and other nutrients that contribute to the structure of the species. As a result, dry biomass is often 
considered a more reliable metric for assessing productivity or health over time or across different environ-
ments, as it excludes the variability caused by water content (Godbey 2021).

In this study, the wet and dry biomass increased significantly from the lag phase to the early stationary 
phase in all three species. A plateau pattern was observed from the early stationary phase onwards in C. 
vulgaris and T. chui. However, in I. galbana, both the wet and dry biomass were higher during the mid-sta-
tionary and death phases.  The differences in biomass patterns observed among the three species during 
their growth phases can be explained by various biological and environmental factors that impact their 
growth dynamics, metabolism, and biomass accumulation. Both C. vulgaris and T. chui follow a typical 
growth curve, where biomass reaches a plateau during the stationary phase. This phase occurs as growth 
slows due to limiting factors like nutrient depletion, accumulation of metabolic waste, or reduced light 
availability (Mata et al. 2010). At this stage, cell division decreases or halts, resulting in a stabilization of 
biomass. These microalgae likely conserve energy and resources to survive in suboptimal conditions. The 
plateau in both wet and dry biomass suggests that while the cells remain alive, they are no longer growing 

 

 

 

Fig. 1 Compound light microscope images (400× magnification) of microalgae (a) C. vulgaris, (b) 
I. galbana, (c) T. chui, and scanning electron microscope (SEM) images of microalgae (d) C. 
vulgaris, (e) I. galbana, (f) T. chui during early stationary phase, with lines indicating the 
microalgae size (μm). 
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Fig. 1 Compound light microscope images (400× magnification) of microalgae (a) C. vulgaris, (b) I. galbana, (c) T. chui, and scan-
ning electron microscope (SEM) images of microalgae (d) C. vulgaris, (e) I. galbana, (f) T. chui during early stationary phase, with 
lines indicating the microalgae size (μm).
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or accumulating additional organic matter.  I. galbana is well-known for its high lipid and carbohydrate 
accumulation, especially under stress conditions like nutrient limitation. The increase in biomass could be 
due to this accumulation of storage molecules, contributing to a higher dry weight even as cell division 
slows. Additionally, I. galbana may adapt to stationary phase conditions by enlarging individual cell size as 
a survival strategy, which would lead to an increase in wet biomass. Cells likely swell as they store nutrients 
such as lipids and carbohydrates in preparation for unfavourable conditions (Hu et al. 2008). This allows I. 
galbana to continue metabolizing and accumulating biomass longer than C. vulgaris and T. chui during the 
stationary phase, resulting in sustained biomass accumulation even into the death phase.

The lag phase of C. vulgaris, I. galbana, and T. chui cells took only one full day to adapt to their new 
environment before they grew more rapidly and increased their biomass. Similarly, Kasan et al. (2020) 
observed a one-day lag phase in Chlorella sp., Nannochloropsis sp., and Desmodesmus sp. The lag phase 
commonly occurs as microalgae adapt to new cultivation conditions, such as changes in medium composi-
tion, pH, and light (Belaïdi et al. 2020). During this phase, cell growth is slow, resulting in low wet and dry 
biomass. However, this slow growth may stimulate the production of enzymes and metabolites necessary 
for cell division.  It is also suggested that microalgae might experience photoinhibition during low cell 
density due to persistent light penetration and a lack of self-shading (Kasan et al. 2020). 

 

 

Fig. 2 Growth curve of (a) C. vulgaris, (b) I. galbana, and (c) T. chui throughout 24 days of 
cultivation.  Capital Roman numerals I, II, III, IV, and V correspondingly represent lag, log, early 
stationary, mid stationary, and death phase, respectively.  Data presented are means ± SD. 
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All three microalgae species exhibited rapid cell growth from day 2 to 7, marking the log phase, 
where both wet and dry biomass increased significantly. This might be due to nutrient availability in 
the medium. During the initial stages of the culture, the medium is rich in essential nutrients such as 
nitrogen, phosphorus, and trace elements. These nutrients can activate the cell’s metabolic activities, 
thus signalling cellular processes like protein synthesis, photosynthesis, and cell division. As a result, mi-
croalgae cells rapidly absorb these nutrients, leading to an exponential increase in biomass (both wet and 
dry) during the log phase. In addition, at this phase, factors such as temperature, pH, and CO₂ availability 
are often maintained within optimal ranges. These conditions ensure that the cells are not experiencing 
stress, which would otherwise slow down growth. Instead, they can focus on replication and biomass 
accumulation (Belaïdi et al. 2020).  

The stationary phases for C. vulgaris, I. galbana, and T. chui were observed from day 8 to day 22, di-
vided into early stationary (day 8) and mid-stationary (day 16) phases. In the early stationary phase (day 
8), growth has significantly slowed but is still somewhat active as cells continue metabolizing remaining 
nutrients. By the mid-stationary phase (day 16), growth has nearly ceased, and the cultures are stable, 
with limited cell division and biomass production as the cells shift focus to maintaining cellular function 
and possibly preparing for stressful conditions (Jaishankar and Srivastava 2017). As microalgae enter the 
stationary phase, essential nutrients like nitrogen and phosphorus become depleted, slowing growth due 
to limited resources for cell division and biomass accumulation. Increased cell density also limits light, 
reducing photosynthetic efficiency, while the accumulation of metabolic byproducts further inhibits growth 
by creating stressful conditions. During this phase, microalgae often shift their metabolism toward produc-
ing secondary metabolites like lipids and antioxidants, which are valuable for stress resistance rather than 
biomass production (Ramlee et al. 2021). 

During the death phase, C. vulgaris, I. galbana, and T. chui showed a slight decline in cell density from 
day 22 onwards, as cells could not sustain growth. In this phase, the number of dead cells exceeds that 
of living cells. The reduction in cell density during this final phase is due to nutrient starvation and other 
limiting factors such as pH changes, overheating, accumulation of toxic by-products, and contamination 
(Belaïdi et al. 2020).

Fig. 3 Dry (a) and wet biomass (b) of C. vulgaris, I. galbana, and T. chui throughout growth phases. Data presented 
are means ± sd. Capital letters (C. vulgaris), roman numerals (I. galbana) and small letters (T. chui) above the error 
bars represent significant differences throughout growth phases in individual species at p<0.05.
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Microalgal enzymatic antioxidants at different growth phases

Superoxide dismutase (SOD) activities 

SOD activity in C. vulgaris slowly increased and maximum at the early stationary phase (0.37±0.03 U/mg 
protein), followed by a steep drop from the mid-stationary-to-death phase. Accumulation of SOD activities 
is species-specific at certain growth phases where S. armatus has the highest SOD activity at the log phase, 
whilst S. obliquus at the lag phase (Pokora et al. 2003).  These findings were in line with the variations of 
SOD activities in C. vulgaris, I. galbana, and T. chui throughout the growth phases (Figure 4A).  These 
activities were higher than previous results reported in four different strains of C. vulgaris which ranged 
from 0.03 to 0.09 U/mg protein (Chatzikonstantinou et al. 2017).  In I. galbana, SOD activity was highest 
at the initial growth phase, which is similar to reported in T. gracilis (Sigaud-Kutner et al. 2002) and C. 
vulgaris (Sun et al. 2014).  Lower SOD activity in I. galbana ranging from 0.099±0.003 to 0.199±0.001 
U/mg protein compared to the results reported by Jin et al. (2020) in the same species of 0.2 to 1.0 U/mg 
protein.  In T. chui, the maximum SOD activity was obtained during the log phase and reduced onwards.  

The increment of SOD activity in C. vulgaris and I. galbana during the stationary phase as a first line 
of cellular defence mechanism toward ROS accumulation, suggests that the microalgal cellular tolerance 
toward oxidative stress was induced by scavenging excess of O2

•─ generation to H2O2 and O2 in the chloro-
plast, mitochondria, cytosol, and extracellular space of the microalgae (Zhang et al. 2020).  The obtained 
results suggest that both microalgae are responding to heightened oxidative stress brought on by nutrient 
limitation and increased ROS accumulation during this period of reduced growth. The observed activities 
might also be influenced by the limitation of CO2 fixation when the nutrients particularly nitrogen in the 
medium start to reduce, which leads to more electron leakage to O2 molecules and initiates the ROS gen-
eration, especially O2

•─ (Hasanuzzaman et al. 2020).  After this point, as the culture progresses into the 
mid-stationary and death phases, cell viability declines, and metabolic activity slows down. This leads to 
a reduction in both ROS production and the need for SOD-mediated protection, which explains the sharp 
drop in SOD activity.

Higher SOD activity in I. galbana during the lag phase might be attributed to photoprotection by SOD 
against light sources. This is because chlorophyll synthesis is limited by photoinhibition, which occurs 
due to a lack of self-shading when the light source persistently penetrates individual cells during low cell 
density. In the lag phase, cells adjust to new environmental conditions and initiate metabolic processes, 
which can lead to moderate levels of ROS. The increased SOD activity in this phase would indicate that the 
cells are preparing for elevated oxidative stress as metabolism ramps up. Conversely, the increase in SOD 
activity in T. chui during the log phase is likely associated with intense photosynthetic activity causing chlo-
roplast-localized stress (Sigaud-Kutner et al. 2002). Thus, higher ROS generation is a byproduct of active 
metabolism and photosynthesis. The elevated SOD activity during the log phase is crucial for detoxifying 
the superoxide radicals produced under these high-energy conditions, ensuring that cellular functions are 
protected from oxidative damage during this period of exponential growth. The significant decline of SOD 
in C. vulgaris during the death phase indicates excessive accumulation of O2

•-, surpassing the capability 
of SOD activity. This imbalance between dismutation activities and O2

•- production results in significant 
cellular damage as microalgae cells enter the depletion phase (Ugya et al. 2020).  

Catalase (CAT) activities 

CAT is crucial in the SOD-CAT system, breaking down H2O2 into harmless O2 and H2O (Zhang et al. 
2020). Figure 4B depicts the CAT activities in the three studied microalgae species throughout the growth 
phases. In C. vulgaris, CAT activity fluctuated from the lag to stationary phases and decreased during the 
death phase. The CAT activity observed in this study was lower compared to those reported by Ismaiel et 
al. (2016) in A. platensis. In I. galbana, CAT was significantly induced during the log and stationary phases 
compared to other phases, consistent with findings in C. vulgaris (Sun et al. 2014) and M. aeruginosa 
(Giannuzzi et al. 2016). T. chui exhibited the highest CAT activities in the log phase, with lower activities 
during other growth phases.

CAT is an antioxidant enzyme that acts as a cellular defence against H2O2, a precursor of the highly 
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Fig. 4 Superoxide dismutase (A), Catalase (B), Ascorbate peroxidase (C), Guaiacol peroxidase (D) and Glutathione reductase (E) 
activities of C. vulgaris, I. galbana, and T. chui throughout growth phases.  Data presented are means ± SD.  Capital letters (C. 
vulgaris), Roman numerals (I. galbana) and small letters (T. chui) above the error bars represent significant differences throughout 
growth phases in individual species at P<0.05.
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Fig. 4 Superoxide dismutase (A), Catalase (B), Ascorbate peroxidase (C), Guaiacol peroxidase 
(D) and Glutathione reductase (E) activities of C. vulgaris, I. galbana, and T. chui throughout 
growth phases.  Data presented are means ± SD.  Capital letters (C. vulgaris), Roman numerals (I. 
galbana) and small letters (T. chui) above the error bars represent significant differences 
throughout growth phases in individual species at P<0.05. 
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Fig. 4 Continued

reactive and dangerous OH• free radical and helps oxidize H2O2 molecules into H2O and O2. The decline 
of CAT activity in C. vulgaris from the lag to log phase might be due to the emergence of other effective 
H2O2 quenchers, particularly peroxidases (Ansari et al. 2021). The increase in CAT activity in C. vulgaris, 
I. galbana, and T. chui at the early stationary phase is primarily linked to the need for detoxification of the 
overproduction of H2O2.  As the microalgae transition to this phase, nutrient availability decreases, causing 
metabolic shifts that elevate oxidative stress. Specifically, the lack of essential nutrients, combined with the 
accumulation of metabolic by-products, triggers the production of ROS, including H₂O₂. Thus, CAT ac-
tivity rises in response to the elevated H₂O₂ levels to prevent cellular damage, ensuring cell survival under 
stress conditions (Javier et al. 2018). 

Additionally, Sigaud‐Kutner et al. (2002) suggested that nitrogen deprivation in microalgae can critical-
ly promote oxidative damage during the stationary phase. The further reduction of CAT in C. vulgaris, I. 
galbana, and T. chui from early stationary onwards suggests that the microalgae cells had reached oxidative 
saturation, where the amount of H2O2 produced surpassed the antioxidative capacity during unfavourable 
growth conditions, leading to a decrease in CAT enzyme synthesis. The inactivation of CAT by ROS can 
affect membrane lipids via lipid peroxidation, ultimately leading to cell death (Cheng et al. 2016).

In this current study, SOD activity was highest in C. vulgaris during the early stationary phase (Figure 
4A), while CAT activity was not elevated to the same extent (Figure 4B).  This might be related to the dif-
ferential regulation of antioxidant enzymes. Although SOD and CAT often work in tandem, their regulation 
can be independent based on the nature and intensity of oxidative stress. In the early stationary phase, C. 
vulgaris might prioritize SOD production to manage O2

•─, while the subsequent detoxification of H₂O₂ by 
CAT may depend on other antioxidant systems like peroxidases; APX (Figure 4C) and GPX (Figure 4D) 
or glutathione-based enzymes (Ansari et al. 2021).  Results also revealed that CAT activities were signifi-
cantly higher in I. galbana especially in log, early and mid-stationary phases compared to other species.  
This might be related to different microalgae species possessing varying metabolic strategies to cope with 
oxidative stress. I. galbana may prioritize H₂O₂ detoxification over O₂.⁻ neutralization due to differences in 
the cellular processes that generate these ROS, necessitating a stronger CAT response to mitigate the toxic 
effects.

Peroxidase activities 

Ascorbate peroxidase (APX) in C. vulgaris rose gradually until it reached maximum activity during the 
early stationary phase, following a steep decline after that. Interestingly, I. galbana exhibited a fluctuating 
pattern of APX activity, peaking during the log phase. In contrast, APX in T. chui increased significantly 
and maintained consistent activity from the early stationary phase onwards, with a slight drop during the 
death phase (Figure 4C). Guaiacol peroxidase (GPX), another enzyme that detoxifies H2O2, showed a slight 
elevation pattern in C. vulgaris throughout the growth cycle, with the highest activity observed in the death 
phase. In I. galbana, GPX activity increased slowly from the early to mid-stationary phase and then de-
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clined during the death phase. In T. chui, different growth phases did not significantly affect GPX activities 
(Figure 3D). These results align with findings reported by Sun et al. (2014) in C. vulgaris cultures.  The 
induction of peroxidase enzymes is associated with their role in scavenging H2O2, the most stable ROS 
(Giannuzzi et al. 2016). Although both APX and GPX are heme-containing enzymes, they differ in electron 
donor preference: AsA is an electron donor for APX, while guaiacol acts as an aromatic electron donor for 
GPX (Sharma et al. 2012; Rezayian et al. 2019). Among H2O2-scavenging enzymes, APX has been reported 
to be more effective than CAT or GPX due to its higher affinity for H2O2 (Roy et al. 2021).  The elevation 
of APX activities in C. vulgaris during the early stationary phase and in I. galbana during the log phase can 
be attributed to the enzyme’s role in scavenging H2O2 to mitigate oxidative stress in cell compartments such 
as chloroplasts, cytosol, mitochondria, and peroxisomes (Roy et al. 2021).

During the death phase, decreased APX activity in C. vulgaris and I. galbana might be due to the en-
zyme’s inability to protect cells from oxidative damage when excessive ROS is produced or due to a drop 
in enzyme synthesis caused by pigment deficiency and degradation of thylakoid membranes (Cheng et al. 
2016; Javier et al. 2018). T. chui exhibited higher APX activity in the last three phases, likely due to oxida-
tive protection needs arising from essential nutrient deprivation, such as nitrogen.

Initially, the GPX activities of C. vulgaris and I. galbana may not have functioned effectively due to low 
levels of ROS production in the cells. However, as the growth phases progressed, GPX activities in these 
species increased, likely protecting against increased ROS generation. GPX activity was not significantly 
promoted in T. chui, suggesting that other antioxidants, such as CAT and APX, play a predominant role in 
scavenging bulk H2O2. Therefore, it is suggested that GPX may be involved in detoxifying H2O2 residues.

Glutathione reductase (GR) activities

Figure 4E shows that C. vulgaris has the highest GR activity at the lag phase and fluctuates after that.  In 
contrast, a study by Chen et al. (2020) revealed that C. vulgaris has higher GR activity during the early 
stationary phase.  GR activities in I. galbana significantly increased at the lag to early stationary phase, fol-
lowed by a drastic decline at the two last phases.  Meanwhile, a stagnant GR in T. chui from the beginning 
to the early stationary phase was observed before markedly going up at the mid-stationary phase and main-
tained higher until the death phase.  The increase of GR activity in C. vulgaris during the lag phase and in I. 
galbana during the early stationary phase might indicate the tolerance of microalgae toward oxidative me-
tabolism by the glutathione metabolic pathway (Cheng et al. 2016).  GR will sustain a high cellular GSH/
GSSG ratio in cell cytoplasm through the interconversion of reduced GSH to GSSG using NADPH (Singh 
and Patidar 2018).  In addition, the GR induction was observed in I. galbana during the early stationary 
phase, suggesting its function to scavenge H2O2 produced via the Mehler reaction in the chloroplast. The 
rising of GR in T. chui during the mid-stationary to death phases is possibly related to the collaborative re-
lation with APX, as reported in P. tricornutum.  Both GR and APX participated in the ascorbate-glutathione 
(AsA-GSH) pathway, also known as the Halliwell-Asada pathway, where GSH and NAPDH are utilised to 
regenerate AsA (Sharma et al. 2012). 

Microalgal non-enzymatic antioxidants at different growth phases

Chlorophylls and carotenoid contents 

Chls are important in photosynthesis to absorb light energy and transmit the excited electrons to the re-
action, which takes part in light reactions and the Calvin cycle. Chl a is the most abundant pigment in 
converting light energy to chemical energy, whereas Chl b acts as an accessory pigment to aid in absorbing 
light energy and passing it to Chl a (Ren et al. 2019).  In this current study, Chl a in C. vulgaris gradually 
increased from the lag phase, reaching a maximum value in the mid-stationary phase (1.77 ± 0.04 mg/gfwt), 
before sharply dropping in the death phase. A similar trend was observed in I. galbana. This ascending 
pattern of Chl a in both C. vulgaris and I. galbana from lag to stationary phases is consistent with previous 
studies on C. vulgaris (Sun et al. 2014), Chlorella sp., and N. oculata (Paes et al. 2016). For T. chui, the 
increment of Chl a was notable during the log phase, followed by a reduction after that.  The trends in Chl b 
content were similar to those of Chl a for C. vulgaris, I. galbana, and T. chui, though generally, these three 
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species accumulated lower Chl b content compared to Chl a (Table 1). 
Nutrient depletion, particularly essential nitrogen, significantly affects Chls a and b levels because these 

pigments are nitrogen-rich compounds.  When microalgae attain a stationary phase, the essential nutrients 
start to deplete, and the metabolic toxins begin to elevate (Bauer et al. 2017).  The emergence of Chls in 
C. vulgaris and I. galbana at the stationary phase suggests a photoprotective role of these pigments by 
increasing the dissipation of excitation energy from the reaction centres during nutrient starvation.  The 
subsequent rise in Chls during the stationary growth phase also acts as photo acclimation toward light 
competition, as light is one of the limiting factors that alter the photosynthetic pigments as reported in T. 
gracilis (Sigaud-Kutner et al. 2002).  The decline in Chls a and b content in three microalga species during 
the death phase might be due to cellular aging.  Additionally, food limitations contribute to the reduction of 
chlorophylls, as nutrient insufficiency diminishes chlorophyll levels, accessory pigments, and light collec-
tion efficiency over time (Bauer et al. 2017). 

CAR complements Chl a as accessory pigments, aiding in light absorption and energy dissipation to Chl 
a in photosynthesis, and also plays a role in stabilising chloroplast membranes and providing photoprotection 
(Sun et al. 2014; Ren et al. 2019).  The CAR levels in C. vulgaris and I. galbana increased from the lag to the 
stationary phase, followed by a decline in the death phase. This rising pattern was also observed in previous 
studies on C. vulgaris (Sun et al. 2014), C. kessleri (Bauer et al. 2017), and I. galbana (Rahman et al. 2020). 
In contrast, CAR in T. chui was highest during the log phase (Table 1), consistent with findings in T. suecica 
(Rahman et al. 2020).  The efficiency of CAR content in C. vulgaris and I. galbana in scavenging 1O2 and 
quenching 3Chl during the stationary growth phase is largely influenced by the presence of β-carotene, violax-
anthin, neoxanthin, lutein, and zeaxanthin (Rahman et al. 2020). The high production of CAR in T. chui during 
the log phase indicates significant levels of lutein and β-carotene, followed by neoxanthin and zeaxanthin.  
The decline in CAR content observed in C. vulgaris, I. galbana, and T. chui during the death phase may be 
due to cell density reduction, nutrient limitations, and thylakoid membrane deterioration, leading to decreased 
photosynthetic rates and CO2 assimilation (Javier et al. 2018; Rahman et al. 2020).

Ascorbic acid (AsA) content 

AsA is vital in quenching ROS and functioning as an electron donor for APX-mediated H2O2 detoxification 
(Rezayian et al. 2019).  It was demonstrated that AsA content in C. vulgaris went up at the mid-stationary 
phase and was inhibited at the death phase.  In I. galbana, AsA content was initially enhanced before being 
further reduced at the death phase.  Contrarily, AsA content in T. chui was almost maintained throughout 
the cultivation phases and slightly dropped at the log phase (Figure 5A). Interestingly, the AsA contents 
in this study were in the range as reported in other microalgae species like Nannochloropsis sp. (0.6 mg/g 
FW), Chlorella sp. (1.5 mg/g FW), and Chaetoceros sp. (1.88 mg/g FW), as well as higher than some fruits 

Table 1 The chlorophyll a, chlorophyll b and carotenoids of Chlorella vulgaris, Isochrysis galbana 
and Tetraselmis chui at different growth phases.  Data presented are means ± SD.  Small letters 
above the error bars represent significant differences at P<0.05. 

 

Species                                           Growth phase Pigments 
Chlorophyll a (mg/g. fwt) Chlorophyll b (mg/g.fwt) Carotenoids (mg/g.fwt) 

Chlorella vulgaris (UMT-M1) 
 

Lag 
Log 
Early stationary 
Mid Stationary 
Death 

0.56 ± 0.09d 
0.81 ± 0.06c 
1.34 ± 0.04b 
1.77 ± 0.04a 

0.29 ± 0.01e 

0.29 ± 0.05c,d 
0.41 ± 0.06c 
0.71 ± 0.02b 
0.91 ± 0.03a 

0.16 ± 0.01d  

0.07 ± 0.001d 
0.12 ± 0.02,c 
0.26 ± 0.08b 
0.39 ± 0.05a 

0.15 ± 0.01c 

Isochrysis galbana (SWC002) Lag 
Log 
Early stationary 
Mid Stationary 
Death 

0.13 ± 0.04c 
0.67 ± 0.01b 
0.74 ± 0.05b 
0.90 ± 0.02a 

0.21 ± 0.05c 

0.08 ± 0.001c 
0.27 ± 0.001b 
0.32 ± 0.009a,b 
0.34 ± 0.005a 
0.07 ± 0.007c 

0.12 ± 0.02d 
0.17 ± 0.04b,c 
0.18 ± 0.02b 
0.44 ± 0.04a 
0.13 ± 0.09c 

Tetraselmis chui (SWC001) Lag 
Log 
Early stationary 
Mid Stationary 
Death 

0.24 ± 0.06b 
0.60 ± 0.04a 
0.58 ± 0.03a 
0.35 ± 0.07b 

0.20 ± 0.01b 

0.29 ± 0.03c 
0.69 ± 0.05a 
0.51 ± 0.09a,b 
0.33 ± 0.02b,c 
0.16 ± 0.01c 

0.02 ± 0.01d 
0.19 ± 0.05a 
0.15 ± 0.09b  
0.13 ± 0.01b 
0.09 ± 0.01c 

  

Table 1 The chlorophyll a, chlorophyll b and carotenoids of Chlorella vulgaris, Isochrysis galbana and Tetraselmis chui at different 
growth phases.  Data presented are means ± SD.  Small letters above the error bars represent significant differences at P<0.05
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such as strawberries (0.54 mg/g FW), kiwis (0.52 mg/g FW), and lemons (0.42 mg/g FW) (Del Mondo et 
al. 2020). The higher AsA content in the studied microalgae, compared to the above-mentioned fruits, can 
be explained by several factors. Microalgae are exposed to fluctuating light, temperature, and nutrient con-
ditions at different growth phases, thus inducing oxidative stress, prompting them to synthesize high levels 
of AsA as a protective mechanism. As efficient photosynthetic organisms, microalgae generate ROS during 
photosynthesis, and elevated AsA levels help neutralize ROS, preserving cellular health. In contrast, fruits 
grown in natural conditions may have limited AsA synthesis due to environmental factors. Differences in 
metabolic pathways also lead microalgae to prioritize antioxidant production under stress, further boosting 
AsA levels compared to terrestrial plants (Siddhnath et al. 2024).

Induced AsA in all 3 species, particularly at the stationary phases are related to cell protection by direct-
ly scavenging the elevated level of O2

•−, HO2
•−, and OH• radicals, hence inhibiting photoinhibition of PSI. 

It also suggests the high function and capacity of AsA to donate electrons in both enzymatic reactions like 
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APX, and non-enzymatic pathways to regenerate TOC and GSH (Roy et al. 2021).  Rapid depletion of AsA 
in the death phase described that reduction of AsA production is correlated with the physiological response 
to the depletion of inorganic macronutrients like nitrate (Del Mondo et al. 2020).  

α-Tocopherol (TOC) content 

TOC content in C. vulgaris was highest in the early stationary phase and gradually decreased after that.  
In contrast, TOC in I. galbana increased from lag to log phase, maintained at the stationary phase, and 
slightly decreased at the death phase.  Meanwhile, TOC in T. chui drastically increased at the log phase 
and slowly reduced after that (Figure 5B).  Interestingly, higher TOC was detected in this study, ranging 
from 6.27±0.57 to 15.02±1.58 mg/g FW compared to results in C. sorokiniana (0.66±0.02 µg/g FW) and S. 
acuminatus (0.08±0.01 µg/g FW) (Hamed et al. 2017).  

In this study, the rising contents of TOC during log and early stationary phases indicate their role as a 
free radical chain-breaking antioxidant toward oxidative stress by detoxifying 1O2, 

•OH, and lipid peroxyl 
radicals. The results were consistent with E. gracilis where the elevation of ROS production in the chloro-

Fig. 6 Correspondence analysis (CA) on antioxidative responses distribution of microalgae (a) C. vulgaris, (b) I. galbana, and (c) 
T. chui at different growth phases. Enzymatic antioxidants (SOD, superoxide dismutase; CAT, catalase; APX, ascorbate peroxidase; 
GPX, guaiacol peroxidase; GR, glutathione reductase) are in black colours and non-enzymatic antioxidants (Chls, chlorophylls; 
CAR, carotenoids; AsA, ascorbic acid; TOC, α-tocopherol; GSH, total glutathione) are in blue colours.
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plasts and mitochondria might enhance the production of TOC (Häubner et al. 2014).  In addition, increased 
TOC suggests its function to break the lipid peroxidation reaction and protect unsaturated fatty acids from 
oxidation (Rezayian et al. 2019).  A drop in TOC content during mid-stationary and death phases might 
be due to the cell density reduction, essential nutrients limitation, and thylakoid membrane deterioration, 
resulting in the descending of this lipid-soluble antioxidant (Javier et al. 2018; Rahman et al. 2020).

Total glutathione (GSH) content 

In C. vulgaris, an increasing pattern of total GSH was detected from the lag to the mid-stationary phase 
and slowly dropped at the end of the growth.  Total GSH in I. galbana and T. chui accumulated at the log 
phase and further declined throughout the growing periods (Figure 5C).  Among non-enzyme antioxidants, 
GSH is the most abundant of low molecular weight non-protein thiol which is functionally important in 
enzymatic and non-enzymatic mechanisms.  In this study, a significant increase in the GSH concentration 
at the mid-stationary phase might related to the adaptive responses of C. vulgaris, which acts as the poten-
tial scavenger of the most dangerous •OH radicals, as well as non-radicals of H2O2 and 1O2 (Rezayian et 
al. 2019).  Apart from that, I. galbana and T. chui achieved the highest accumulation during the log phase 
due to an active multiplication of cells. It is well noted that GSH plays a pivotal role in various biological 
processes, including the synthesis of proteins and nucleic acids (Sharma et al. 2012).  Contrarily, the drop 
of GSH content in I. galbana and T. chui observed during the late phases might be correlated to the over-
production of ROS generation that weakened the GSH which would cease the inability of microalgae cells 
to function properly (Roy et al. 2021).

Correspondence analysis (CA) of the antioxidative responses of C. vulgaris, I. galbana, and T. chui at dif-
ferent growth phases.

Antioxidative mechanisms are generally interrelated, where a deficit in one of them will be supported by 
the overproduction of other antioxidants.  Figure 6 summarises the antioxidative responses of microalgae C. 
vulgaris, I. galbana, and T. chui at different growth phases.  It can be postulated that C. vulgaris, I. galbana, 
and T. chui possess different antioxidative responses throughout their entire growth phases.  Non-enzymatic 
antioxidants of C. vulgaris mostly occurred at the mid-stationary phase, including Chls a & b, CAR, AsA, 
and total GSH, aside from higher activity of GPX.  The early stationary phases are composed of enzymatic 
antioxidants comprising SOD, CAT, APX, and GPX, as well as a non-enzymatic TOC (Figure 6a).  Similar-
ly, most of the antioxidants in I. galbana were actively produced at the stationary phase (Figure 6b).  There 
was no rise in antioxidant production during the death phase in I. galbana.  Differing from I. galbana, T. 
chui consists of an abundance of antioxidants in the log and early stationary phases, including Chls a and b 
and TOC. On the other hand, the mid-stationary and death phases in T. chui revealed the identical ascending 
of APX and GPX, as well as AsA.  Intriguingly, Chl b and AsA were persistently produced at the phases 
with the highest antioxidative responses, mid-stationary in C. vulgaris, early stationary in I. galbana, and 
lag to death-phases except for the log phase in T. chui.  The different responses of all antioxidants in all 
three studied species throughout growth phases indicate that these antioxidants could work synergistically 
to minimise the impact of oxidative stress.  

Conclusion

C. vulgaris, I. galbana, and T. chui exhibited typical growth phases i.e., lag, log, early, mid-stationary, 
and death phases.  All microalgae species studied exhibited different biomass and antioxidative responses 
throughout the growth phases. The early stationary phase was identified as the critical period for significant 
increases in antioxidant levels, with α-tocopherol (TOC) reaching the highest production across all species. 
Additionally, CAT and GPX were most abundant in C. vulgaris and I. galbana, while SOD and APX peaked 
in C. vulgaris and T. chui. These findings suggest that the early stationary phase is optimal for harvesting 
microalgae for high antioxidant yields. By elucidating the dynamics of antioxidant production in various 
growth stages, these findings offer the potential to optimize cultivation conditions for enhanced antioxidant 
yield, which is pivotal for applications in health foods, nutraceuticals, and aquaculture.  Future research 
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should focus on optimising other culture conditions, such as light intensity, temperature, nutrient con-
centration, and photoperiod, to maximise antioxidant production in microalgae.  In addition, comparative 
studies with other microalgal species and strains can identify those microalgae with superior antioxidant 
production capabilities. 
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