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Abstract 
 

Antioxidant capacity, chlorophyll, marker pigment, and protein contents of four 

diatoms (Helicotheca tamesis, Haslea silbo, Nitzschia navis-varingica, and 

Asterionellopsis glacialis) and one cyanobacterium (Spirulina subsalsa) have been 

investigated. N. navis-varingica exhibited the highest chlorophyll a, fucoxanthin, 

ascorbic acid, and total antioxidant capacity (TAC) among the five species studied. 

Cupric-reducing antioxidant capacities of N. navis-varingica and H. silbo were higher 

than other species studied. A. glacialis exhibited the highest total superoxide 

dismutase (SOD) activity, H. silbo displayed the highest ascorbate peroxidase (APX) 

activity, and Spirulina subsalsa had the maximum phenolic and protein contents. 

Overall, compared to other studies in the literature, the contents of phenolics were at 

a moderate level, and ascorbic acid content, APX activity, and TAC were remarkably 

high. These findings emphasize the potential for novel applications of the microalgal 

species used in this study in biotechnology including pharmaceutical, cosmeceutical, 

food, and feed industries.  

Introduction 
 

In recent decades, there has been a large increase 
in demand for natural, eco-friendly, and safe resources 
derived from microalgae in various industries like food, 
feed, cosmeceutical, pharmaceutical, nutraceutical, 
textile, and agriculture, due to their rich contents of 
polyunsaturated lipids, polysaccharides, proteins, 
vitamins, antioxidants, and pigments (Spolaore et al., 
2006; Raja et al., 2008; Gigova & Marinova, 2016).  

Antioxidants are one of the categories of products 
that play a crucial role in preventing oxidation, 
particularly the autoxidation process (Coulombier et al., 
2021). This chemical reaction can potentially generate 

harmful free radicals within cells, making antioxidants a 
valuable resource in protecting cellular health.  

A molecule possessing one or more unpaired 
electrons is called “reactive” and is commonly known as 
a “free radical” (Assunção et al., 2017). Reactive oxygen 
species (ROS) are free radicals produced by organisms as 
a result of metabolic activities such as photosynthesis, 
and respiration and they are deactivated by both 
endogenous and exogenous antioxidant defence 
mechanisms. An imbalance between ROS production 
and antioxidant response may cause oxidative stress in 
organisms (Assunção et al., 2017) which, in turn, can 
contribute to the development of cancer, cardiovascular 
and neurodegenerative disorders, such as Alzheimer’s 
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disease, and atherosclerosis (Goiris et al., 2012; Li et al., 
2007). The main target tissues of ROS are lipids, nucleic 
acids (RNA, DNA), and proteins (Coulombier et al., 
2021). Environmental stressors such as light intensity, 
UV irradiation, acidity, metal presence, temperature, 
and nutrient limitation, induce oxidative stress and thus 
trigger antioxidant defence mechanisms (Coulombier et 
al., 2021). 

Reactive oxygen species include various molecules 
and radicals such as superoxide anion (O2

.-), hydroxyl 
radical (HO.), hydrogen peroxide (H2O2), and singlet 
oxygen (1O2). Superoxide radicals (O2

.-) are the first ROS 
to emerge, and they can be converted to hydroxyl 
radicals, which are the most reactive oxygen known, via 
a series of reductions (Janknegt et al., 2009). Superoxide 
anions are converted to hydrogen peroxide by the only 
antioxidant enzyme, superoxide dismutase (SOD) which 
plays a key role in the antioxidant defence mechanism 
(Janknegt et al., 2009).  Hydrogen peroxide (H2O2) is 
scavenged by enzymes such as catalase, ascorbate 
peroxidase, and glutathione peroxidase (Coulombier et 
al., 2021). 

Although humans possess enzymatic (catalase, 
superoxide dismutase, glutathione peroxidase, 
glutathione reductase, thioredoxin reductase, glucose-
6-phosphate dehydrogenase) and non-enzymatic 
(glutathione, uric acid, lipoic acid, melatonin, NADPH, 
coenzyme Q, bilirubin, albumin) natural endogen 
antioxidant defence mechanisms, there are certain 
antioxidants essential for bodily function such as 
Vitamins (C, E, folic acid), carotenoids (carotene 
xanthophyll, lycopene) and polyphenols (flavonoids, 
phenolic acids, lignans, and stilbenes) that cannot be 
synthesized by the body and must be obtained through 
dietary sources (Bouayed & Bohn, 2010). 

There are two classes of carotenoids, the first one 
contains oxygen atoms in its structure and the second 
one lacks oxygen (Zittelli et al., 2023). Xanthophylls such 
as fucoxanthin, lutein, zeaxanthin, astaxanthin, 
neoxanthin, and peridinin, are involved in the first class, 
while carotenes such as lycopene, α-carotene, β-
carotene and γ-carotene, constitute the second class 
(Zittelli et al., 2023). 

Fucoxanthin (Fx) is the major carotenoid present in 
chloroplasts and constitutes more than 10% of the 
naturally produced carotenoids (Jin et al., 2022). 
Possessing oxygenic functional groups such as epoxy, 
hydroxyl, and carboxyl, and having an unstable structure 
with allenic bonds make Fx gain effective antioxidant 
properties (Zittelli et al., 2023). 

In biotechnological applications, antioxidants are 
used either to extend the shelf life of foods (Goiris et al., 
2012), or taken directly as dietary supplements to 
prevent diseases (Coulombier et al., 2021). Both 
synthetic and natural antioxidants are used in the food 
industry. However, there are concerns about the toxic 
and carcinogenic impacts of synthetic antioxidants 
(Coulombier et al., 2021). Consequently, investigations 
related to the use of natural antioxidants have been 

ongoing (Goiris et al., 2012). While the most natural 
antioxidants are obtained from land plants such as 
rosemary, tea, grape seed, cacao, etc., microalgae are 
promising resources of antioxidants (Goiris et al., 2012; 
Li et al., 2007) due to their huge diversity, high 
photosynthetic activity, fast growth rate, and metabolic 
adaptability (Coulombier et al., 2021). 

Microalgae produce reactive oxygen species in 
their chloroplasts and mitochondria during the electron 
transport chain as a result of the function of enzymes 
such as oxidase and peroxidase, as well as the 
photosynthetic activity of chlorophyll (Coulombier et al., 
2021).  These reactive oxygen species are detoxified by 
several different microalgal antioxidants. The 
antioxidant capacity of microalgae is reported to be 
comparable to or greater than terrestrial plants and 
fruits (Goiris et al., 2012; Vignaud et al., 2023). 

Microalgae are among the oldest organisms on 
Earth which have adapted to various stress factors in 
their environment during their evolution over billions of 
years (Raja et al., 2008). They have developed a vast 
array of distinct adaptation and defence mechanisms to 
resist difficult living conditions such as low or high 
temperature or light intensity, lack of nutrients, 
predation, parasitism, competition with other species, 
etc. (Gigova & Marinova, 2016). These adaptation and 
defence mechanisms can be categorized as follows: 
altering the structural and functional composition of 
cells (protein, carbohydrate, lipid, and pigment), 
activating both enzymatic and non-enzymatic defence 
systems, producing various allelochemical secondary 
metabolites. These metabolites may exhibit stimulatory, 
regulatory or inhibitory effects including cytotoxic and 
antimicrobial activity against organisms in the 
surrounding environment (Gigova & Marinova, 2016). 

Microalgae exhibit a rich diversity (Assunção et al., 
2017), however, only ~20 species have been actively 
utilized in biotechnological studies (Raja et al., 2008; 
Gigova & Marinova, 2016). Microalgal genera most 
frequently cultivated for commercial purposes include 
Spirulina (Arthrospira), Chlorella, Haematococcus, 
Dunaliella, Botryococcus, Phaeodactylum, and 
Porphyridium (Raja et al., 2008).  In the existing 
literature, there is a noticeable absence of studies 
focusing on the nutraceutical, pharmaceutical, and 
cosmeceutical properties of the four diatom species 
investigated in our current research. 

The present study aims to elucidate the contents 
of various secondary metabolites (carotenoids, phenolic 
compounds), antioxidant enzymes (superoxide 
dismutase SOD, ascorbate peroxidase APX), total 
antioxidant capacity, and cupric reducing antioxidant 
capacity as well as some primary constituents (protein, 
vitamin C, chlorophyll a) of the four marine microalgal 
diatom species, i.e. Helicotheca tamesis, Haslea silbo, 
Nitzschia navis-varingica, Asterionellopsis glacialis, and 
one cyanobacterium, Spirulina subsalsa, which were all 
isolated from the coast of northeastern Mediterranean 
Sea. 
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Material and Methods 
 

Microalgal Samples 
 

Five microalgal species, Asterionellopsis glacialis 
(Castracane) Round, Haslea silbo Gastineau, Hansen et 
Mouget, Helicotheca tamesis (Shrubsole) Ricard, 
Nitzschia navis-varingica Lundholm et Moestrup (a non-
toxic isolate, Eker-Develi et al., 2020, confirmed also 
through detailed toxicity analyses, of which publication 
in preparation), Spirulina subsalsa Oersted ex Gomont, 
have been isolated from the coast of Erdemli (36°36’ N, 
34°19’ E) and Mersin (36°47’ N, 34°35’ E) (Figure S1). 
Monoculture of these species (Figures S2-S6) was 
cultivated using F/2 Medium (for antioxidant, 
chlorophyll a, protein, and carbohydrate analyses) and 
F/20 Medium (for determining cell abundance, cell size, 
and HPLC analysis of marker pigments and chlorophyll 
a) at a temperature of 20°C, with a light intensity of ~30-
40 µmol m-2 s-1 and a 12:12h light-dark cycle. Filtered 
(0.45 µm pore size membrane filter) and autoclaved 
seawater having a salinity of 38 have been used for 
growing cultures.  

Abundances of microalgal cultures were 
determined by counting cells within a Sedgewick Rafter 
Cell using an inverted microscope (Nikon/eclipse TS100). 
The carbon biomass of the cells was estimated based on 
cell volumes, calculated using morphometric shapes, 
with the volume-to-carbon conversion equation of 
Menden-Deuer and Lessard (2000). 

Microalgal cultures were harvested at the 
stationary phase. They were centrifuged for 10 min at 
4000 rpm and the supernatant was removed. Samples 
were washed with distilled water twice to remove sea 
salt and centrifuged again. The pellets were lyophilized 
(Labconco) and kept in the falcon tubes in the freezer 
with closed taps until the analyses.  

Total Antioxidant Capacity (TAC) 
 

A 50 mg freeze-dried sample was homogenized in 
3 ml of methanol. The resulting extract was then 
centrifuged at 4°C, 4000 rpm for 5 min and the 
supernatant was used for the detection of total 
antioxidant capacity. An indicator solution was 
prepared, consisting of 0.6 M H2SO4, 28 mM sodium 
phosphate, and 4 mM ammonium molybdate (50 ml 
water, 1.75 ml H2SO4, 0.25 mg NaPO4). Next, 2.8 ml of 
this indicator solution was added to 200 µl of the sample 
extract and shaken. Both the samples and ascorbic acid 
standards were incubated at 90 °C for 90 min and then 
cooled to room temperature. The absorbance of each 
sample was measured at a wavelength of 695 nm. The 
antioxidant capacity was calculated from the curves of 
the ascorbic acid equivalent standards (Prieto et al., 
2000). 
 
Total Soluble Phenolics 
 

50 mg of each freeze-dried sample was 
homogenized in 3 ml of methanol and boiled for 15 min. 
Then, they were centrifuged at 4°C, 4000 g for 10 min, 
and the supernatants were evaporated. Later, the 
extracts were dissolved in 10 ml of distilled water. Next, 
0.2 ml of aliquots were added to tubes containing 5 ml 
water, which was followed by the addition and mixing of 
0.2 ml of Folin-Ciocalteu reagent and 1 ml of 20% Na2CO3 
(pH 7). 0.2 ml Folin-Ciocalteu and Na2CO3 were also 
added to the standards. After keeping the mixtures at 
room temperature for 30 min, the absorbance of each 
sample was measured at 650 nm. Concentrations were 
then calculated using gallic acid standards.  
 

 

Figure S1. Sampling area for species isolated in this study. 
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Figure S2. Haslea silbo used in the present study (A) light microscope image of a blue-green cell, the scale is 20 µm, (B) light microscopy 
image of a yellow-brown cell, (C) SEM image showing apical end of a cell (external view), the scale is 20 µm, (D) SEM image showing central 
nodule and proximal raphe endings of a cell (internal view), (E) external view of a cell with longitudinal slits, (F) cell cultures in blue colour. 

 

Figure S3. Light microscope image of Asterionellopsis glacialis used in the present study. 
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Figure S4. Light microscope image of Helicotheca tamesis used in the present study, (A) a newly isolated colony, (B) a colony, 3 years after 
isolation, scale is 50 µm in both figures. 

 
 
 

  
Figure S5. Light microscope image of Nitzschia navis-varingica used in the present study (A) valve view, (B) girdle view, scale is 10 
µm. 
 
 

    

Figure S6. Spirulina subsalsa cultures used in the present study (A) light microscopy images, (B) cell cultures in pink-purple colour, 
scale is 50 µm. 
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Cupric Reducing Antioxidant Capacity (CUPRAC) 
 

A 50 mg freeze-dried sample was suspended in 3 
ml of methanol, homogenized, and refrigerated for 24 h. 
Then, three solutions were prepared: Solution 1 
contained 0.01 M Cu(II), which was made by dissolving 
0.426 g CuCl2•2H2O in 250 ml water, Solution 2 
consisted of an ammonium acetate buffer at pH 7, and 
Solution 3 involved Neocuprion (Nc) solution, which was 
prepared by dissolving 0.039 g Nc in 25 ml 96% alcohol. 
To perform the assay, 1 ml of each three solutions and 1 
ml of distilled water were mixed, and 0.1 ml of the 
sample extract was added to the mixture. After waiting 
30 min at 50°C, the sample was cooled to room 
temperature for 20 min. The absorbance of each 
microalgal sample was measured at a wavelength of 450 
nm using gallic acid standards as a reference (Apak et al., 
2004). 
 
Ascorbic Acid (AA) 
 

A 40 mg portion of freeze-dried extract was 
homogenized in 2 ml of cold 10% trichloroacetic acid 
and then centrifuged at 4000 rpm for 5 min. 200 µl of 
the clarified solution was mixed with 500 µl phosphate 
buffer (pH 7, 150 nM+5mM EDTA) and 100 µl 
dithiothreitol (10 mM). This mixture was incubated at 
room temperature for 10 min. Subsequently, 50 µl of the 
resulting solution was added to 2.95 ml dichlorophenol 
indophenol (DCPIP) and sodium acetate (13 mg/g DCPIP 
+ 3 g/L sodium acetate). The decrease in absorbance at 
520 nm was measured. The content of AA was 
calculated using a standard curve, and the results were 
expressed in mg/g dry weight. 
 
Extraction of Antioxidant Enzymes 
 

A 40 mg portion of freeze-dried extract was 
homogenized in 5 ml phosphate buffer (pH 7). This 
buffer contained 0.1 M ETDA and 100 mg polyvinyl 
pyrrolidone (PVP). The resulting mixture was then 
centrifuged at 4 °C, 4500 rpm for 5 min, and the 
supernatant was retained at -20 °C until the analyses. 
 
Superoxide Dismutase (SOD, EC.1.15.1.1) Activity  
 

The reaction was initiated by adding 2.4 ml of 
phosphate buffer, 1 ml of sodium carbonate, 200 μL L-
Methionin, 100 μL nitro blue tetrazolium (NBT), and 100 
μL riboflavin to a tube containing 300 µl of the extract. 
The samples were then exposed to high-intensity light at 
25°C. One unit of superoxide dismutase (SOD) activity 
was determined as the rate of nitroblue tetrazolium 
(NBT) reduction causing a 50% inhibition of the enzyme 
which was measured at a wavelength of 560 nm using a 
spectrophotometer. One unit presents the quantity of 
enzyme that converts 1 μmol substrate to product, in 1 
min at 25°C (Beyer & Fridovich, 1987). 
 

Ascorbate Peroxidase (APX, EC.1.11.1.11) Activity 
 

The reaction was initiated by adding 200 μL of 
enzyme extract to 2.6 ml potassium phosphate buffer 
(pH 7), along with 30 µL EDTA (0.1 nM), 150 μL ascorbic 
acid (0.5 mM), and 30 μL H2O2 (0.5 mM). The decrease 
in absorbance at 290 nm resulting from the oxidation of 
ascorbic acid was recorded at intervals of 10 to 30 s 
(Bonnet et al., 2000). 
 
Protein Analysis 
 

A 50 mg portion of the freeze-dried extract was 
dissolved in 80% acetone and homogenized for 10 min. 
Then, it was centrifuged at 4000 rpm for 5 min. The 
supernatant was carefully removed. A 2 ml of 0.1 mM 
Tris-HCl buffer (pH 8) was added to the extract and 
mixed. The mixture was once again centrifuged at 4000 
rpm for 5 min and the supernatant was collected. The 
protein content of the extracts was determined from 
standards prepared with Bovine Serum Albumin (BSA) 
according to the method outlined in Lowry et al. (1951). 
 
Total chlorophyll a 
 

A 50 mg portion of the freeze-dried extract was 
dissolved in 3 ml cold 100% methanol and homogenized 
for 30 s. The resulting extract was centrifuged at 4000 
rpm for 5 min. From the extract, 100 µL was diluted with 
2.9 ml of methanol, and absorbance was measured 
three times at wavelengths of 665 and 652 nm using a 
spectrophotometer. Chlorophyll a concentration was 
calculated using an equation developed by Porra et al. 
(1989). 
 
High-Performance Liquid Chromatography (HPLC) 
 

A 9 ml culture grown with F/20 medium was 
filtered through 25 mm Ø GF/F filters. Then, each 
sample of microalgal species was extracted with 90% 
HPLC grade acetone and sonicated for 1 min following a 
modified protocol from Barlow et al. (1997).   

After keeping the samples at -20°C overnight, they 
were centrifuged and the liquid phase was transferred 
into amber glass vials and placed into an automatic 
sampler. In the sampler, 200 μL of the extract was mixed 
with 1 M ammonium acetate ion pairing solution. The 
buffered extracts (100 μL) were injected through a 100 
μL loop into a Thermo Hypersil MOS-2 C8 column (150 × 
4.6 mm, 3 μm particle size, 120 Å pore size and 6.5% 
carbon loading). 

Pigment separation was achieved using a linear 
gradient using a binary mobile phase system as reported 
by Barlow et al. (1997). Thirteen different 
phytoplankton pigments were detected by absorbance 
at 440 nm using an Agilent variable wavelength 
detector. The seven standards used were chlorophyll a, 
chlorophyll c2, chlorophyll c3, fucoxanthin, 19-, 
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diadinoxanthin, zeaxanthin, and β-carotene, all 
provided by DHI company, Denmark. 
 
Statistics 
 

Three parallel measurements were performed for 
each analysis. The results were shown as means and 
standard deviations of three replicates (mean ± SD). 
One-way analysis of variance (ANOVA) was used to 
reveal if there is a significant difference in the results of 
the measurements among five distinct microalgal 
species.   

One-way ANOVA was followed by a post hoc test 
(Least Square Difference, LSD) to present similarities 
(same letters) or differences (different letters) in the 
analysis results among microalgal species. The LSD 
analysis was performed by using IBM SPSS Statistics 22.  
 

Results 
 

The total antioxidant capacity of Nitzschia navis-
varingica was the highest among the five species 
investigated (Figure 1A). TAC of Haslea silbo and 
Helicotheca tamesis were similar to each other (LSD, 
P>0.05). 

The content of phenolics as mg g-1 dry weight (DW) 
was the highest in the cyanobacterium Spirulina 
subsalsa. Although statistically different, this parameter 
was also high for N. navis-varingica (Figure 1B). The 
phenolic contents of the other three species were 
relatively low but similar to each other (LSD, P>0.05). 

The cupric-reducing antioxidant capacity (CUPRAC) 
of H. silbo and N. navis-varingica were statistically 
similar to each other (P>0.05) and higher than that of 
the other three species (Figure 1A). The content of 
ascorbic acid (AA) in N. navis-varingica culture was also 
the highest among the five species (Figure 2B). AA 

content of S. subsalsa and H. tamesis were similar to 
each other (LSD, P>0.05, Figure 2B).  

The ascorbate peroxidase (APX) activity of H. silbo 
was the maximum among the species studied (Figure 
3A). N. navis-varingica had the second-highest APX 
activity. The other three species had similar APX 
activities (Figure 3A). 

The species with the highest total superoxide 
dismutase activity (Cu/Zn, Mn, Fe), as well as Mn SOD 
and Cu/Zn SOD activities, was Asterionellopsis glacialis 
(Figure 3B). This species also reached the highest 
abundance in cultures (Figure S7A). The total SOD and 
the Cu/Zn SOD activities of N. navis-varingica and H. 
tamesis were not statistically different (P>0.05). Mn SOD 
activity has not been observed in S. subsalsa and N. 
navis-varingica and Cu/Zn SOD activity has not been 
detected in H. silbo.  

The species having the highest chlorophyll a 
content was N. navis-varingica among the five 
microalgal species grown under similar growth 
conditions (Figure 4A). The weights of Chl a per g DW in 
five distinct species were significantly different (LSD, 
P<0.05). The total carbon biomass (calculated from 
biovolume) of N. navis-varingica was the least among 
the species studied (Figure 4B). Despite low carbon 
biomass, it was also the species possessing the 
maximum concentration of fucoxanthin and Chl a as mg 
L-1 (Figure 5A). The cellular content of fucoxanthin in N. 
navis-varingica was also higher than other species 
(Figure 5B). Cellular Chl a content and cell volume of 
Helicotheca tamesis was greater than other species 
(Figure 4B, Figure S7B). 

The species having the highest protein content was 
S. subsalsa (Figure 6). The protein contents of all five 
species were significantly different from each other 
(P<0.05).  

 

  
Figure 1. (A) Total antioxidant capacity, (B) Content of phenolics in the five microalgal cultures studied. 
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Discussion 
 

Decreasing freshwater sources due to rising 
agricultural irrigation activities and household 
consumption, as well as a decline in arable land areas 
make the usage of marine resources in biotechnology 
more advantageous than terrestrial agricultural 
activities and freshwater-based facilities like algal 
cultivation and aquaculture (Arguelles, 2021; Mahata et 
al., 2022). Hence, studying high-value products of the 
five marine microalgal pecies, encompassing 
antioxidants (enzymatic and nonenzymatic), and protein 
contents is crucial to unveil their potential applications 
across pharmaceutical, nutraceutical, cosmetic, food, 
and feed industries. 

The total antioxidant capacities of the five 
microalgal species investigated here ranged from 13 to 
57 mg g-1 ascorbic acid equivalent. These values appear 
to be substantially high (~6 fold) compared to values 
recorded in the literature (1.4-10 mg g-1 ascorbic acid 
equivalent) (Abdel-Karim et al., 2020; Assunção et al., 
2017; Coulombier et al., 2021; Hemalatha et al., 2013; 
Saranya et al., 2014). The highest value recorded in the 
present study belonged to Nitzschia navis-varingica 
while the lowest value was of Spirulina subsalsa. 
Spirulina genus was included in our study as a reference 
for comparison, as studies related to the other four 
species used here are scarce or absent in the literature. 

A relatively high level of antioxidant activity of 
Spirulina was reported in previous studies (Gentscheva 
et al., 2023; Wu et al., 2005).  Compared to other species 
of the genus, Spirulina products are primarily composed 
of S. platensis but also S. fusiformis and S. maxima. 
These species are primarily recognised as superfoods 
because of their nutritious content and health benefits.  
Consequently, they find applications in various 
industries (Jung et al., 2019). For instance, S. platensis is 
used as a dietary supplement and forage, in bakery 
products, baby food formulation, yogurt, ice cream, and 
cookies (Gentscheva et al., 2023; Jung et al., 2019). 

The number of investigations on S. subsalsa is 
limited (Szubert et al., 2018) compared to the 
aforementioned species of this genus. The presence of 
S. subsalsa has been documented in distinct geographic 
locations globally, including the eastern Mediterranean 
(Prasad et al., 2013; Raghuraman et al., 2022; Ulcay et 
al., 2015; Włodarska-Kowalczuk et al., 2014). Some 
studies have explored the potential of S. subsalsa for 
bioremediation purposes (Huang & Zhihui, 2002; Jiang 
et al., 2015). 

A study reported the cytotoxic impact of S. 
subsalsa, isolated from the southern Baltic Sea, on the 
T47D breast cancer cell line, suggesting a selective effect 
without inhibiting elastase, trypsin, and thrombin 
enzymes (Szubert et al., 2018). This species was also 
found among cyanobacteria of Lake Bogoria, Kenya 
during the mass deaths of flamingos (Krienitz et al., 
2003). Another study proposed S. subsalsa, isolated 
from seawater, as a more promising source of 
phycocyanin than S. platensis (Jiang et al., 2021). 
Notably, the antioxidant capacity of S. subsalsa was 
observed to increase under high light intensity, while 
low light energy induced higher lipid and vitamin 
content in cells (Pistelli et al., 2023). Additionally, in a 
separate study, the protein, carbohydrate, and lipid 
composition of a Venezuelan strain of S. subsalsa was 
recorded as 58.5%, 20%, and 19.7%, respectively. The 
study also noted concentrations of chlorophyll, total 
carotenoids, exopolysaccharides, and phycocyanin 
concentrations (Maza et al., 2019). 

The antioxidant capacity of microalgae is primarily 
associated with its phenolic compounds (Wu et al., 
2005). However, in the present investigation, despite 
the lowest antioxidant capacity of S. subsalsa, the 
maximum phenolic concentration was observed in this 
species. The high phenolic content of another species of 
this genus, Spirulina platensis, was also reported in 
previous studies (Gentscheva et al., 2023; Wu et al., 
2005). The species having the second highest phenolic 
content was N. navis-varingica in the present 
investigation. 

 
 

Figure 2. (A) Cupric reducing antioxidant capacity (CUPRAC), (B) Ascorbic acid content of the five microalgal species studied.  
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Figure 3. (A) Ascorbate peroxidase activity, (B) Total superoxide dismutase (SOD) (Cu/Zn, Mn, Fe), Mn SOD, and Cu/Zn SOD 

activities for the five microalgal species studied. 
 
 
 

  
Figure 4. (A) Chlorophyll a contents (mg g-1 DW) of cultures grown with F/2 Medium, (B) Carbon biomass of cells (mg C L-1), 
calculated from the biovolume, in the cultures grown with F/20 Medium. 
 
 

  
Figure S7. (A) Cell volumes, (B) Abundance of cells grown with F/20 Medium during pigment analysis. 
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Figure 5. (A) Concentrations of marker pigments, (B) cellular pigment contents in the cultures grown with F/20 Medium. 
 
 
 
 

 

Figure 6. Protein content of the five microalgal species studied.  
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The antioxidant capacity of polyphenols arises 
from their metal chelating and free radical scavenging 
features as well as from their role in the inhibition of 
oxidase enzymes, such as NADPH oxidase, lipoxygenase, 
myeloperoxidase (Żymańczyk-Duda et al., 2018). 
Consequently, appropriate levels of polyphenols 
prevent the formation of excess reactive oxygen species 
(ROS) and protect cells from oxidative damage. 

Phenolics were suggested to reduce the risk of 
diabetes mellitus (Gentscheva et al., 2023). In addition, 
some polyphenols are used in anti-aging agents, and 
inhibition of cancer cells, and some are used as 
cardioprotective, photoprotective, and anti-
inflammatory agents (Żymańczyk-Duda et al., 2018). 
Phenolic contents in the present study, ranging from 3 
to 7 mg gallic acid equivalent g-1 DW, were below the 
maximum recorded in previous investigations (ranging 
from 0.5 to 45 mg gallic acid equivalent - GAE g-1 DW) 
(Demirel et al., 2018; Li et al., 2007; Goiris et al., 2012).  

In the studies mentioned above, the genera having 
the highest phenolic content belonged to green 
microalgae, such as Chlorella and Desmodesmus, and 
the cyanobacteria Nostoc. Excluding these taxa, 
phenolic contents were generally in the range of 1 to 5 
mg GAE g-1 in literature which was similar to our results.  

Ascorbic acid (vitamin C, ascorbate) is the most 
frequently used antioxidant supplement utilized in anti-
aging cosmetic products together with tocopherols 
(vitamin E) (Boo, 2022). AA alleviates photo-aging by 
acting against ROS and other free radicals as well as by 
inducing collagen gene expression (Boo, 2022). In our 
study, the highest ascorbic acid concentration (8.85 mg 
g-1) was also recorded in N. navis-varingica culture. 
Ascorbic acid concentrations were reported to change in 
the range of 0.1-18 mg g-1 DW in different studies 
(Brown & Miller, 1992; Del Mondo et al., 2020; Running 
et al., 1984). In these studies, excluding one species, 
Chaetoceros gracilis, the AA content of >40 different 
microalgal species was lower than 8 mg g-1 DW.  

The use of antioxidants in topical applications to 
prevent skin aging and in sunscreen creams to enhace 
effectiveness is recommended (Żymańczyk-Duda et al., 
2018). Consequently, N. navis-varingica appears to be a 
promising candidate for anti-aging and sunscreen 
products, as well as for extending the shelf life of foods, 
due to its remarkable antioxidant capacity. The growth 
stimulatory effects of this isolate of N. navis-varingica 
on prostate and breast cancer cell lines, as well as on 
fibroblast cell lines has been demonstrated previously 
(Ayaz et al., 2018). Although toxic strains of this species 
in the western Pacific have been observed (Bates et al., 
2018), no toxicity has been detected in our cultures 
(Eker-Develi et al., 2020), consistent with findings from 
non-toxic isolates obtained from the Philippines (Kotaki 
et al., 2005) and Malaysia (Suriyanti & Usup, 2015). 

As for the ascorbate peroxidase activity, Haslea 
silbo exhibited the highest activity (6.3 U mg-1 protein) 
among the studied species. N. navis-varingica was the 
species having the second highest APX activity (5.5 mg-1 

protein) in the present investigation. The range of 
ascorbate peroxidase activity was documented as 0.3-
6.1 U mg-1 protein for various species and when UV-B 
was applied in previous studies (Al-Rashed et al., 2016; 
Janknegt et al., 2009; Mishra & Jha, 2011). The 
maximum APX activity in the cultures not exposed to 
UV-B was ~3 mg-1 protein in these investigations. Thus, 
the APX activity of the species used in this study appears 
notable.   

The cupric-reducing antioxidant capacity (CUPRAC) 
assay is based on the reduction of Cu(II) to Cu(I). This 
assay screens the antioxidant capacity of the non-
enzymatic defence that counteracts reactive oxygen 
species (Apak et al., 2004).  If Cu(II) is not reduced or 
complex with other compounds, its free form can 
catalyse the formation of free radicals, leading to 
oxidative stress (Zaharieva et al., 2022). 

In the present investigation, according to the 
CUPRAC assay, the antioxidant potency of H. silbo and 
N. navis-varingica was similar to each other (92 and 88 
mg g-1 GAE, respectively, LSD, P>0.05), and higher than 
that of the other three species. Unfortunately, there is 
no existing study in the literature using the same 
method and unit for comparison of these values. 
However, the high antioxidant capacity of marennine, a 
polyphenolic pigment obtained from a similar blue 
diatom, Haslea ostrearia was reported previously 
(Pouvreau et al., 2008). 

In the present study, the cool-affinity species 
Asterionellopsis glacialis, exhibited the highest total 
superoxide dismutase (SOD) activities including total 
(Cu/Zn, Mn, Fe) SOD, Cu/Zn SOD, and Mn SOD with 
values of 291 U g-1, 176 U g-1 and 114 U g-1 (or 1.07 U mg-

1 protein, 0.65 U mg-1 protein, and 0.42 U mg-1 protein), 
respectively. SOD activities recorded in the previous 
studies (ranging from 9 to 509 U mg-1 protein) highly 
exceeds the values found in this study (Janknegt et al., 
2009; Al-Rashed et al., 2016). 

In the study of Janknegt et al. (2009), which 
involved 15 microalgal species including Antarctic and 
temperate diatoms and flagellates, Fe- and Mn-type 
SOD isozymes were detected while Cu/Zn SOD isozyme 
was not observed in the measurements (Janknegt et al., 
2009). In the present study, Cu/Zn SOD activity was 
measured in the four species S. subsalsa, N. navis-
varingica, A. glacialis, and Helicotheca tamesis but not 
in H. silbo. Mn SOD activity was detected in three diatom 
species, A. glacialis, H. silbo, and H. tamesis.  

Interestingly, while a positive relation between cell 
volume and SOD activity was reported by Janknegt et al. 
(2009), the present study demonstrated that A. glacialis, 
which had the smallest cell volume (Figure S7b), 
exhibited the highest SOD activity. The enhancement of 
SOD activity, to cope with environmental stress factors, 
such as UV-B radiation and nitrogen starvation, was 
observed in S. platensis and Dunaliella salina (Al-Rashed 
et al., 2016). Notably, S. platensis displayed a higher rate 
of oxidative stress levels, with elevated 
malondialdehyde (MDA, a product of lipid peroxidation) 
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and hydrogen peroxide concentrations compared to D. 
salina in the mentioned study. SOD and APX capacities 
were lower in S. platensis than in D. salina (Al-Rashed et 
al., 2016). Similar to S. platensis, the SOD and APX 
activities of S. subsalsa were relatively low in the present 
investigation.  

N. navis-varingica (grown with F/2 Medium) also 
displayed the highest content of chlorophyll a (1.23 mg 
g -1 DW). In addition, Chl a concentration of this species 
in the F/20 culture medium (0.119 mg L-1) was similar to 
that of A. glacialis and notably higher than those of the 
other three species as shown in Figure 5A. Remarkably, 
despite having the lowest carbon biomass (3.41 mg C L-

1 Figure 4B, N. navis-varingica maintained high pigment 
concentrations (Figure 5A, B).  

Chl a content of microalgae increases with 
nutrients and low light intensity (Geider, 1987). It also 
exhibits variation in different microalgal species. In a 
previous study Chl a content of D. salina was reported 
to decrease from ~17 to ~6 mg g-1 DW under different 
stress conditions in cultures grown with a modified ATCC 
1174DA medium (Saha et al., 2013). The high Chl a 
values recorded in the mentioned study could be 
partially related to high nutrient concentrations of the 
culture medium applied for this species.  

Fucoxanthin is a valuable pigment found in 
different brown microalgal and macroalgal species. It 
has antioxidant, antimicrobial, anti-inflammatory, anti-
obesity, antidiabetic, anticancer, skin protective, and 
hepatoprotective properties (Zittelli et al., 2023). 
Microalgae are a more promising source of Fx than 
macroalgae because their Fx concentration is notably 
higher than that of the macroalgae and because they 
have a much higher growth rate (Zittelli et al., 2023). Fx 
concentration of N. navis-varingica (0.135 mg L-1) was 
also higher than that of other species examined in this 
study. Fx content of twelve microalgal species varied 
from 5 to 59 mg g-1 DW in different studies mentioned 
in Jin et al. (2022). Fx was not measured as dry weight in 
the present study but chlorophyll a was measured. Thus, 
if the higher Fx concentration than Chl a of N. navis-
varingica is considered, the maximum Fx content can be 
assumed slightly higher than 1.2 mg g-1 DW in N. navis-
varingica (Figure 5A). This Fx level seems low compared 
to the values reported in the studies mentioned above. 
However, higher Fx concentrations could be acquired 
with increased nutrient concentrations and low light 
intensity.  

Among the five species investigated in the present 
study, the highest protein content was measured in the 
cyanobacterium S. subsalsa reaching 369 mg g-1 DW. 
This aligns with previous studies, which have 
consistently reported higher protein content in this 
genus compared to other phytoplankton genera and 
various food items such as meat, milk, rice, soybean, and 
baker yeast (Spolaore et al., 2006; Becker et al., 2007; 
Debnath et al., 2021). In those studies, the protein 
content of different microalgal species ranged from 60 
to 700 mg g-1 of dry weight, illustrating a significant 

variability. The protein content of S. subsalsa measured 
in the present study (36.9%) was lower than that of the 
isolate obtained from the Clavellino Reservoir, 
Venezuela (58.5%) (Maza et al., 2019), and of other 
species of Spirulina in general (Debnath et al., 2021; 
Maza et al., 2019). However, the culture media used for 
growing Spirulina cultures generally contain much 
higher nitrate concentrations (Baruah et al., 2014; Maza 
et al., 2019), which may influence its protein content. 
Indeed, the percentage of protein in a commercially 
available S. platensis culture that was measured 
simultaneously with S. subsalsa tested in this study was 
66% of DW (unpublished data of Y. Keles). 
 

Conclusion 
 

In this comprehensive study of five distinct 
microalgal species, we have explored a range of 
biochemical parameters, shedding light on their diverse 
metabolic capabilities and potential biotechnological 
applications. Nitzschia navis-varingica exhibited 
remarkably high total antioxidant capacity, with notable 
concentration of ascorbic acid among the species 
studied and in the literature. Ascorbate peroxidase 
activities of Haslea silbo and N. navis-varingica were also 
conspicuous compared to other species reported in the 
present and previous studies. The total SOD activity of 
Asterionellopsis glacialis was the highest among the five 
species studied. These findings underscore the 
importance of microalgae as promising resources for 
antioxidants in various biotechnological applications. 
Furthermore, our study contributes valuable data on 
chlorophyll, fucoxanthin, phenolic contents, ascorbic 
acid, total antioxidant, ascorbate peroxidase, 
superoxide dismutase activities, and cupric-reducing 
antioxidant capacity of five microalgal species that 
expand our understanding of these microorganisms and 
their potential benefits in fields such as food and feed 
production, cosmetics and health. 
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