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Antioxidant activity

of Micractinium sp. (Chlorophyta)
extracts against H,0, induced
oxidative stress in human breast
adenocarcinoma cells

Onur Bulut?, Iskin Engin Kése?, Cagla S6nmez3* & Huseyin Avni Oktem?

In response to the growing demand for high-value bioactive compounds, microalgae cultivation has
gained a significant acceleration in recent years. Among these compounds, antioxidants have emerged
as essential constituents in the food, pharmaceutical, and cosmetics industries. This study focuses

on Micractinium sp. MEO5, a green microalgal strain previously isolated from hot springs flora in our
laboratory. Micractinium sp. cells were extracted using six different solvents, and their antioxidant
capacity, as well as total phenolic, flavonoid, and carotenoid contents were evaluated. The methanolic
extracts demonstrated the highest antioxidant capacity, measuring 7.72 and 93.80 pmol trolox
equivalents g~ dry weight (DW) according to the DPPH and FRAP assays, respectively. To further
characterize the biochemical profile, reverse phase high-performance chromatography (RP-HPLC) was
employed to quantify twelve different phenolics, including rutin, gallic acid, benzoic acid, cinnamic
acid, and B-carotene, in the microalgal extracts. Notably, the acetone extracts of Micractinium sp.
grown mixotrophically contained a high amount of gallic acid (469.21+159.74 pg g™t DW), while
4-hydroxy benzoic acid (403.93 £20.98 pg g~ DW) was the main phenolic compound in the methanolic
extracts under heterotrophic cultivation. Moreover, extracts from Micractinium sp. exhibited
remarkable cytoprotective activity by effectively inhibiting hydrogen peroxide-induced oxidative
stress and cell death in human breast adenocarcinoma (MCF-7) cells. In conclusion, with its diverse
biochemical composition and adaptability to different growth regimens, Micractinium sp. emerges as a
robust candidate for mass cultivation in nutraceutical and food applications.

Keywords Microalgae, Antioxidants, Gallic acid, 4-Hydroxy benzoic acid, Oxidative stress, Cytoprotective
effect

The concept of oxidative stress, characterized by an imbalance between reactive oxygen species (ROS) produc-
tion and the body’s ability to counteract their harmful effects, underscores the critical role of antioxidants in
maintaining health. Reactive oxygen species can induce damage to cellular components, including proteins,
lipids, and DNA, with prolonged exposure correlating strongly with various diseases. Antioxidants, encompass-
ing vitamins, phenolic compounds, and carotenoids, constitute a vital component of the human diet, primarily
sourced from fruits and vegetables'. Carotenoids such as astaxanthin, lycopene, lutein and B-carotene, are a class
of natural pigments abundant in yellow, orange and dark green leafy plants. B-carotene, in particular, functions
as an antioxidant by scavenging various free radicals. Polyphenols, another crucial group of antioxidants, include
phenolic acids, flavonoids, tannins, lignans, and stilbenes, and are predominantly found in vegetables, fruits,
cereals, herbs, and spices®*.

Antioxidants act through diverse mechanisms, such as inhibiting enzymes like glutathione S-transferase,
chelating trace metals involved in ROS production, and up-regulating antioxidant defense pathways. The docu-
mented anti-carcinogenic and anti-proliferative activities of phenolic compounds on various tumor cell lines
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highlight their potential therapeutic benefits*~’. Furthermore, the positive cognitive outcomes in patients with
Down syndrome associated with early developmental stage consumption of phenolic-rich dietary supplements
add to the versatile spectrum of their effects, including antimicrobial, anti-inflammatory, and anti-biofilm
activities®'!. Studies also reveal the efficacy of using dietary antioxidants in combination with chemo and radia-
tion therapy in cancer patients to suppress the toxicity-related side effects of such treatments'%.

In response to contemporary lifestyle challenges, where poor dietary habits and environmental factors con-
tribute to oxidative stress, there is a growing global demand for antioxidants. In addition to their well-docu-
mented health benefits, antioxidants serve a crucial role in the preservation of packaged foods by inhibiting
oxidation processes, thereby extending the shelf life of products. The food industry traditionally leaned towards
synthetic antioxidants for this purpose; however, mounting concerns about their potential adverse health effects
have prompted a shift in consumer preferences. There is now a strong inclination towards the use of natural
antioxidants, driving researchers to explore new biological sources that are rich in these natural compounds!*!4.

Microalgae emerge as promising natural sources of antioxidants due to their adaptability to adverse envi-
ronmental conditions and their capacity to accumulate essential secondary metabolites, including phenolic
compounds and carotenoids, with robust antioxidant capabilities. Notably, the antioxidant activity varies among
microalgae species and cultivation conditions'>!®,

Microalgal extracts have demonstrated cytotoxic effects on various human cancer cells including liver, colon,
breast, lung, and brain, while some of them also exhibiting the ability to inhibit oxidative stress without causing
cytotoxicity'’-!. B-carotene from Dunaliella salina, polyunsaturated fatty acids from Nannochloropsis salina,
sterols in N. oculate extracts and violaxanthin, a carotenoid compound, isolated from D. tertiolecta are examples
of microalgal compounds with documented anti-cancer properties?*~%.

Micractinium is a genus of green microalgae in the family Chiorellaceae (Chlorophyta). Different species of
Micractinium are adapted to diverse geographical locations and exhibit high phenotypic plasticity?. Various
strains of Micractinium showed promising biotechnological potential as feed supplement, biofuel, and in waste-
water treatment?”-?®. Thermophilic/thermotolerant strains of Micractinium are advantageous in lowering the
operational costs of cultivation in large scale bioreactors®. Micractinium sp. METUNERGY05 (MEO05), used in
this study, was previously isolated in our laboratory from hot springs of Haymana, Turkey. It is a thermotolerant
strain which is suitable for biodiesel production and can be cultivated both mixotrophically and heterotrophically
using by-products of a sugar factory as sole carbon source, which reduces the operational costs*"*.

The aim of this study was to assess the antioxidant properties, along with the phenolic, flavonoid, and carot-
enoid contents of Micractinium sp. extracts cultivated under both mixotrophic and heterotrophic conditions.
To achieve this, we employed six different solvents for the extraction of microalgal biomass. Utilizing RP-HPLC
analysis, we explored the diverse profile of phenolics present in the extracts, providing valuable insights into the
intricate biochemical composition of Micractinium sp. Subsequently, we evaluated the cytoprotective properties
of the methanolic extracts of Micractinium sp. Specifically, we investigated their effectiveness against hydrogen
peroxide (H,0,)-induced oxidative stress, shedding light on the potential bioactivity of these extracts in miti-
gating cellular damage. Our findings highlight Micractinium sp. as a promising natural source of antioxidants
for nutraceutical applications and the food industry. The versatility of Micractinium sp. in adapting to different
cultivation conditions further enhances its appeal as a bioresource with broad applications.

Materials and methods

Chemicals and reagents

All chemicals and solvents used in this study were purchased from Sigma-Aldrich, AppliChem GmbH and Merck
Company, and were analytical or HPLC grade. Molasses used during heterotrophic cultivation was obtained
from Konya Sugar Factory, Tiirkiye.

Microalgal culture and extract preparation

Growth and culture conditions of Micractinium sp.

The green microalga Micractinium sp. cells were cultured in Tris—Acetate-Phosphate (TAP) growth medium™®.
Detailed morphological, biochemical, and molecular characterization of Micractinium sp. MEQO5 strain was
previously reported by Onay et al.*°.

For mixotrophic cultivation, Micractinium sp. was inoculated in 1 L TAP medium and grown at 25 °C under
photoperiod (16:8 h of light: dark) at 54 umol m™ s™! light intensity with constant shaking until cells reached the
stationary phase and were harvested. Heterotrophic cultivation was carried out by inoculating 2-3 x 10° cells mL™
Micractinium sp. into 1 L Bold’s Basal Medium (BBM) supplemented with 19 g of molasses hydrolysate in 2-L
Erlenmeyer flasks. The composition of BBM and molasses, preparation of molasses hydrolysate and the optimum
molasses hydrolysate amount for the highest biomass concentration were previously described by Engin et al.*'.
Micractinium sp. cells were grown under complete darkness at 30 °C with air supply at 0.5 L min~! through an
aquarium pump. The growth went by for 5 days until harvesting.

Preparation of microalgal extracts

Micractinium sp. cells cultivated either mixotrophically or heterotrophically were centrifuged at 3600xg for
20 min. The cell pellet was lyophilized using a freeze-dryer and ground to a fine powder. Six different solvents,
namely methanol, ethanol, acetone, hexane, ethyl acetate and water were used as extractants. 200 mg of lyophi-
lized microalgae was extracted with 5 ml of solvent at room temperature by sonication in an ultrasonic water
bath for 20 min followed by stirring on an orbital shaker for 1 h. The extract was centrifuged at 3800xg for
10 min and the aqueous phase was collected in separate bottles. The residual pellets were re-suspended in the
same solvents and re-extracted as previously described in Bulut et al.**. The extracts were combined and filtered
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through a 0.45 um pore size polytetrafluoroethylene (PTFE) syringe filter and dried using a rotary evaporator.
The dried residues were weighed to calculate the extraction yields. Methanol was used as the vehicle solution
for solubilization of the dried residues at a concentration of 20 mg mL™". The solubilized extracts were stored
at—20 °C until further analysis.

Antioxidant measurements

Measurement of the total phenolic content

The Folin & Ciocalteu spectrophotometric method was used to measure the total phenolic content (TPC) of the
microalgal extracts. The protocol previously reported by Bulut et al. was followed**. 100 uL sample was mixed
with 400 pL of Folin-Ciocalteu reagent (1:10 diluted in ultrapure water). The mixture was vortexed thoroughly
and allowed to stand at room temperature for 5 min. 500 pL of 7.5% (w/v) NaNO, solution was added to the
mixture and the tubes were incubated for 1.5 h in the dark at room temperature. Following the incubation, 200 uL
of sample was transferred to a clear 96-well microplate and the absorbance of each well was measured at 760 nm
using a UV-Vis microplate reader. A standard curve prepared by serial dilution of gallic acid solutions ranging
from 10 to 400 mg L™ was used for calibration. TPC of the extracts was calculated as gallic acid equivalents
using the regression equation of the standard curve. TPC was expressed as mg gallic acid equivalents per gram
dry weight of sample (mg GAE g~! DW). The analyses were performed as biological triplicates.

Measurement of the total flavonoid content

The total flavonoid content (TFC) of the microalgal extracts was measured by the aluminum chloride method***.
One milliliter of extract was diluted 1:5 with ultrapure water; mixed with 0.3 mL of 5% (w/v) NaNO, and incu-
bated at ambient temperature for 5 min. The sample was mixed with 0.3 mL of 10% (w/v) AICl; in ethanol after
incubation at ambient temperature for 5 min. This step was followed by another incubation at ambient tempera-
ture for 6 min. Then, 2 mL of 1 M NaOH was added to the mixture and the total volume was adjusted to 10 mL
with ultrapure water. After a brief vortex, 200 uL of the sample was transferred to a clear 96-well microplate
and the absorbance of each well was measured at 510 nm using a UV-Vis microplate reader. A standard curve
was prepared with serial dilution of quercetin solutions ranging from 10 to 400 mg L. Total flavonoid content
of the microalgal extracts was calculated using the regression equation of this standard curve. The results were
expressed as mg quercetin equivalents per gram dry weight of sample (mg QE g™ DW).

Measurement of the total carotenoid content

Total carotenoid content of the microalgal extracts was calculated following the method by Lichtenthaler and
Buschmann?®. Absorbance of the methanolic extracts was recorded at 470, 652 and 665 nm using a UV-Vis spec-
trophotometer and total carotenoid content was calculated according to the Lichtenthaler equations as follows:

ca (Mg mL™") = 16.72A665—9.16A452
cp (mgmL™!) = 34.09A65,—15.28Ag65
Cxto) (gmL™') = (1000A470—1.63c,—104.96¢,) /221

where ¢, and ¢, are concentrations of chlorophyll a and b, respectively, and c(,,,) is the concentration of the total
carotenoids. The results were expressed as mg carotenoid per gram dry weight of sample (mg carotenoid g™ DW).

DPPH assay

The DPPH radical scavenging activity of the microalgal extracts was measured according to Cheng et al.>”.
Briefly, 100 pL of microalgal extracts at concentrations ranging from 50 to 2000 ug mL™" was mixed with 100 pL
of 0.2 mM DPPH solution in a clear 96-well plate. The mixture was incubated in the dark at ambient temperature
for 30 min, and the absorbance was recorded at 515 nm using a microplate reader with the trolox solution as the
positive control and the DPPH solution as blank™. The percentage of scavenged DPPHe radical was calculated
according to the following equation:

DPPH scavenging activity (%) = [1 — (As — Asc)/Ac] x 100

where As is absorbance of the sample (100 uL of sample with 100 pL of DPPHe radical solution), Asc is absorb-
ance of the sample control (100 pL of sample with 100 pL of methanol) and Ac is absorbance of the control (100
uL of methanol with 100 pL of DPPHe radical solution). A standard curve was prepared with serially diluted
trolox solutions in the range of 2.5 to 80 pmol L™! concentrations. Total antioxidant capacity of the microalgal
extracts was calculated as trolox equivalents using the regression equation of the standard curve. The results
were expressed as micromol of equivalent trolox per gram of dried weight (umol TE g~ DW) and (%) DPPH
radical scavenging activity of the extract.

FRAP assay

The antioxidant capacity of the extracts was also evaluated by the FRAP assay through monitoring the reduction
of Fe**-TPTZ to blue-colored Fe?*-TPTZ. The working FRAP solution was freshly prepared by mixing ten vol-
umes of acetate buffer, one volume of TPTZ solution and one volume of ferric chloride hexahydrate solution and
warmed at 37 °C in a water bath prior to use. 25 pL of the microalgal extract at concentrations between 50 and
2000 ug mL~! was mixed with 175 uL of pre-warmed FRAP solution in a clear 96-well microplate. The microplate
was allowed to stand at room temperature for 30 min in the dark. The absorbance of each sample was measured
at 593 nm using a microplate reader. Trolox solutions ranging from 5 to 20 pmol L™ were used for preparation
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of a standard curve. Total antioxidant capacity of the microalgal extracts was calculated as trolox equivalents
using the regression equation of the standard graph. FRAP values were expressed as pmol trolox equivalents per
gram dry weight of sample (umol TE g™! DW)3,

Reverse phase high performance liquid chromatography (RP-HPLC) analysis

Twelve selected phenolic compounds; namely, gallic acid, benzoic acid, 4-hydroxy benzoic acid, vanillic acid,
syringic acid, cinnamic acid, coumaric acid, caffeic acid, chlorogenic acid, rosmarinic acid, quercetin and rutin
were identified in the microalgal extracts by reverse phase HPLC (Waters Alliance 2695, Waters Corporation,
USA) coupled to a UV/Vis detector (Waters 2489 detector) as described in**. The microalgal extract at a concen-
tration of 1000 ppm was passed through a 0.45 um PTFE syringe filter prior to injection. The chromatographic
separation was performed in a C18 analytical column (ACE 5, AC Technologies, Scotland). Elution was carried
out with a gradient pump mode involving three mobile phases; mobile phase A: 2% (v/v) acetic acid, mobile
phase B: acetonitrile and 0.5% (v/v) acetic acid (1:1 v/v) and mobile phase C: acetonitrile. The gradient was set
as following: 0-8 min: 95% A and 5% B; 8—-10 min: 80% A and 20% B; 10-17 min: 78% A and 22% B; 17-19 min:
75% A and 25% B; 19-30 min: 73% A and 27% B; 30-35 min: 60% A and 40% B; 35-40 min: 55% A and 45% B;
40-45 min: 35% A and 65% B; 56-50 min: 10% B and 90% C; 50-52 min: 100% C; and 52-60 min: 95% A and 5%
B. The flow rate was 1.2 mL min~}, the injection volume was 20 pL and the column temperature was maintained
at ambient temperature. Simultaneous monitoring was done via a UV/Vis detector with reference wavelength
of 280 nm. Retention times and peak areas of both authentic standards and microalgal extracts were monitored
automatically by Empower 3 Chromatography Data Software (Waters Corporation, USA). The concentration of
individual phenolic compounds was quantified by comparison of the chromatographic peaks of the microalgal
extracts to those of authentic standards.

To identify the B-carotene content, a RP-HPLC system equipped with a Shimadzu LC-20AD pump (Shimazdu,
Kyoto, Japan) and Shimazdu SPD-20A UV/Vis detector was used. An Inertsil ODS-2 C18 analytical column was
used for the chromatographic runs (GL Sciences, Tokyo, Japan). The gradient pump mode consisting of two
mobile phases (mobile phase A: 90% acetonitrile in water, mobile phase B: ethyl acetate) was used for elution
at a flow rate of 1.0 mL min™". The peaks were detected at 450 nm. -carotene concentration in the microalgal
extracts was identified by comparison of the peak areas of the samples to the authentic standards.

Cell culture and assays

Inhibition of the H,0,-induced reactive oxygen species (ROS) generation in MCF-7 cells

The effect of the methanolic microalgal extracts on inhibition of the intracellular H,0,-induced ROS generation
in MCF-7 cells was evaluated by a fluorescence assay using the cell-permeant probe 2,7’-dichlorodihydrofluores-
cein diacetate (DCFH-DA) as described by Zhuang et al. with minor modifications*. MCF-7 cells were pretreated
with 50, 100, 200 or 400 pg mL™! of the methanolic extracts, separately for 48 h in a 96-well black cell culture plate.
Cells treated with the culture medium containing VS and ascorbic acid (8 pg mL™") were used as the negative and
the positive controls, respectively. After 48 h incubation with the methanolic extracts, the cells were exposed to
0.5 mM of H,0, for 6 h to induce intracellular oxidative stress via ROS generation. The cells were washed twice
with PBS and incubated with serum-free medium containing DCFH-DA (20 uM) for 30 min in the dark at 37 °C.
Cells were immediately washed with PBS. The formation of the fluorescent 2}7’-dichlorofluorescein (DCF) due
to oxidation of the non-fluorescent DCFH-DA by intracellular oxidative stress was detected by a fluorescence
microplate reader with an excitation wavelength of 495 nm and an emission wavelength of 525 nm.

Apoptosis assay

The cytoprotective effect of the methanolic extracts of mixotrophically grown Micractinium sp. on H,O,-induced
apoptosis of MCF-7 cells was determined by an Annexin V-FITC and propidium iodide (PI) double-staining
apoptosis assay kit (Takara Bio Inc., Japan) according to the manufacturer’s instructions. MCF-7 cells were firstly
treated with the microalgal extracts and then, with H,O, as described in Sect. 2.11. The cells were collected by
trypsinization, washed with PBS twice, and resuspended in 200 uL of binding buffer containing 5 uL of Annexin
V-FITC. After incubation of the cells for 15 min at room temperature in the dark, 10 uL of PI was added to
cells and incubated for 10 min in an ice bath in the dark. Finally, the cells were analyzed using a flow cytometer.

Statistical analysis

All experiments in this study were carried out in biological triplicates. Results were expressed as mean + standard
error. The analysis of the mean values was performed using the analysis of variance (ANOVA) test and Tukey’s
post-hoc comparison test. A p-value <0.001,<0.01, and < 0.05 was considered as highly significant (***), very
significant (**) and significant (*), respectively in statistical terms. Pearson’s correlation of determination (R?)
was used to compute correlations among antioxidant assays, TPC and TFC under different growth conditions.
The statistical analysis was conducted using R version 3.4.2.

Results

Extraction yields of Micractinium sp. in different solvents

In this study, six different solvents with varying polarity, namely, methanol, ethanol, acetone, hexane, ethyl acetate
and water were used to extract antioxidants from either mixotrophically or heterotrophically grown Micractinium
sp. The extraction yields are given in Table 1. The highest extraction yield of 30.40 +0.94% was obtained in metha-
nol followed by 28.16 +1.08% in water (p=0.91) for mixotrophic growth. For heterotrophic growth, the highest
yield was equal in methanol (38.23 +3.90%) and water (38.33+£0.34%) (p=1.0). The lowest extraction yield
was in ethyl acetate (11.54+1.47%) and acetone (8.29 £1.41%) for mixotrophic and heterotrophic cultivation,
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Extraction yield (%)
Solvent Mixotrophic growth Heterotrophic growth
Methanol 30.40+0.94b 38.23+3.90b
Ethanol 14.85+1.88a 17.78+4.78 a
Acetone 16.46+0.95 a 8.29+1.41a
Hexane 12.70+2.62a 15.45+2.00 a
Ethyl acetate 11.54+1.47a 13.92+1.31a
Water 28.16+1.08 b 38.33+0.34b

Table 1. Extraction yields of Micractinium sp. extracts prepared using different solvents and growth
conditions. Results are expressed as mean * standard error of three measurements (n=3). Means with different
letters in the same column are statistically significant (p <0.05).

respectively. The difference in extraction yields of methanol and water with respect to acetone, ethyl acetate,
ethanol and hexane was highly significant (p <0.001) for both mixotrophic and heterotrophic growth conditions.

Antioxidant capacity of Micractinium sp. measured by DPPH and FRAP assays

Antioxidant capacity of Micractinium sp. extracts in six different solvents under two different growth regimens
was measured by DPPH and FRAP assays. The results are given in Table 2. DPPH assay results are expressed both
as % DPPH radical scavenging activity of microalgal extracts at 1 mg mL™' concentration and as micromoles
trolox equivalent (TE) per gram dry weight (g~! DW) of microalgae. The former expression does not take into
account the extraction yield of the samples in each solvent. For mixotrophic growth, the highest antioxidant
capacity was measured in the methanolic extracts as 7.72+0.95 and 93.80 +6.28 umol TE g™! DW followed
by ethanol extracts as 6.41 +1.33 and 79.83 £7.56 umol TE g~! DW by DPPH and FRAP assays, respectively.
Similarly, the highest antioxidant capacity in heterotrophically grown samples was recorded in the methanolic
extracts as 6.82+1.31 and 64.91 +4.28 umol TE g”! DW by DPPH and FRAP assays, respectively. The antioxidant
capacities of mixotrophically grown microalgae were higher compared to heterotrophic samples. Particularly, the
difference in antioxidant capacities measured by FRAP assay between mixotrophic and heterotrophic growth in
methanol, ethanol and acetone extracts was statistically significant. The correlation between DPPH and FRAP
assays was found to be highly significant (p <0.001) for both conditions, and the coefficient of determination (R?)
values for these assays were calculated as 0.57 and 0.65 for mixotrophic and heterotrophic growth, respectively.
The low correlation between two methods can be explained by the methodological differences in detection and
measurement of the antioxidants™.

Total phenolic, flavonoid and carotenoid contents of Micractinium sp. extracts
Total phenolic contents (TPC) of Micractinium sp. grown under two different growth conditions and extracted in
six different solvents are given in Table 3. The highest TPC was found in methanolic extracts as 18.11£2.17 mg
GAE g! DW and 11.47 +1.41 mg GAE g™! DW for mixotrophic and heterotrophic growth, respectively. The
difference between TPCs of two growth conditions in methanolic extracts is very significant (p =0.009). These
results are consistent with a previous report in which, both Chlorella vulgaris and Scenedesmus obliquus had
higher polyphenols in the mixotrophic culture compared to the heterotrophic culture*. The lowest TPCs of both
mixotrophic and heterotrophic cultivation were measured in hexane extracts as 3.87 +0.83 mg GAE g”! DW and
2.40+0.19 mg GAE g™! DW, respectively. The difference in results was not statistically significant.

The highest total flavonoid content (TFC) of mixotrophic Micractinium sp. was detected in the methanolic
extracts (5.72+0.26 mg QE g™! DW) followed by the ethanol extracts (5.21+1.70 mg QE g™! DW) (Table 3). TFC
of heterotrophically grown cell extracts was the highest in methanol with a concentration of 3.22+0.27 mg QE

Mixotrophic growth Heterotrophic growth

(%) DPPH Radical DPPH (pmol TE g! FRAP (umol TE g! (%) DPPH Radical DPPH (pmol TE g! FRAP (umol TE g*
Solvent scavenging effect’ DW) DW) scavenging effect! DW) DW)
Methanol 39.61+4.37 be 7.72+0.95a 93.80+£6.28 ¢ 28.10+2.36 ab 6.82+1.31b 64.91+4.28d
Ethanol 64.15+5.24b 6.41+1.33 ac 79.83+7.56 ac 35.75+3.94 ac 3.82+0.62 ab 50.43 +£10.45 bd
Acetone 46.48+1.39 ab 4.97+0.45 ab 68.88+2.96 a 44.35+9.44a 2.32+0.30a 35.70+1.85 ab
Hexane 30.55+19.09 ac 2.05+0.28 b 15.70+£2.25b 14.24+5.28 be 1.12+£0.47 a 11.73+£2.14 ¢
Ethyl acetate 54.71+1.42 ab 4.10+0.45 ab 29.06+£6.32b 31.30+3.42 ab 2.79+0.54 a 14.55+3.33 ac
Water 17.65+291 ¢ 2.93+0.64 bc 7.69+0.43b 9.00+£2.01b 1.68+0.53a 1.40£0.50 ¢

Table 2. Antioxidant capacity of Micractinium sp. extracts in different solvent extracts determined by DPPH
and FRAP assays. Results are mean * standard error of three measurements (n=3). ! Radical scavenging effects
of algal extracts at 1 mg mL™! concentration. Means with different letters in the same column are statistically
significant (p <0.05).
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Mixotrophic growth Heterotrophic growth

Total phenolic content | Total flavonoid Car id ¢ Total phenolic content | Total flavonoid c Car id ¢
Solvent (mg GAE g DW) (mg QE g”! DW) (mg g™! DW) (mg GAE g DW) (mg QE g”! DW) (mg g™ DW)
Methanol 18.11+2.17b 572+0.26 a 2.27+0.18b 1147+141c¢ 3.22+0.27b 1.65+0.01 b
Ethanol 7.40+1.46 a 521+1.70 a NT 6.67+1.07b 1.89+0.35a NT
Acetone 7.37+0.83a 4.21+0.68 ab 3.02+0.11a 4.77+0.35 ab 1.40+0.16a 0.32+0.05a
Hexane 3.87+0.83a 1.07+0.17 b NT 2.40+0.19a 0.86+0.07 a NT
Ethyl acetate 8.02+0.52a 2.39+0.08 ab 3.17+0.21a 4.76+£0.09 ab 2.09+0.45 ab 0.32+0.06 a
Water 6.65+1.32a 1.15+£0.07 b NT 7.07+0.66 b 1.47+0.02a NT

Table 3. Total phenolic, flavonoid and carotenoids of Micractinium sp. extracts prepared using different
solvents and growth conditions. Results are mean + standard error of three measurements (n=3). NT: Not
Tested. Means with different letters in the same column are statistically significant (p <0.05).

¢! DW. The difference in TFC of the methanolic extracts between mixotrophic and heterotrophic cultivation
was not statistically significant. However, there was a significant reduction in TFC of ethanol extracts from
heterotrophic samples (1.89+0.35 mg QE g~! DW) compared to ethanol extracts of the mixotrophic culture
(5.21+1.70 mg QE g"! DW).

The total carotenoid content (TCC) of Micractinium sp. was calculated in methanol, acetone and ethyl acetate
extracts as 2.27 +0.18 mg g! DW, 3.02+0.11 mg g”! DW and 3.17+0.21 mg g~' DW, respectively under mixo-
trophic cultivation (Table 3). TCC of heterotrophically grown microalgae was recorded as 1.65+0.01 mg g™
DW in methanol, 0.32 +£0.05 mg ¢! DW in acetone and 0.32+0.06 mg g™ DW in the ethyl acetate extracts. The
difference in carotenoid content between mixotrophic and heterotrophic growth was statistically significant for
ethyl acetate extracts (p <0.05).

Correlation of the antioxidant capacity with the phenolic, flavonoid, and carotenoid contents
The correlation of determination (R?) values between the antioxidant capacity and the total phenolics, flavonoids
and carotenoids of Micractinium sp. in different solvent extracts were calculated both for mixotrophic and hetero-
trophic growth conditions. The R? value between the DPPH assay and TPC in ethanol extracts of mixotrophically
cultivated microalgae was 0.99 (p=0.01). This result is consistent with the strong correlation between TPC of
Chlorella vulgaris and Scenedesmus obliquus and the DPPH assay reported in Shetty and Sibi*’. In the same study,
it was shown that the contribution of phenolics to the antioxidant potential was irrespective of the cultivation
mode. In the present study, other R? values of 0.90 or higher were obtained between DPPH or FRAP assay and
TPC, TFC and TCC in various solvent extracts of Micractinium sp. both under mixotrophic and heterotrophic
growth conditions; however, none of them were found to be statistically significant (p>0.05) (Supplementary
Tables 1 and 2). The statistically significant positive correlation between DPPH assay and TPC in the ethanol
extracts suggests that polyphenols that are highly soluble in ethanol greatly contribute to the antioxidant activity
of microalgae. Ethanol is also advantageous as a solvent as it is safe for human consumption®.

Identification of selected phenolic compounds in Micractinium sp. extracts by RP-HPLC

Twelve different phenolic compounds that fall in three categories, namely, flavonols; rutin and quercetin, ben-
zoic acid derivatives; 4-hydroxy benzoic acid, benzoic acid, gallic acid, syringic acid and vanillic acid and cin-
namic acid and derivatives; caffeic acid, rosmarinic acid, coumaric acid and chlorogenic acid were quantified by
RP-HPLC in methanol, acetone and ethyl acetate extracts of the mixotrophically and heterotrophically grown
Micractinium sp. (Table 4). Gallic acid (469.21 +159.74 ug g~* DW) in the acetone extracts of mixotrophic
microalgae was the highest phenolic compound detected. Under heterotrophic growth, 4-hydroxy benzoic
acid (403.93+20.98 pg g~! DW) in the methanolic extracts was the most abundant phenolic compound. Strik-
ingly, the amount of the same compound in the methanolic extracts of mixotrophic Micractinium sp. was only
1.98£0.91 ug g ! DW. Acetone is a powerful solvent of flavonols and consistently rutin concentration in acetone
extracts (212.09 +122.46 pg g~! DW in mixotrophic samples) was significantly higher than the other solvents.
Overall, there were considerable differences in the amounts of phenolic compounds between mixotrophic and
heterotrophic microalgal extracts.

The amount of the carotenoid, f-carotene was quantified in the methanolic extracts of the mixotrophically or
the heterotrophically cultivated Micractinium sp. by RP-HPLC (Table 5). B-carotene content under mixotrophic
growth (52.28 £1.45 ug g7 DW) was slightly higher than the B-carotene amount under heterotrophic growth
(45.99 +£3.46 pg g~' DW). Although different detection and calculation methods have been used, B-carotene
accounts for approximately 2% of the total carotenoids in methanolic extracts of Micractinium sp.

Inhibitory effect of Micractinium sp. extracts on intracellular ROS generation

Micractinium sp. methanolic extract with the highest antioxidant activity under mixotrophic cultivation was
tested for its ability to inhibit intracellular oxidative stress induced by H,O, in MCE-7 cells by the DCFH-DA
assay. This method is based on the oxidation of non-fluorescent DCFH-DA into fluorescent DCF by intracellular
ROS. Therefore, the intensity of intracellular fluorescent signal is proportional to the amount of intracellular
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Amount' (ug g DW)

Mixotrophic growth Heterotrophic growth
Phenolic compound Methanol Acetone Ethyl acetate Methanol Acetone Ethyl acetate
Benzoic acid derivatives
Gallic acid 129.08£2.65a |469.21+159.74a | ND 125.06+11.68a |1293+393a ND
Benzoic acid 13.62+2.63a 37.84+220a 8.77+2.55a 107.20+16.85b | 28.09+14.36a | 18.50+3.56 a
4-Hydroxy Benzoic acid 1.98+£091 a 0.95+0.12a 1.10£0.63 a 403.93+20.98b |40.48+4.10a |4.75+£0.60 a
Vanillic acid 13.37+£7.72a 537+1.54a ND 47.66+2.44b 1191+1.19a 446+0.18a
Syringic acid 27.99+6.87 ab 9.32+0.58 a 5.01+0.61a 56.42+13.04b |5.70+0.53a 6.77+0.88 a
Cinnamic acid derivatives
Cinnamic acid 10.34+6.86 b 18.06+0.77 b ND 196.44+6.70 c 51.88+2.26a 38.24+3.61 ab
Coumaric acid 19.36+15.25a 441+146a 9.58+1.29a 10.85+1.49a 0.55+0.43a 594+0.02a
Caffeic acid 16.46+£9.50 a 4.13+0.99a ND 3.87+0.86a 4.51+0.30a ND
Chlorogenic acid 11.27+5.61a 2.30+0.10a 1.55+£0.89 a 2.78+1.05a 0.79+0.55a 1.86+0.08 a
Rosmarinic acid 34.84+2.89a 1.83+0.51a 198+1.15a 18.45+10.60a | ND 422+0.59a
Flavonols
Quercetin 65.63+£0.49 a 2.70+£0.94b 30.02+£13.28 ab 37.09+8.67ab |28.20+5.81ab | 14.24+1.66b
Rutin 53.91+0.58a |212.09+122.46a |ND 39.89+0.10a 80.33+38.33a | ND

Table 4. The phenolic compounds in different solvent extracts of Micractinium sp. identified by RP-HPLC. !
Results are mean + standard error of two measurements. ND: Not Detected. Means with different letters in the
same row are statistically significant (p <0.05).

Growth B-Carotene amount ' (ug g™! DW)
Mixotrophic 52.28+1.45a
Heterotrophic 45.99+3.46a

Table 5. B-carotene amounts in methanolic extracts of Micractinium sp. identified by RP-HPLC. 'Results are
mean * standard error of two measurements. Means with different letters in the same column are statistically
significant (p <0.05).

ROS*'. H,0, was used to promote oxidative stress as it is a relatively stable ROS generator and can result in the
accumulation of ROS within the cell at elevated concentrations leading to cell damage and death®!,

Pre-incubation of MCEF-7 cells with the microalgal extracts for 48 h significantly changed the levels of intra-
cellular ROS (Fig. 1A). The inhibitory effect of the microalgal extracts on the intracellular ROS levels occurred
in a concentration-dependent manner. Pre-treatment with the methanolic extract reduced intracellular ROS
in MCF-7 cells by 23.80% and 72.60% at the lowest (50 ug mL™") and the highest concentration (400 ug mL™),
respectively. Concentration-dependent inhibitory effect of the microalgal extracts was highly significant com-
pared to the control cells treated with the vehicle solution (methanol) only (p <0.001).

Cytoprotective activity of Micractinium sp. extracts against H,0,-induced cell apoptosis

The methanolic extract, which exhibited the highest antioxidant activity in the mixotrophically cultivated Mic-
ractinium sp. was evaluated for its ability to protect MCF-7 cells against H,0,-induced apoptosis. Upon treatment
with 1 mM H,0,, the percentage of viable, necrotic, and apoptotic MCF-7 cells were calculated as 54.83+3.87,
34.56 £2.92, and 10.60 +0.95%, respectively (Fig. 1B). The percentage of viable MCEF-7 cells pre-treated with the
methanolic extract of Micractinium sp. increased to 74.00 +2.32% (p <0.001). Pre-treatment with the methanolic
microalgal extract led to a two-fold decrease in the number of necrotic cells (17.36+ 1.78%) and caused a slight
reduction in the apoptosis rate (8.60 + 1.45%).

Discussion

The pursuit of finding a single solvent capable of solubilizing all target compounds during extraction is chal-
lenging. Phenolic compounds, characterized by diverse chemical structures, often form attachments to sugars or
proteins in vivo, impacting their solubility across various solvents*>*. Consequently, we assessed the extraction
yields of antioxidants from Micractinium sp. under both mixotrophic and heterotrophic conditions using six
different solvents with varying polarities. The selection of different solvents aimed to encompass a wide range
of polarities, thereby enhancing our understanding of solvent-specific extraction efficiencies and the nature of
the compounds being extracted. In our study, methanol and water emerged as the most efficient solvents, yield-
ing the highest extraction percentages under both growth conditions. This finding aligns with previous studies
demonstrating the efficacy of methanol and water in extracting bioactive compounds from microalgae***. These
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Figure 1. (A) Inhibitory effects of methanolic extracts of Micractinium sp. and ascorbic acid (AA) on
intracellular ROS generation in H,0,-induced MCEF-7 cells. (B) Cytoprotective effects of the methanolic extract
of Micractinium sp. on H,0,-induced MCF-7 cell apoptosis and necrosis. (***) indicates the significance at
p<0.001.

results underscore the importance of solvent selection in optimizing extraction efficiency and yield. Furthermore,
the significant disparity in extraction yields between methanol and water compared to other solvents highlights
the critical influence of solvent polarity on the extraction of bioactive compounds.

The antioxidant capacities of various macroalgae and microalgae have been extensively studied, with nota-
ble variations observed across different species and strains*#®*’. Notably, our study is the first to evaluate the
antioxidant capacity of a Micractinium species. Methanolic extracts exhibited the highest antioxidant capacity
under both growth conditions, as evidenced by both DPPH and FRAP assays. This observation aligns with prior
research highlighting the superior antioxidant potential of methanolic extracts from various microalgae species*.
The strong correlation between the DPPH and FRAP assays suggests their complementary nature in assessing
antioxidant capacity, despite methodological differences*®. The observed moderate correlation coefficients indi-
cate that while both assays provide valuable insights into the antioxidant potential of microalgal extracts, they
may capture different aspects of antioxidant activity.

Comparisons of antioxidant capacities across studies are challenging due to variations in laboratory conditions
and methodologies. However, two thermo-tolerant strains, Scenedesmus sp. ME02 and Hindakia tetrachotoma
MEQO3, isolated from the same thermal waters as Micractinium sp., were recently evaluated for their antioxidant
capacity?**. Our results demonstrated that ethyl acetate and water extracts of Micractinium sp. exhibited higher
antioxidant capacity than Scenedesmus sp. ME02 but lower than H. tetrachotoma ME03. The observed differences
in antioxidant capacity among the thermo-tolerant strains can be attributed to genetic variability, which influ-
ences the production and composition of antioxidant compounds. Each strain has unique metabolic pathways
that determine the types and amounts of antioxidants synthesized, affected by enzyme activities and metabolic
fluxes. Additionally, strain-specific adaptations to their thermal environments may result in the production of
unique antioxidants that confer thermal stress protection. The presence and concentration of secondary metabo-
lites, which act as antioxidants and are often species-specific, further contribute to the variations in antioxidant
capacity'>*.

Microalgae cultivation methods, including autotrophy, heterotrophy, and mixotrophy, significantly influence
their biochemical content. In this study, we evaluated the antioxidant activity of Micractinium sp. cells grown
under mixotrophic and heterotrophic conditions. The notable contrast in antioxidant capacities between these
samples underscores the impact of cultivation mode on the biochemical composition and subsequent antioxidant
properties of Micractinium sp. Heterotrophic cultivation, particularly when utilizing molasses and vinasse as
carbon sources, proved advantageous for achieving higher biomass and lower costs. Micractinium sp. demon-
strated adaptability to various growth and temperature regimens, further influencing its biochemical content®*°.

Surprisingly, limited information exists on how heterotrophic growth affects the antioxidant capacity of
microalgae compared to other cultivation conditions. In a previous study, the antioxidant activities of Chlo-
rella vulgaris and Scenedesmus obliquus across autotrophic, mixotrophic, and heterotrophic conditions were
compared®’. Consistent with our findings, methanolic extracts of both microalgae exhibited reduced antioxidant
potential during heterotrophic growth compared to autotrophic and mixotrophic conditions. This decline in
antioxidant activity under heterotrophic conditions aligns with the understanding that environmental factors,
including light and ultraviolet exposure, along with internal processes such as photosynthesis, generate ROS. To
counteract oxidative damage from ROS, microalgae produce antioxidants as a defense mechanism. Importantly,
microalgae cultivated under mixotrophic conditions are exposed to light and rely on both photosynthesis and
an additional carbon source in the culture medium for energy. Consequently, it is plausible to expect a higher
antioxidant capacity in mixotrophic cultures compared to heterotrophic growth conditions due to the increased
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antioxidant activity prompted by the combined effects of photosynthesis and light exposure. This discovery
emphasizes the complex relationship between microalgae cultivation methods, environmental influences, and
their antioxidant responses, providing insight into the subtle changes in their biochemical processes across dif-
ferent growth environments>#%°1.

Studies on other microalgae, such as Tetraselmis suecica and Hindakia tetrachotoma ME03, have highlighted
their antioxidant activity and potential applications in the cosmetic and biotechnological industries'”!. The pre-
sent investigation into Micractinium sp. MEO5 extracts expands the limited knowledge of the in vitro antioxidant
activity of green microalgae, further supporting their potential for biotechnological applications.

The evaluation of total phenolic contents (TPC) in Micractinium sp., cultivated under varied growth condi-
tions and extracted using different solvents, provided insights into the phenolic composition of the microalgal
biomass. Consistent with prior research, Micractinium sp. extracted with polar solvents exhibited higher concen-
trations of phenolic compounds compared to nonpolar hexane extracts, regardless of the cultivation method***¢.
Methanolic extracts showed the highest TPC, aligning with previous studies suggesting the effectiveness of
methanol in extracting phenolic compounds from microalgae®?. Interestingly, hexane extracts displayed the
lowest TPC across both growth conditions, indicating the limited capacity of this solvent to extract phenolic
compounds from Micractinium sp. Additionally, our study identified a higher phenolic content in Micractinium
sp. compared to Scenedesmus sp. MEO2 in ethyl acetate and water extracts, revealing differences in the composi-
tion of these two freshwater strains isolated from the same thermal flora®’. These findings underscore the critical
role of solvent selection in optimizing phenolic extraction efficiency.

The health-promoting properties of flavonoids, commonly found in fruits and vegetables, are extensively
documented in scientific literature, yet research on flavonoid content in microalgae remains relatively scarce®.
However, insights from previous studies have illuminated the presence of a diverse array of flavonoids across
different classes of microalgae, albeit in smaller quantities compared to terrestrial plants®. Methanolic extracts
emerged as the most efficient solvent for extracting flavonoids from Micractinium sp., consistent with its effec-
tiveness in extracting other bioactive compounds. Importantly, our findings reveal that Micractinium sp. exhibits
a higher total flavonoid content compared to several other microalgae species, as demonstrated in previous
studies**2. This observation underscores the potential of Micractinium sp. as a promising natural source of
flavonoids, suggesting its suitability as a potential substitute for synthetic antioxidants in the industry. The rela-
tively higher flavonoid content in Micractinium sp. extracts, particularly when cultivated under mixotrophic
conditions, highlights the importance of cultivation strategies in modulating the biochemical composition and
potential applications of microalgae-derived products.

The total carotenoid content (TCC) in Micractinium sp. exhibits significant variation across different cultiva-
tion modes, with higher concentrations observed in mixotrophic cultures compared to heterotrophic cultures.
This study represents the first attempt to compare the TCC of microalgae under different cultivation modes,
exploring the dynamics of carotenoid accumulation in response to varied growth conditions. In a previous
study, two Micractinium sp. strains, designated as CCNM 1006 and CCNM 1041, were evaluated for their total
carotenoid contents. Both strains displayed slightly higher quantities of total carotenoids compared to Micrac-
tinium sp. As part of a broader study encompassing 57 distinct microalgae strains, Micractinium sp. fell within
the medium range concerning its TCC?. The pivotal role of carotenoids in microalgae involves safeguarding
chlorophylls from the detrimental effects of light exposure by scavenging ROS®. Our findings indicate a higher
accumulation of carotenoids in mixotrophic microalgae compared to cultures grown heterotrophically. This
underscores the vital role of carotenoids in responding to light exposure, a phenomenon crucial for mitigating
oxidative stress through ROS scavenging. Importantly, our study marks the first attempt to compare the TCC of
microalgae grown under distinct cultivation modes, offering valuable insights into the dynamics of carotenoid
accumulation in response to varied growth conditions.

Despite the well-established role of phenolic compounds in plant antioxidant capacity, their contribution
to microalgal antioxidant potential remains debated?!**4**, The diverse nature of microalgal antioxidants col-
lectively contributes to their overall antioxidant capacity. Therefore, we investigated the profile of phenolics, and
[-carotene present in the extracts. This study stands out as the first to quantify individual phenolic compounds in
a Micractinium species and compare their relative quantities under distinct cultivation modes. Twelve phenolic
compounds, categorized into flavonols, benzoic acid derivatives, and cinnamic acid derivatives, were quantified in
methanol, acetone, and ethyl acetate extracts from both mixotrophically and heterotrophically grown microalgae.

In this comparative exploration, Chlorella pyrenoidosa, another freshwater green microalga, exhibited consid-
erably lower concentrations of gallic acid compared to Micractinium sp., showcasing the distinct composition of
these two species?. 4-hydroxy benzoic acid content (20 ug g™' sample) was higher in C. pyrenoidosa compared
to mixotrophic Micractinium sp. (approximately 2 ug g~! DW in methanol extract) but much lower than in
heterotrophically grown culture (approximately 400 pg g™ DW in methanolic extract). The significant increase
in 4-hydroxy benzoic acid content under heterotrophic growth in Micractinium sp. raises questions about the
underlying mechanisms governing these variations, especially considering its known antimicrobial properties
used in various industries (food, pharmaceutical, and cosmetics).

Interestingly, despite Micractinium sp. displaying a higher total flavonoid content than Scenedesmus sp. ME02,
specific flavonoids like quercetin and rutin were found to be significantly lower in Micractinium sp. This sug-
gests the possible presence of other, unexplored flavonoids in Micractinium sp., hinting at the complexity and
diversity of its biochemical profile**. Additionally, the comparison of cinnamic acid derivatives, chlorogenic,
and caffeic acid concentrations between Scenedesmus sp. and Micractinium sp. adds another layer to the varia-
tions in flavonoid composition within different microalgal species collected from the same geothermal flora®.

In emphasizing the importance of specific compounds within microalgae, it is crucial to consider the diverse
range of metabolites and their potential applications. Major carotenoid groups, including carotenes (such as
[-carotene and lycopene) and xanthophylls (like lutein, astaxanthin, and fucoxanthin), each serve distinct roles.
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The prevalence of B-carotene in green microalgae like Dunaliella salina and Spirulina maxima underscores their
nutritional significance, while Haematococcus pluvialis stands out as a key source of astaxanthin—a commer-
cially valuable product renowned for its various health benefits>*. In our study, we also quantified f-carotene in
methanolic extracts of both mixotrophically and heterotrophically cultivated Micractinium sp., noting slightly
higher B-carotene content in mixotrophic cultures compared to heterotrophic ones. Despite this minor differ-
ence, B-carotene accounted for approximately 2% of the total carotenoids in methanolic extracts of Micractinium
sp., highlighting its substantial presence. These findings underscore the influence of cultivation conditions on
carotenoid biosynthesis, with light exposure likely boosting p-carotene production in mixotrophic cultures due
to its role in photoprotection and light harvesting.

The methanolic extract of Micractinium sp., which demonstrated the highest antioxidant activity under mixo-
trophic cultivation, underwent further evaluation for its potential to mitigate intracellular oxidative stress and
apoptosis induced by H,0, in MCF-7 cells. Utilizing the DCFH-DA assay, a well-established method for measur-
ing intracellular ROS levels, our study revealed a significant reduction in ROS in a concentration-dependent man-
ner following pre-incubation with the microalgal extract*!. This substantial decrease in ROS levels is particularly
noteworthy as it highlights the potent antioxidant capacity of extracts in protecting cells from oxidative damage
induced by H,0,, a stable ROS generator known to cause significant cellular damage at elevated concentrations®.
The concentration-dependent response observed in this study aligns with the notion that higher concentrations
of antioxidants can more effectively neutralize ROS, thereby providing greater protection against oxidative stress.

Apoptosis, or programmed cell death, represents a fundamental cellular process crucial for maintaining
tissue homeostasis and eliminating damaged or aberrant cells. Dysregulation of apoptotic pathways is closely
associated with various pathological conditions, including cancer®. In our study, we explored the potential of
Micractinium sp. extracts in modulating apoptotic responses induced by H,0,, a potent oxidizing agent known to
trigger apoptotic cascades in cancer cells*. Our findings reveal a significant reduction in apoptotic rates in MCF-7
breast adenocarcinoma cells pre-treated with Micractinium sp. methanolic extracts, suggesting a cytoprotective
effect against H,0,-induced apoptosis. This finding suggests that the methanolic extract of Micractinium sp. not
only scavenges ROS effectively but also enhances cell survival under oxidative stress conditions. The significant
improvement in cell viability and prevention of necrotic and apoptotic cell death pathways underscore the thera-
peutic potential of Micractinium sp. extracts in combating oxidative stress-related cellular damage.

These findings align with prior research indicating that microalgal extracts possess robust antioxidant proper-
ties and effectively alleviate oxidative stress in diverse cell lines'”?"*%. In a previous study, Bechelli et al. investi-
gated the cytotoxic effects of algae, including Dunaliella salina extracts, on normal hematopoietic and leukemia
cells by Annexin staining, demonstrating a significant reduction in cell viability induced by D. salina ethanolic
extracts®. Similarly, Karakas et al. demonstrated that the cytotoxic effects of extracts from Chlorella protothecoides
and Nannochloropsis oculate on human brain glioblastoma and colon colorectal carcinoma cell lines®. To the
best of our knowledge, the current study marks the first demonstration of in vitro cytoprotective activity in cell
extracts from a Micractinium species. Furthermore, while other studies have explored the cytotoxic effects of
various algae extracts on different cell lines, this study uniquely demonstrates the in vitro cytoprotective activity
of Micractinium species, opening avenues for further investigations into specific bioactive compounds.

The ability of Micractinium sp. extracts to modulate cell death pathways and enhance cellular viability in the
face of oxidative stress holds significant implications for biomedical applications. While our study provides valu-
able insights into the cytoprotective effects of Micractinium sp. extracts against H,O,-induced oxidative stress in
breast adenocarcinoma cells, several avenues for future research warrant exploration. Further elucidation of the
underlying molecular mechanisms governing the cytoprotective activity of Micractinium sp. extracts, including
their impact on apoptotic signaling pathways and cellular redox balance, is essential for fully harnessing their
therapeutic potential.

In addition to whole cell extracts, specific bioactive compounds derived from microalgae have been examined
for their antioxidant activity on cell lines. For instance, B-carotene extracted from D. salina strongly reduced
cell viability of prostate cancer cells?*. Another carotenoid, violaxanthin isolated from D. tertiolecta showed
anti-cancer activity on MCF-7 cells*>. Polyunsaturated fatty acids extracted from Nannochloropsis salina also
exhibited in vitro anti-proliferative effect on MCF-7 cells?>. While these studies highlight the potential of indi-
vidual compounds, the use of crude extracts is also important. Crude extracts contain a complex mixture of
various bioactive compounds that can work synergistically, potentially enhancing their overall antioxidant and
cytotoxic effects. This synergism can lead to a more effective mitigation of oxidative stress and inhibition of
cancer cell proliferation compared to isolated compounds. Therefore, exploring the bioactivity of crude extracts
provides a holistic understanding of their therapeutic potential and can uncover interactions that may be missed
when studying single compounds. Micractinium sp. contains a rich profile of fatty acids, which may collectively
contribute to its antioxidant activity.

The versatile characteristics of Micractinium sp., including its adaptability to both mixotrophic and hetero-
trophic conditions, wide temperature range (16-50 °C), and diverse biochemical composition, position it as
an ideal candidate for mass cultivation with promising applications in the nutraceutical and food industries.
Our study represents the first attempt to quantify specific phenolic compounds in a Micractinium species and
compare their concentrations under different cultivation methods. Significantly, the antioxidant-rich extracts
of Micractinium sp. exhibited a notable inhibitory effect on ROS production and apoptosis induced by H,0, in
MCE-7 cells. This discovery provides valuable insights into the relatively unexplored field of in vitro antioxidant
activity of green microalgae for potential biotechnological applications. Future investigations focusing on the
identification and characterization of specific bioactive compounds derived from Micractinium sp. can further
enhance our understanding of its antioxidant activity, both in vitro and in vivo, thus contributing to the advance-
ment of microalgal biotechnology.
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Conclusion

In this study, the evaluation of antioxidant activity in mixotrophically and heterotrophically grown Micrac-
tinium sp. cells using six different solvents for extraction has yielded significant insights. Among these solvents,
methanol emerged as particularly effective, with Micractinium sp. methanolic extracts demonstrating the highest
antioxidant activity. The notable reduction in oxidative stress and the observed cytoprotective effects on MCF-7
cells underscore the therapeutic potential of Micractinium sp., particularly in addressing oxidative stress-related
disorders.

A comprehensive comparative analysis revealed intriguing distinctions between mixotrophically and hetero-
trophically grown microalgal extracts. Overall, mixotrophic samples exhibited a superior antioxidant capacity,
accompanied by higher levels of total phenolics, flavonoids, and carotenoids. This suggests that the cultivation
method has a significant impact on the biochemical composition of Micractinium sp., influencing its potential
health-promoting attributes.

Specifically, mixotrophic samples displayed elevated concentrations of gallic acid and rutin, compounds
associated with various health benefits. In contrast, heterotrophic samples showcased substantial accumula-
tions of 4-hydroxy benzoic acid and cinnamic acid, indicating a distinct biochemical profile under these growth
conditions.

This study breaks new ground by quantifying the amounts of these phenolic compounds in a Micractinium
species for the first time. Moreover, it pioneers the documentation of the antioxidant and cytoprotective activi-
ties of Micractinium sp., expanding the understanding of its potential applications in microalgal biotechnology.

Future investigations could focus on the targeted extraction of specific bioactive compounds from Micrac-
tinium sp. This approach would allow for a more detailed exploration of the in vitro and in vivo antioxidant
activities, both in isolation and in conjunction with whole cell extracts. Such focused studies will undoubtedly
contribute to unraveling the therapeutic potential and specific health benefits associated with Micractinium sp.
MEDO5.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.
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