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Abstract.

Chlorella vulgaris is rich in secondary metabolites that defend against environmental stress and aid in detoxification. In particular,
bioactive compounds extracted from C. vulgaris may enhance the growth of microorganisms and detoxify them in an ethanolic
medium. We aimed to effectively extract and characterize bioactive compounds found in C. vulgaris and further test them for
their beneficial effects on the growth of Saccharomyces cerevisiae cultured in an ethanolic medium.

Bioactive compounds in C. vulgaris were extracted using ultrasound and water as solvents. The extracts were analyzed for
total phenol and flavonoid contents as part of their phytochemical composition. Their DPPH radical activity and Hydrogen
peroxide scavenging activity were examined to determine their antioxidant properties and protective potential for S. cerevisiae
in an ethanolic medium. Further, the extracts were added at 0.1, 0.5, 1, 2, 3, and 4% w/v concentrations into S. cerevisiae
culture induced with 1% v/v ethanol for 23 days. The yeast cells’ density and viability were measured after 2, 5,9, 13, 17,
and 23 days.

The extracts of C. vulgaris were rich in phenols and flavonoids, which are important bioactive compounds. Higher concen-
trations of the extracts increased total phenols up to 47.67 GAE mg/L and total flavonoids up to 218.67 QE mg/L. The extracts’
antioxidant composition showed high DPPH activity (70.12%) and H,O, scavenging activity (4.97%). After 23 days, the sam-
ples treated with C. vulgaris extracts maintained a high viability of the yeast cells. In particular, the samples with 2, 4, 0.1,
and 1% of the extract had a cell viability of 95.75, 94.04, 89.15, and 74%, respectively. The positive control (1% ethanol
alone) and negative control (yeast alone) had 47.71 and 21.01% viability, respectively. This drastic reduction in viability was
due to lysis of the yeast cells caused by ethanol.

Ultrasound extraction with water as a solvent produced abundant beneficial secondary metabolites from C. vulgaris. The
addition of C. vulgaris extract increased the viability and cell density of S. cerevisiae after 27 days, thereby protecting the
yeast cells from the toxic effects of ethanol.

Keywords. Chlorella vulgaris, phytochemicals, antioxidants, microalgae, yeast, ultrasound-assisted extraction, Saccharomyces
cerevisiae, viability, water extracts
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AHHOT anus.

Xinopemia 0OBIKHOBEHHAsI HMEET BBHICOKOE COAEpIKaHUE BTOPUIHBIX METabOIHUTOB, KOTOPHIE 3AMIMIAIOT OT BO3AECHCTBUSL
BHEIIHEH Cpeabl U CIOCOOCTBYIOT NETOKCUKAIMU. bHOaKTUBHBIE COeqUHEHHs, dKcTparupoBanubie u3 Chlorella vulgaris,
MOTYT YCHINBATh POCT MUKPOOPTaHU3MOB H JIE€TOKCUIMPOBATh X B CIUPTOBOH cpene. B 1aHHOM Hcclej0BaHUH OMUCATH
OHMOJIOrMYECKH aKTHBHbIE coelnHeHUs, oOHapyxeHHble B C. vulgaris, u ux BausHUE Ha pocT Saccharomyces cerevisiae,
KYJIbTUBUPYEMBIX B 9TaHOJIBHOH Cpelie.

BuoaktuHble coennHenus u3Biaekanuck u3 C. vulgaris Ipu OMOIIY YIbTPA3ByKa; B KAUECTBE PACTBOPUTEIIS IPUMEHSIACh
Boza. B skcTpakTax aHamu3upoBanu oduiee coaepikanue (eHoI0B U (HIaBOHOUIOB. AHTHOKCHIAHTHEIE CBOWCTBA M 3AIUTHEIH
TIOTEHIINAN [UISL S. cerevisiae B CMUPTOBON Cpelie H3ydaln Yepe3 paaukaabHyto akTuBHOCTH DI’ 1 akTHBHOCTE 1O y/IaJICHHIO
nepekucu Bogopoja. B reuenne 23 gueil skcTpakThl B KoHnenTpanusax 0,1, 0,5, 1, 2, 3 u 4 % mac./00. 1o6aBnsinu B KyIbTypy
S. cerevisiae, nHyIpoBaHHY0 1 % 00./00. 3Tanoa. [IMOTHOCTD M KHU3HECTIOCOOHOCTD APOMIKEBBIX KICTOK U3MEPSIH Yepes
2,5,9,13,17 u 23 aus.

DKCTPaKTHI XJIOPEUIBI OOBIKHOBEHHON OoraThl (heHOJNIAaMU M (IIABOHOMAAMHU, KOTOPBIE SBJISIOTCS BaXXHBIMU OMOJIOTHYECKU
AKTUBHBIMH COCAMHEHHUSIMU. BBICOKHE KOHIICHTPAIIUH YKCTPAKTOB YBEIHYHBAIH o0IIee KonmdecTBO (heHooB 110 47,67 GAE mr/m,
a obmee xonmmuecTBo (hraBoHOUAOB 10 218,67 QE Mr/n. AHTHOKCUZAHTHBIA COCTaB AKCTPAKTOB IOKa3all BEICOKYIO aKTHB-
nocts JIPIIT (70,12 %) u aktuBHOCTH 1O cBasbiBanuio H,0, (4,97 %). Uepes 23 nus oOpasubl, 00paboTaHHbBIE SKCTPAKTAMH
C. vulgaris, COXpaHsIIN BBICOKYIO JKU3HECIIOCOOHOCTH IPOOKEBBIX KineToK. OOpas3ibl, coaepxkamue 2, 4, 0,1 n 1 % skcrpakra,
MPOJIEMOHCTPUPOBAIIHN )KU3HECITOCOOHOCTh KIETOK B 00beme 95,75, 94,04, 89,15 u 74 % cooTBeTcTBEHHO. [1070KUTEIBHBIH
KOHTPOJb (1 % 3TaHOI) U OTPULIATEIBHEIH KOHTPOIb (JPOKKH) UMEIH x)u3HecrmocooHocTs 47,71 1 21,01 % coOTBETCTBEHHO.
Takoe cHMKEHHE )KU3HECITOCOOHOCTH MPOU3O0IIIO0 U3-3a JIN3HCA JIPOMIKEBBIX KJIIETOK, BEI3BAHHOTO 3TAHOJIOM.

VY npTpa3BykoBas 9KCTPAKIUs C BOJOH B KaUeCTBE PACTBOPHUTEIS IPHUBEIa K 00pa30BaHUIO OOMIBHBIX MOJIE3HBIX BTOPHUHBIX
metabonutoB C. vulgaris. JlobaBnenue sxkcrpakta C. vulgaris Ha IPOTSIKEHUH 27 THEH MOBBICUIIO KU3HECIOCOOHOCTh U
IJIOTHOCTH KJIETOK S. cerevisiae, 4TO 3alIMIIANO0 APOXKIKEBbIE KJIETKH OT TOKCHUYECKOT0 BO3AeHCTBUS 3TaHOIA.

KunroueBsie cinoBa. Chlorella vulgaris, GuToxuMudecKye BEIIECTBA, aHTHOKCHIAHTBI, MUKPOBOJOPOCIIH, IPOOKH, YIbTPa3ByKOBas
9KCTpakuus, Saccharomyces cerevisiae, )XU3HECIIOCOOHOCTh, BOJAHBIE SKCTPAKTHI

Juas uutupoBanus: OxeuykBy K. H. Biusane ¢puroxummuyueckoro n aHTHOKCHAAHTHOTO COCTaBOB HEOOPaOOTAHHBIX BOTHBIX
akctpakToB Chlorella vulgaris ua poct Saccharomyces cerevisiae B ciupToBoii cpene // TeXHUKa M TEXHOJOTHUS MHULIEBBIX
npousBoacTB. 2024. T. 54. Ne 2. C. 298-309. (Ha anrun.). https://doi.org/10.21603/2074-9414-2024-2-2509

Introduction formation in organisms and prevent oxidative damage,

Microalgae, or microscopic algae, are unicellular while detoxicants remove harmful substances from heavy
photosynthetic organisms that can grow in diverse envi-  metals and prevent oxidative stress [4].
ronmental conditions, including deserts, polar regions, as Chlorella vulgaris, a unicellular green microalga of
well as marine and freshwater reserves [1]. They contain the genus C. vulgaris, is one of the most popular photo-
considerable amounts of carbohydrates, lipids, proteins, synthetic protists distributed in diverse terrestrial, fresh-
and secondary metabolites, including phytochemicals, water, and marine habitats [5]. This microscopic (2—
pigments, antioxidants, and detoxicants [2]. These com- 15 pum in diameter) non-mobile green alga is a solitary
ponents serve as defense mechanisms during growth [3]. and high-performing producer when compared to both
For example, antioxidant molecules regulate free radical aquatic and terrestrial systems. It has gained widespread
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use as a food supplement in various countries of the
world [6, 7]. C. vulgaris contains various nutrients, inclu-
ding carotenes, protein, fiber, vitamins, minerals, nu-
cleic acids, polysaccharides, chlorophyll, dietary antioxi-
dants, chlorella growth factor, and bioactive peptide [8].
Since it can tolerate several heavy metals and metalloids,
this microalga has been extensively used in Japan for
detoxification purposes. Considered a most effective
detoxifying agent, C. vulgaris is capable of binding and
removing alcohol from the liver. Also, it can remove
heavy metals (cadmium and mercury), certain pesticides,
herbicides, and polychlorobiphenyls from the tissues of
the human body [9, 10]. Its detoxification capability is at-
tributed to its unique cell composition and the presence
of metal-chelating compounds such as phytochelatin
and metallothionein [9, 10]. In addition, the compounds
extracted from C. vulgaris have functional benefits in
food biotechnology (such as improving beer functio-
nal properties) and in microbial biotechnology (such
as enhancing microbial growth and fermentation).
Fermentation is an important process in food pro-
duction. In alcoholic fermentation, yeast transforms fer-
mentable sugars in wort into ethanol, volatile organic
compounds, and other metabolites. Saccharomyces ce-
revisiae is a yeast that is traditionally used to produce
beer, wine and other higher alcohols, as well as bioetha-
nol. However, ethanol buildup caused by the conver-
sion of fermentable sugars harms the performance/effi-
ciency of the yeast cells, as well as their viability and
vitality [11]. Ethanol is known to inhibit the growth of
microorganisms by dissolving their membrane lipid bila-
yer and denaturing their proteins [12]. There has been ex-
tensive research to enhance the fermentative properties
of the yeast and protect its cells from the toxic effects
of ethanol buildup. Studies have shown that ethanol da-
mages the mitochondrial DNA in the yeast cells and
inactivates some of the enzymes such as hexokinase and
dehydrogenase [13]. S. cerevisiae generally cannot tole-
rate an environment with more than 10-11% ethanol.
Higher concentrations of ethanol during fermentation
reduce the yeast’s effectiveness in fermenting sugars and
limit fermentation productivity and ethanol yield [14].
However, certain types of yeasts can withstand higher
concentrations of ethanol, which is evident in some spe-
cialist brews. Cost-effective ethanol fermentation de-
pends on, among other factors, rapid and high-yielding
conversion of carbohydrates to ethanol. This, in its turn,
entirely depends on the survival and performance of yeast
cells under industrial conditions [15]. Monitoring yeast
survival and performance, as well as yeast cell viability
and vitality (the physiological state of viable cells), is a
critical factor in alcoholic fermentation. Effective bre-
wery fermentation requires appropriate conditions for
maintaining yeast vitality and producing high-quality
beer [11]. Understanding the impact of ethanol toxicity
on S. cerevisiae and its cells’ response to ethanol stress
is a key factor in optimizing fermentation productivity
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and maximizing ethanol production without affecting the
yeast fermentation activity [11]. This can be achieved
through developing approaches to improve the ethanol
tolerance of the yeast cells during fermentation, including
the use of secondary metabolites such as antioxidants
and detoxicants from microalgae.

Many studies have investigated the beneficial effects
of lactic acid bacteria and other prebiotics on the growth
of microorganisms and preventing oxidative damage.
However, fewer studies have looked into the detoxication
capabilities of C. vulgaris. In our previous study, C. vul-
garis biomass enhanced the growth and survival of S. ce-
revisiae cultured in an ethanolic medium for 5 days [13].
Further, chlorella extracts improved the viability of the
yeast cultured in a liquid ethanol-free medium [6]. We
are yet to understand what effects the extracts from chlo-
rella would have on a long-term culture of yeasts in an
ethanolic medium. Also, these compounds are produced
as secondary metabolites in response to environmental
factors and may not be easily accessible for the rigid
cell wall. For this reason, it is important to understand
not only how selective an extraction process is but also
how it may affect the composition of bioactive compo-
unds. Therefore, we aimed to identify an effective and op-
timal method for extracting phytochemicals from C. vul-
garis, characterize them for their antioxidant properties,
and test their protective effects on yeasts cultured in
ethanolic media.

Study objects and methods

Materials and chemicals. Food-grade Chlorella
vulgaris biomass was obtained from Zhengzhou Sigma
Chemical Co., Ltd. (Zhengzhou, China). Wyeast 1272
American Ale II yeast (Wyeast Laboratories, OR, USA)
was provided by Beersfan microbrewery (Y ekaterinburg,
Russia). Sabouraud growth medium was purchased from
the State Research Center for Applied Microbiology
(Obolensk, Russia). Ethanol and methanol were purcha-
sed from Rosbio (St. Petersburg, Russia). Anhydrous
gallic acid (anhydrous), Folin-Ciocalteu solution, and
2,2-diphenyl-1-picrylhydrazyl (DPPH) were obtained
from Sigma-Aldrich (Darmstadt, Germany). Sodium
carbonate (Na,CO,), sodium hydroxide (NaOH), alumi-
num nitrite (AI(NO,),), and sodium nitrite (NaNO,) were
sourced from Bashkir Soda Company (Ufa, Bashkor-
tostan, Russia). Quercetin was purchased from Cons-
cientia Industrial Co., Ltd. (Zhejiang, China). All the
chemicals used were of analytical grade.

Water extraction of C. vulgaris. Bioactive compo-
unds of C. vulgaris were extracted using an ultrasonic
extractor with distilled water as a solvent, as previously
described [6]. Briefly, the C. vulgaris biomass (1 g) was
measured in a beaker containing water (10 mL). The
beaker was placed on an ultrasonic-assisted extractor
(Elma, Schmidbauer GmbH, Germany) and sonicated
at 30°C, 37 kHz, 60% power for 30 min. After sonica-
tion, all the samples were mixed and centrifuged with an
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IEC-CL Multispeed centrifuge (Rotoflox 32A, Hettich,
Tuttlingen, Germany) at 6000 rpm for 10 min, and the
supernatant was transferred into a clean sterilized bea-
ker. The solvent (water) was evaporated using an IKA
Rv8 rotary evaporator (IKA Werke GmbH and Co. KG,
Staufen, Germany) until a viscous C. vulgaris water ex-
tract was obtained and stored at —18°C until further use.
The extraction yield, %, was calculated as follows:

Weight of extract after evaporation
Weight of the dry sample

Extraction yield ={ } %100 (1)
Phytochemical analysis. Determination of total
Pphenolic content. The total phenolic content of the C. vul-
garis water extracts (CWE) was determined according
to a previously described method with slight modifica-
tions [16]. Briefly, diluted CWE samples (0.25 mL) with-
out pretreatment, CWE, and standard gallic acid (0, 50,
100, 150, 250, and 500 mg/L) were pipetted into assay
tubes. Folin-Ciocalteu solution (0.5 mL) and distilled wa-
ter (5.5 mL) were mixed and homogenized. The mixture
was allowed to incubate for 5 min, and 1 mL of Na,CO,
(20%) solution was added. The assay tubes were further
incubated at 20°C for 2 h. Absorbance was measured
at 765 nm against a blank (distilled water) using a Shi-
madzu UV-1800 spectrophotometer (Kyoto, Japan). The
total phenolic content was calculated from the standard
curve of gallic acid (y = 0.0038x + 0.0487, R* = 0.9982),
and the results were expressed as milligrams of gallic
acid equivalents per liter of CWE (GAE mg/L).
Determination of total flavonoid content. The total
flavonoid content of the C. vulgaris water extracts was
determined based on a modified nano2-Al (NO,),-NaOH
colorimetric procedure, as previously described [17].
Briefly, 1 mL of the extract was mixed with 4 mL of
30% ethanol and 0.3 mL of nano2 (5%, w/v). After 5 min,
the mixture was reacted with 0.3 mL of AI(NO,), (10%,
w/v) for 6 min. Then, 4 mL of 1 M NaOH was added, and
the mixture was adjusted to 10 mL with 0.4 mL of 30%

Ao (Without CWE ) — A

ethanol. After incubation at room temperature for 10 min,
absorbance was measured at 510 nm. The AI(NO,), and
NaOH solutions were substituted with the same amount
of 30% ethanol in the blank. The total flavonoid content
of the samples was expressed as quercetin equivalents,
and the calibration curve ranged from 0 to 500 pg/mL.
Antioxidant activity. In vitro DPPH antioxidant
activity. In vitro antioxidant activity was determined
by the 2,2-diphenyl-1-picrylhydrazyl (DPPH) method,
as previously described [18, 19]. Two milliliters of the
C. vulgaris water extract (CWE) (1:10 dilution) was mi-
xed with 0.1 mm DPPH methanol solution (2 mL). Simi-
larly, control samples were prepared by mixing ethanol
(2 mL) and 0.1 mm DPPH methanol solution (2 mL). The
mixture was incubated in the dark for 30 min at room
temperature. Absorbance was measured at 515 nm using
a Shimadzu UV-1800 spectrophotometer (Kyoto, Japan).
DPPH antioxidant activity was calculated as follows:

control sample

% Inhibition = x100 2)

control
where A is the absorbance of control; A_
absorbance of sample.

Hydrogen peroxide (H,0,) scavenging activity. The
hydrogen peroxide scavenging capacity of the C. vulgaris
water extracts (CWE) was assayed according to the me-
thod described by, with slight modifications [20]. Briefly,
an H,0, solution (43 mm) was prepared in a 1 M phos-
phate buffer (pH 7.4). An aliquot (3 mL) of the diluted
CWE samples (50 times) was transferred into separate
test tubes, and H,O, solution (1 mL) was added. The
reaction mixture was incubated for 10 min at room tem-
perature. After incubation, absorbance was measured
using a Shimadzu UV-1800 spectrophotometer (Kyoto,
Japan) at 230 nm against a blank solution (phosphate
buffer only). The experiment was performed in triplicate.
The percentage of hydrogen peroxide scavenging of the
CWE samples was estimated as follows:

is the
ple

sample

% H,0, scavenging activity = {

where A is the absorbance of control; Asample is the
absorbance of sample; A (without CWE) is the ab-
sorbance of control (without CWE).

Identification of individual phenols. The samples
were analyzed using high-performance liquid chromatog-
raphy on an Agilent 1290 Infinity II liquid chromatograph
coupled to an Agilent 6545 Q-TOF LC/MS quadrupole
time-of-flight mass spectrometer. Chromatographic se-
paration was performed on a Zorbax Eclipse Plus C18
RRHD column with dimensions of 2.1 mm x 50 mm
x 1.8 um (959757-902, Agilent Technologies), additi-
onally protected by a pre-column with dimensions of
2.1 mm X 5 mm x 1.8 pm. The mobile phase consisted
of a mixture of a 0.1% (v/v) solution of formic acid in
water (solvent A) and a 0.1% solution of formic acid
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x100 3)

A

control

in acetonitrile (solvent B). Chromatographic separation
was performed in a gradient mode with a linear change
in the content of eluent B in the mobile phase from
5 to 100 vol.% for 15 min. Then, the final content of
eluent B was maintained for 2 min. The flow rate was
0.4 mL/min. The temperature of the column thermostat
was set at 35°C. The prepared solution was injected in
a volume of 1 uL. A quadrupole time-of-flight detector
was used with an electrospray ionization source in the
negativeion detection mode. The scan range (m/z) was
100-1700 in the MS mode and 30-500 in the MS/MS
mode. Spectra from the MS/MS experiments were ob-
tained due to thecollision-induced dissociation (DIS)
with nitrogen molecules at a collision energy of 20 eV.
The device was automatically adjusted using standard
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calibration solutions recommended by the device manu-
facturer. Preliminary identification of the compounds
was carried out by determining their elemental compo-
sitions (gross formulas) and comparing the DIS spectra
obtained during the MS/MS experiments with literature
data and spectral libraries.

Protective effect of C. vulgaris extracts on the growth
of Saccharomyces cerevisiae. S. cerevisiae culture and
growth. Precultured S. cerevisiae cells were inoculated
(1x10° cells/mL) in Sabouraud medium (100 mL) sup-
plemented with 0.1, 0.5, 1, 2, 3, and 4% w/v C. vulgaris
extracts (coded YEC 1-6 respectively) in 250 mL Erlen-
meyer flasks, and ethanol was added to the cultures at a
final volume of 5% v/v. Similarly, the ethanol (5% v/v)-
supplemented cultures served as a positive control, the
cultures in the media alone, without treatment, served
as a negative control, and the cultures treated with only
0.1% w/v C. vulgaris extract served as a normal control.
All the samples were transferred into a rotary shaker at
160 rpm and incubated at 26°C for 23 days. Aliquots from
the samples were collected from the media on days 2, 5,
9,13, 17, and 23 to check for yeast viability.

S. cerevisiae growth and viability quantification.
S. cerevisiae cell numbers were determined using a Nikon
labophot-2 light microscope (x400 magnification) with
methylene blue staining. The numbers of viable yeast cells
were calculated by pipetting 1 mL of the yeast suspen-
sion into 9 mL of water. The diluted suspension (1 mL)
was mixed with methylene blue stain (1:1 ratio) and allo-
wed to rest for 1 min in a 2 mL microcentrifuge tube. The
sample (10 uL) was then transferred to a hemocytometer
slide (Goryaev chamber) using a pipette and examined
under a microscope. The yeast count (million cells/mL
viable cells) was determined by counting five small squa-
res (each consisting of 16 smaller cells) from a total of
25 squares. The cell density, cells/mL, and yeast viability,
%, were calculated using the following Eqgs. (4)—(5):

ax10®x n
h xS

where M is the number of cells in 1 mL of suspension;
a is the average number of cells in a square grid; 10% is
the conversion factor mm?® to mL; n is the dilution factor
of the suspension used; /4 is the depth of the chamber,
mm; and S is the area of the grid square, mm?,

(Ccells -

Cell density M = 4

Cdead cells ) x 100

cells
where C_ is the total counted cells; C
total counted dead cells.

Statistical analysis. The data generated from tripli-
cate measurements were subjected to analysis of variance
(ANOVA) and significant (p < 0.05) means were separa-
ted with Tukey’s test using Minitab 21 (Minitab Ltd., Co-
ventry, UK). Microsoft Excel was used in plotting the line
graph to show the progression of the cells over time. The
results were presented as mean =+ standard deviation (SD).

Yeast viability = (%)

is the s

dead cells
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Results and discussion

Extraction yield. To obtain functional compounds
from Chlorella vulgaris, ultrasound-assisted extraction
was employed with water used as a solvent to maximize
the extract content. Ultrasound-assisted extraction uses
ultrasonic waves to extract compounds from the compo-
und matrix through the cavitation phenomenon, which
allows the solute to diffuse into the solvent. In our study,
0.67 g of nutraceutical compounds was extracted from
C. vulgaris, with a yield of 67%. Kitada et al. performed
hydrothermal extraction in a semi-batch and batch-type
extractor (120-200°C, 2—10 mPa, 30-300 min) and con-
ventional hot-water extraction (95-100°C, 25 min) [21].
They observed that the extraction yield increased sig-
nificantly with increasing temperature and extraction
time. Furthermore, hot-water extraction had the lowest
yield at both temperatures and a lower extraction time
of 30 min [21]. However, Plaza et al., who performed
pressurized liquid extraction, reported much higher ex-
traction yields than those obtained by ultrasound-assisted
extraction, when water and higher temperatures were
employed [5]. According to both results, microalgae re-
quire medium-high polar solvents to extract bioactive
compounds, as C. vulgaris is mostly composed of me-
dium-to-high-polarity compounds [5]. Higher tempera-
ture resulted in an increase in the ion product of water,
which enhanced the ability of water to penetrate C. vulga-
ris and extract its extractable components. However, high
temperature can also cause extractable components to
decompose into carbon, which reduces the yield [21].

Bioactive compounds from C. vulgaris biomass can
be potentially used as functional food supplements or
to improve microbial growth [7, 22, 23]. C. vulgaris has
rigid cell walls which are difficult to break down. As
a result, extracting intracellular components becomes
a challenge and a costly operation [5]. Therefore, for
efficient extraction, cell lysis must be achieved before
other fractionation procedures. Some of the best meth-
ods to lyse the cell walls include mechanical agitation
using ultrasonic sounds, high-pressure homogenizers,
bead mills, etc. [24]. Other methods include thermal, en-
zymatic, chemical, and osmotic shock treatments. None-
theless, the quality of the target molecules is likely to
be different compared to the cell disruption method [25].

Phytochemical composition and antioxidant pro-
perties. The phytochemical composition and antioxi-
dant properties of C. vulgaris extract are shown in Tab-
les 1 and 2, respectively. Based on our previous studies,
we established concentrations of C. vulgaris biomass
which had beneficial effects on yeast growth and beer [6,
13, 26]. This study showed that higher concentrations
caused an increase in both phytochemical composition
and antioxidant activity.

As can be seen in Table 1, the CWE3 sample (5 g/L
C. vulgaris extract) had the highest total phenol con-
tent and total flavonoid content (47.67 mg GAE/L and
218.67 mg QE/L, respectively). These contents were
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Table 1. Phytochemical properties of Chlorella vulgaris
extracts

Tabnuna 1. ®UTOXMMHUYECKUE CBOWCTBA 9KCTPAKTOB XJIOPEILIbI
obsikHOBeHHOU (Chlorella vulgaris)

Samples | Total phenol content, | Total flavonoid content,
mg GAE/L mg QE/L
CWEI1 4.60 +0.06¢ 30.81+17.85¢
CWE2 11.66 = 0.74° 272.10 +27.95°
CWE3 47.67 +1.05° 218.67 +17.51°

The results represent the mean + SD of triplicate measurements.
The means with different letters in each column denote significant
differences (p < 0.05) using Tukey’s test, where CWE is the C. vulgaris
extract wort (CWE1 = 0.5 g/L C. vulgaris extract, CWE2 =1 g/L
C. vulgaris extract, CWE3 = 5g/L C. vulgaris extract).

PesynbraTel npencraBisiiorT coboit cpeanee 3Hauenue + SD Tpex-
KpaTHBIX n3Mepenuii. CpeiHue 3HaYCHHs B OJHOM CTOJOIE ¢ pa3-
HBIMH OYKBCHHBIMH OO0O3HAUEHHUSMH MapKHUPYIOT IOCTOBEPHEIC
paznuuus (p < 0,05) ¢ ucnonb3oBanuem kpurepus Trroku, rie CWE —
akctpakt cycna C. vulgaris (CWE1 = 0,5 r/n skerpaxra C. vulgaris,
CWE2 =1 r/n skctpakra C. vulgaris, CWE3 =5 r/n skcrpaxra
C. vulgaris).

Table 2. Antioxidant activities of Chlorella vulgaris
extracts

Tabnuua 2. AHTHOKCHAHTHAS aKTUBHOCTB YKCTPAKTOB XJIOPEJUIbI
obsikHOBeHHOU (Chlorella vulgaris)

Samples DPPH Antioxidant H,0O, Scavenging

activity, % activity, %
CWEI1 47.30 + 0.64¢ 2.24 +0.05¢
CWE2 50.45 £+ 0.64¢ 425+0.11°
CWE3 70.12 + 1.49° 4.97 +0.05°
ASA1 96.40 + 0.00? 3.72+0.21°
ASA2 95.35+ 1.06° 5.01 £0.00°
ASA3 96.40 + 0.00° 5.09+0.11°

The results represent the mean + SD of triplicate measurements. The
means with different letters in each column denote significant differ-
ences (p < 0.05) using the Tukey’s test, where CWE is the C. vulgaris
extract wort (CWEL =0.5 g/L C. vulgaris extract, CWE2 =1 g/L
C. vulgaris extract, CWE3 =5 g/L C. vulgaris extract, ASA1 =0.5 g/L
ascorbic acid, ASA2 =1 g/L ascorbic acid, ASA3 =5 g/L ascorbic
acid).

PesynbraThl mpencTaBisiioT co0oit cpennee 3HaueHue £ SD Tpex-
KpaTHbIX u3MepeHuit. CpeaHue 3HAYCHHS B OZHOM CTONOIE ¢
pa3HBIMH OYKBEHHBIMU 0003HAYCHUSIMI MapKUPYIOT JOCTOBEPHEIE
pasnuuust (p < 0,05) ¢ ucnonbzoBanuem kputepus Trroku, raie CWE —
akctpakt cycna C. vulgaris (CWE1 = 0,5 r/n akcrpaxra C. vulgaris,
CWE2 =1 r/n skcrpakra C. vulgaris, CWE3 =5 r/n skcrpakra
C. vulgaris, ASA1 = 0,5 r/n ackopOounoBoii kucinorsl, ASA2 = 1 r/n
aCKOpOMHOBOW KUCIOTHI, ASA3 = 5 r/1 acKOpOMHOBO# KHCIOTHI).

both significantly different (p < 0.05) from those in the
samples CWE1 and CWE 2 (0.5 and 1 g/L C. vulgaris
extracts, respectively).

According to Table 2, the antioxidant properties of
the extracts increased with higher concentrations. Ascor-
bic acid, which is a natural antioxidant, was used as a
reference standard. The ascorbic acid standard showed
significantly higher DPPH scavenging activity in the
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samples ASA1, ASA2, and ASA3 (0.5, 1, and 5 g/L ascor-
bic acid, respectively) at 96.40, 95.35, and 96.40%, re-
spectively. All of these percentages were statistically sig-
nificant (p < 0.05) compared to those for the C. vulgaris
extracts (47.30, 50.45, and 70.12% for CWE1, CWE2,
and CWE3, respectively). Likewise, higher concentra-
tions of the ascorbic acid standard showed higher H,O,
scavenging activity (5.01 and 5.09% for ASA2 and ASA3,
respectively), but the difference was not statistically signi-
ficant (p > 0.05) from CWE3 (4.97%). CWEI had the
lowest H,O, scavenging activity (2.24%) and was signi-
ficantly different (p < 0.05) from the other samples.

Our study showed that C. vulgaris extracts contain
considerable amounts of phytochemicals and antioxidant
compounds due to the presence of hydrophilic molecules
in the water extract. Free radicals can be neutralized
or stabilized by antioxidants before they damage biolo-
gical cells. Antioxidants can either create stable compo-
unds by combining with other radicals or be absorbed by
other antioxidants if they are unable to initiate a chain
reaction [27]. Our findings are in line with the work of
Dantas et al., who recorded higher total phenol content
and total flavonoid content values (3.34 and 1.48 mg/mL,
respectively) of the water extracts from C. vulgaris when
compared to other solvents [27]. Vieira ef al. recorded a
total phenol content of 114.32 mg/100 g dried biomass
of C. vulgaris extracted with a solvent mixture of metha-
nol, water, acetic acid, and ascorbic acid [28]. Likewise,
Dantas et al. found that C. vulgaris water extracts had
68.5% DPPH inhibition when compared to other solvents,
which is consistent with our results [27].

Several techniques have been recently created to as-
sess the overall antioxidant activity of bioactive com-
pounds. Measuring each antioxidant independently is
comparatively challenging since crude extracts contain
a variety of antioxidant components [29, 30]. Due to
their ability to prevent product oxidation, free radical
scavenging with DPPH is frequently employed as a mea-
sure of antioxidant activity [30, 31]. Hydrogen peroxide
(H,0,) in excess amounts can be harmful to cells [32].
This damage increases as free radicals are combined
with Fe™, generating hydroxyl radicals through the Fen-
ton reaction, which involves lipid peroxidase [33]. The
scavenging of hydrogen peroxide may be associated
mostly with the phenolic compounds which can con-
tribute electrons to hydrogen peroxide, thus neutralizing
it into water.

Phenolic composition. High-performance liquid chro-
matography-mass spectrometry (HPLC/MS) was used to
detect and identify bioactive compounds in the C. vulga-
ris extracts (Fig. 1). Exact mass measurements of pseudo-
molecular ions in the analytes performed with a time-of-
flight mass spectrometer enabled us to determine molec-
ular formulas. Of 36 compounds identified in the extracts
with HPLC/MS, only 6 could be characterized using the
mass spectra database (Table 3). They include hydroxy-
cinnamic acids, flavan-3-ol, flavanol, and benzoic acids.
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Figure 1. HPLC/MS chromatogram for Chlorella vulgaris extracts

Pucynoxk 1. Xpomarorpamma BOXX/MC skctpaxtoB Chlorella vulgaris

Table 3. Phenolic compounds identified
in Chlorella vulgaris extracts

Tabnuna 3. deHONBHBIC COSINHECHUS B OKCTPAKTaX
Chlorella vulgaris

Mass, m/z Name Formula
182.0576 4-Hydroxyphenyllactic acid CH, 0,
290.0785 Epicatechin C.H 0O,
164.0472 Coumaric acid C,H,0,
154.0264 2,6-Dihydroxybenzoic acid CHO,
194.0577 (E)-Ferulic acid C,H,0,
302.0424 Quercetin C.H,0O,

Some of our results are consistent with those in several
other studies that characterized phenols in microalgae.
For example, Bhuvana et al. identified different phe-
nolic acids and flavonoids using HPLC in methanolic
extracts of C. vulgaris, including chlorogenic and caf-
feic acids, hydroxycinamic acid derivative, quercetin
pentosidehexoside, quercetin-7-o-hexoside3-o-hexoside,
and luteolin 7-Orutinoside [34]. Goiris reported the pre-
sence of hydroxycinnamic (ferulic and p-coumaric) acids,
while another study identified caffeic, ferulic, and p-cou-
maric acids in C. vulgaris [35, 36]. Similarly, Vieira ef al.
identified mostly flavan-3-ols in C. vulgaris using ultra-
performance liquid chromatography [28]. C. vulgaris
contains a lot of phytochemicals with antioxidant and
antimicrobial properties. Their types and amounts may
depend on the species and the solvent/extraction tech-
nique employed, as well as on the growth parameters
and environmental factors [28].

Phenols are a big family of phytochemicals with a
wide range of chemical variations. Studies indicate that
their benefits to human health and the food industry are
mainly due to their antioxidant activity, as well as some
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biological features. Liu and Chen found that astaxanthin,
a carotenoid isolated from Chlorella zofingiensis, has
potential to protect organisms against a wide range of
diseases, with promising applications in healthcare [37].
For example, ProTec Ingredia created a commercial pro-
duct based on C. vulgaris extract which stimulates the
synthesis of collagen in the skin, regenerating tissues
and slowing down aging [38].

Effects of C. vulgaris extracts on the viability of
S. cerevisiae in an ethanolic medium. Morphology
of cultured S. cerevisiae. To determine the effects of
C. vulgaris extracts on S. cerevisiae, we analyzed the phy-
sical appearance (shape, size, and dispersion) of their
cells under the microscope after 2 and 23 days of storage
(Figs. 1 and 2, respectively). The S. cerevisiae cells were
big and either clustered together or dispersed, except
for the sample with 0.1% of the extract which was small
and dispersed. However, we cannot explain the reason
behind their size and dispersion. Investigating the cells’
viability, we noticed that they had a rapid division rate
in the samples with the C. vulgaris extract, as compared
to the normal and negative control samples.

The growth and viability of S. cerevisiae cells. To
quantify the effect of C. vulgaris extracts on the cell
growth of S. cerevisiae in an ethanolic medium, we det-
ermined the viability and density of the S. cerevisiae cells
(Fig. 3a and b, respectively). After 2 days of culturing,
the viability of the negative (YA) and positive (YE) con-
trols reduced to 93.36 and 61.11%, respectively. All the
C. vulgaris-treated samples showed 100% cell viability,
except for the YEC1 sample with 96.69% viability on
the 2nd day of storage. The viability of the S. cerevisiae
cells was still high in the treated samples after 23 days
of storage. The YEC4 sample had the highest viability
of 95.75%, followed by YEC6 and YEC1 (94.04 and
89.15%, respectively), and YEC3 with the lowest viability
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Figure 2. Morphology of yeasts under different extract conditions after (a) 2 days, (b) 23 days of storage, where 1:
yeast alone; 2: yeast + 1% ethanol; 3: yeast + 0.1% Chlorella vulgaris, 4: yeast + 0.1% Chlorella vulgaris + 1% ethanol;
5: yeast + 0.5% Chlorella vulgaris + 1% ethanol; 6: yeast + 1% Chlorella vulgaris + 1% ethanol; 7: yeast + 2% Chlorella

vulgaris + 1% ethanol; 8: yeast + 3% Chlorella vulgaris + 1% ethanol; 9: yeast + 4% Chlorella vulgaris + 1% ethanol

Pucynok 2. Mopdonorus apoxokeil B pa3lIHuHbIX yCIOBUSIX dKCTparupoBanus mnocine (a) 2 cytok, (b) 23 cyrok xpanenus, rae 1 —
TOJIBKO JPOXKIKH; 2 — ipoxku + 1 % stanona; 3 — apoxoku + 0,1 % xnopeuisl 00bIKHOBEHHOI; 4 — npoxoku + 0,1 % Xmopes
00bIKHOBeHHOHU + 1 % nTanomna; 5 — gposkku + 0,5 % xmopesnsl 00bIKHOBEHHOH + 1 % sTanona; 6 — aposxoku + 1 % Xmopenis

00BIKHOBEHHOM + 1 % 3TaHona; 7 — 1poxku + 2 % Xaopesasl 00bIkHOBeHHOH + 1 % sTanona; 8 — aposxoku + 3 % Xjiopeuisl
OOBIKHOBEHHOMU + 1 % sTanona; 9 — qposxku + 4 % Xiopeiisl 00bIKHOBEHHOIT + 1 % 3TaHona
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Figure 3. Yeast growth based on (a) cell viability and (b) density across the treated samples compared to the control.
The results are mean + SD of six measurements, where YA: yeast alone; YE: yeast + 1% ethanol; YEC: yeast + 0.1%
Chlorella vulgaris; YEC1: yeast + 0.1% Chlorella vulgaris + 1% ethanol; YEC2: yeast + 0.5% Chlorella vulgaris + 1%
ethanol; YEC3: yeast + 1% Chlorella vulgaris + 1% cthanol; YEC4: yeast + 2% Chlorella vulgaris + 1% ethanol; YECS:
yeast + 3% Chlorella vulgaris + 1% ethanol; YEC6: yeast + 4% Chlorella vulgaris + 1% ethanol

Pucynok 3. Poct aposokeit Ha ocHOBE (@) )KH3HECTIOCOOHOCTH KiIeTOK U (b) MI0THOCTH B 00paboTaHHBIX 00pa3iax Mo CpaBHEHHIO C
KOHTpOJIEM. Pe3ynbTaTsl IpecTaBIsAIOT co00M CpeaHee 3HaUCHHE + CTaHJAapTHOE OTKIOHEHUE IEeCTH U3MepeHuil, rae YA — TOIbKO
aposxokn; YE — apoxoku + 1 % stanona; YEC — apoxoku + 0,1 % xmopennsl oobixkHoBeHHOH; YEC1 — npoxoku + 0,1 % xmopernnst
00bIKHOBEHHOH + 1 % sTanona; YEC2 — npoxoku + 0,5 % xiopemsl 00bikHOBeHHOH + 1 % 3tanona; YEC3 — npoxokn + 1 % Xinopesuist
0OBIKHOBEHHOH + 1 % sTanona; YEC4 — npoxoku + 2 % xmopeiutsl o0blkHOBeHHOU + 1 % sranomna; YECS — nppoxoxu + 3 % XI0pesmist
o0pikHOBeHHOU + 1 % nTanona; YEC6 — npoxoxu + 4 % xmopeiisl 00bIKHOBEHHOHU + 1 % sTaHona

of 74%. The positive (YA) and negative (YA) controls
had 47.71 and 21.01% viability, respectively. This drastic
reduction in viability was due to lysis of the yeast cells
caused by ethanol.

The cell density followed a similar upward trend with
the addition of C. vulgaris extracts (Fig. 3b). The nega-
tive (YA) and positive (YE) controls had cell densities
of 30 and 11x10°cells/mL, respectively, on the 2nd day
of storage. Their cell densities gradually increased until
day 13 to mark a lag phase (66.5 and 28.5x10°cells/mL
for YA and YE, respectively). On day 17, both controls
showed a marked decrease in the cell density (from 50
and 17.5x10¢cells/mL for YA and YE, respectively). By
day 23, they entered a death phase (26 and 1x10°cells/mL
for YA and YE, respectively). Among the extract-treated
samples, YEC1 maintained a higher cell density than
the others.

Although ethanol is a final product of anaerobic fer-
mentation of sugars by S. cerevisiae, it is toxic to yeast
cells. Moreover, ethanol induces stress responses such
as the expression of heat shock proteins and the accu-
mulation of trehalose [39]. Cell death is the most ob-
vious irreversible effect of ethanol on yeast. The cell
density is an aggregate of total yeast cells (both living
and dead), whereas the cell viability is a percentage of
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viable yeast cells in the medium. We observed the viabi-
lity of the yeast culture in a Sabura medium for 23 days
by comparing the percentages of living and dead cells.
We also calculated the cell density (cells/mL) at daily
intervals to determine how the cells multiply.

Kubota ef al. showed how different concentrations
of ethanol reduced cell viability within 6 h during the
log phase of cell growth [40]. The bioactive compounds
(phytochemicals) from the dry C. vulgaris have impor-
tant characteristics that enhance yeast viability. In our
study, different concentrations of C. vulgaris extract gre-
atly extended the mean chronological life span of the
yeast cultured in ethanolic media (Fig. 3a and b). The
mean lifespan is directly proportional to the survival rates
of organisms in a population during the development
and maturity stages of organismal aging. It is also likely
to be affected by certain extrinsic (environmental) fac-
tors [41, 42]. From this, we can assume that the extracts
decrease the extrinsic rate of yeast chronological aging
before the cells enter quiescence or senescence. The
maximum lifespan is referred to a “healthy” life period
during the quiescence/senescence stage of organismal
aging. It is likely to be controlled by certain intrinsic
(cellular and organismal) longevity modifiers [43]. We
can, therefore, conclude that the extracts also decrease
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the intrinsic rate of yeast chronological aging after the
cells enter quiescence or senescence.

Our previous works showed that C. vulgaris extracts
enhanced yeast viability for 17 days and C. vulgaris pow-
der improved yeast characteristics in the presence of 5%
ethanol after 5 days [6, 13]. In a study where the brewer’s
yeast was treated with lethal doses of four highly toxic
substances (mercury, copper, cadmium, and polychlo-
robiphenyl), the yeast remained alive when these poi-
sonous substances were supplemented with C. vulgaris
extract [9]. Lutchman et al. found that plant extracts
increased the chronological lifespan of yeast more sig-
nificantly than any of the longevity-extending chemi-
cal compounds known to date [44]. They noted that the
extracts decreased the rate of yeast aging by eliciting
a hormetic stress response. A recent study found that
C. vulgaris stimulates the growth of Lactobacillus aci-
dophilus, an important bacterium that keeps the intes-
tines healthy [23]. This can be explained by large amo-
unts of chlorophyll and fibrous cell walls in C. vulgaris
that cause the beneficial lactic acid bacteria in the gut to
multiply four times the usual rate and remove the foul
smell of the stools. As a result, digestion and assimi-
lation of nutrients are vastly improved. In our study,
these compounds were responsible for the improved
growth of yeast cells in the ethanolic medium. C. vul-
garis has also been shown to stimulate the production
of beneficial bacteria in the bowel, which in turn has a
probiotic effect of strengthening the gut flora and preven-
ting disease.

Conclusion

Chlorella vulgaris is an alga of significant interest
to scientists due to its nutritive components such as bio-
active compounds. However, care needs to be taken as
to which extraction method to use for each group of these
compounds. Our results showed greater efficiency in

using water as a solvent to extract aqueous compounds.
We concluded that the abundance of phenols and fla-
vonoids in the extracts was due to the hydrophilic cha-
racter of the solvent. Also, the phenolic compounds in
C. vulgaris proved beneficial for the growth of Saccha-
romyces cerevisiae cells in an ethanolic medium, protec-
ting them from the toxic effects of ethanol. However,
there is a need for further research to identify individual
compounds responsible for decreasing the chronologi-
cal aging of S. cerevisiae and explore the mechanism
behind this protective effect. Also, viability alone is not
an accurate measure of the cells’ effectiveness in fer-
mentation — it is critical to understand their vitality. Fi-
nally, C. vulgaris extracts need to be added during the
brewing process to understand if they will have any ad-
verse physiological effects on the beer quality.
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