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Abstract. The relevance of this study lies in developing a method to increase
biologically active substances (BAS) in Chlorella vulgaris biomass by chemically
modifying the Bogdanov medium. To enhance the growth and metabolic characteristics
of Chlorella vulgaris, the availability of nitrogen, iron and other trace elements that
regulate photosynthetic activity and biosynthesis of BAS is necessary. This article
examines the effect of adding urea and iron nanoparticles on the increase in the cell
concentration of Chlorella vulgaris and the content of pigments and antioxidant
substances. The study applies spectrophotometric methods to measure optical density
and chlorophylls, carotenoids, flavonoids, and polyphenolic compounds. The results
of the study show that the use of the modified medium resulted in a 22% increase
in the biomass and optical density of the suspension. Chlorophylls a and b levels
increased to 11.1 and 5.2 mg/mL, respectively, indicating improved photosynthetic
activity resulting from the integration of nitrogen and iron into metabolic pathways.
Carotenoid concentrations were 3.3 mg/mL, while flavonoids and polyphenols
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concentrations - 0.2%, indicating enhanced cellular antioxidant activity. The conducted
studies demonstrate the effectiveness of chemical modification of Bogdanov’s medium
for stimulating the biosynthesis of pigments and antioxidant compounds in Chlorella
vulgaris. The practical significance of this study lies in the potential use of Chlorella
vulgaris for the development of effective feed additives and biostimulants that enhance
animal productivity, soil fertility, and seed germination.
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AHHoTamus. Byl 3epTTeydiH ©3eKTUIrl XJjopeiia YIHIH KOJJAaHbUIATHIH
BornanoB ecipy oprachklH XMMHUsIIBIK Moaudukanusiay apkbuibl Chlorella vulgaris
OromMaccachlHIarel OMONOTHSIBIK Oencenai 3arrapasiH (Bb3) Memmepin MakcarTs
TYpIE apTThIpy omiciH o3ipieymeHn Oaiinanvictbl. Chlorella vulgaris-TiH ecyi MeH
MeTa0OIUTUKAIIBIK CHITATTaMaJIapbIH JKaKCapTY YIIiH ()OTOCHHTETHKAIBIK OSJICEH TITIKTI
oHe Bb3 OMOCHHTE31H PETTEHTIH a30T, TeMip jkKoHE 0acKa Ja MHKPOAJIEMEHTTEPIIH
Ooybl KakeT. Bys1 Makanana HecermHop MeH TeMip HaHOOOIIIEKTEePiH ecipy opTachiHa
kocynbiH Chlorella vulgaris MUKpOOaAbIpIapbIHBIH KACYIIANIBIK KOHIICHTPAIHSICBIHBIH
apTyblHA JXOHE MUTMEHTTEP MCEH aHTHOKCHJIAHTTBIK 3aTTapjblH MeJIepiHe acepi
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KapacThIpbUIaAbl. 3epTTeyle MHUKPOOANABIPABIH ONTUKAIBIK THIFBI3ABIFBl  MEH
XJIopohUIIIAEpaiH, KapOTHHOUATAPABIH, (IaBOHOUATAPIBIH KOHE NOIM(EHOIIBI
KOCBUIBICTAp/bIH KypamblH Oaranay YLIIH CIEKTPO(QOTOMETPHSUIBIK Taigay ofiici
KOJIJaHbUIaAbl. 3epTTey HOTHKeNepl MOAU(UKALMSIIAHFaH OpTaHbl MaijanaHy
Oromacca MEH CyCIEeH3HUSIHBIH ONTUKAIBIK THIFBI3ABIFBIHBIH 22%-Fa apTybIHA OKENTeHIH
kepcereni. Xmopodwut a xoHe b neHreinepi coikecinmie 11,1 skome 5,2 mr/mu
Jeiiin ecTi, OyJ1 a30T MeH TeMipIiH >KacylIaJblK METa0OoIM3MIe eHyiHe OaiaHbICTHI
¢doTocuHTE3NIH KYLIein Kepcereai. KapoTnHonaTapaplH KOHUEHTpauuscsl 3,3 mr/
MII TeH 0onpl, an ¢aaBoHOMATap MeH nonudeHonaapAbH KoHneHTpauuscsl 0,2%-T1i
KYpaJibl, OYJI )Kacyliajiap/IbH aHTHOKCHIAHTTHIK OSJICSHIUIITHIH apTKaHBIH KOPCETE/I],
OyJ1 KapKbIHABI (DOTOCHHTE3 Ke3iHAe MHKPOOAIABIPAbl TOTBIFY CTPECCIHEH THIMIIpeK
Koprayabl KamTamachli3 ereai. JKyprisinmren 3seprreyiep Chlorella vulgaris-teri
MUTMEHTTEP MEH aHTUOKCUAAHTTHI KOCBUIBICTAPAbIH OMOCHHTE31H bIHTANAHABIPY YLIIH
BornanoB ecipy opTachlH XMMUSIJIBIK MOJIU(MUKANMSIAYABIH THIMIUITIH KOpceTei
KoHE OYJT TOCUIAl KYHIIBI METaOOIMTTEPIiH KOFaphl JeHreiiMen Ouomacca any YUIiH
MEepCHEeKTUBANBI eTelli. by 3epTTeyiH MpaKkTHKAIBIK MaHBI3AbBUIBIFBI JKaHyapIapAblH
OHIMLIITIH, TOMBIPAKTHIH KYHAPJIBIFBIH JKOHE TYKBIMHBIH OHYIH KaKcapTaThlH THIMII
KEeM Kochajapbl MeH OHOCTHMYJSTOpiapabl d3ipney yumin Chlorella vulgaris-ti
naianany MyMKIHAITiHAE JKaTbIp.

Tyitin cesnep: Chlorella vulgaris, xumusinblk Moaudukanus, bornaHoB ecipy
OpTackl, XJI0pOPHUIAEp, KAPOTUHOUATAP, (PIaBOHOUATAD, MTOTUPEHOIAAP

© K.K. Hyprasuna!, JK.C. KaceimoBa'", JI.LK. Opa3:kanosa’, J.boryciiasaZ,
H.B. Knapcranosa', 2025.
"HAO «Illokopim yHuBepcuter», Cemeii, Kasaxcran;
*YuuBepcuteT umenn Anama MurikeBuda B ropoje [To3Hans, [TozHans, [Tonbiira.
E-mail: kasymova-z@mail.ru

YOOEKTUBHOCTbh MOJUPUIIUPOBAHHOI CPEJbI 1151
BUOCHUHTE3A MUTMEHTOB U AHTUOKCUJIAHTOB B CHLORELLA
VULGARIS

Hypra3suna Kanap — noxropant «lllokopim yauBepcuret», Cemeii, Kazaxcran,
E-mail: nurtazina830912@gmail.com, ORCID ID: https://orcid.org/0000-0002-4315-3731;

KacbimoBa Kanap — xangupgar Ouonoruyeckux Hayk, noueHT, «lllokopim yHuBepcuter», Cemei,
Kazaxcran,

E-mail: kasymova-z@mail.ru, ORCID ID: https://orcid.org/0000-0002-4971-6638;

Opaz:kanoBa Jla3aT — KaHAMAAT XUMHYECKMX HAyK, acCOIMUPOBAHHBIN mpodeccop, «llloxopim

yHuBepcuteT», Cemeii, Kazaxcran,

E-mail: lazzyat.orazzhanova.70@mail.ru, ORCID ID: https://orcid.org/0000-0001-7881-0589;
BoryciaBa Jlecka — JI0KTOp XUMHYECKHX Hayk, mpodeccop, YHHBepcuTeT nMeHn Anama Mulnkesuya,
ITo3nans, [Tombia,

E-mail: boguslawa.leska@amu.edu.pl, ORCID ID: https://orcid.org/0000-0002-9504-5265;
Knapcranosa Hypaii — crynent, «lllokopim yauBepcuter», Cemeit, Kasaxcran,

E-mail: kiarstan.nuray@gmail.com, ORCID ID: https://orcid.org/0009-0008-2125-8234.

199



ACADEMIC SCIENTIFIC JOURNAL OF CHEMISTRY

AHHOTaIuUsl. AKTYalnbHOCTh HCCIICIOBaHMsS CBsi3aHa ¢ pa3paboTKoil crmocoba
LIEJICHANPABICHHOTO YBEJIMYCHHSI COACP)KAaHUS OMOJIOTHUECKH AKTHUBHBIX BEILECTB
(BAB) B 6uomacce Chlorella vulgaris mytem Xumudeckoit MOIU(PHUKALINN TUTATEILHON
cpenpl bormaHoBa ansi KyJbTHBHPOBaHHSA XJIOpeJUTbl. [l ycuJIeHHS POCTOBBIX WU
Metabonnyeckux xapaktepuctuk Chlorella vulgaris HeoOXoaMMBI JOCTYHNHOCTB
a30Ta, JKeJIe3a ¥ MUKPOIJIEMEHTOB, PEryTUPYIOINX (POTOCHHTETHYECKYIO aKTHBHOCTD
n 6uocunte3 BAB. B crarbe paccmarpuBaeTcs BAHMSHUE 100aBICHHS MOUYEBUHBI H
HAHOYACTHII XKeJie3a Ha YBeJIMUeHUEe KOHIEHTpaLuK Ki1eTok MukpoBonopociu Chlorella
vulgaris, a Takke coiep)kaHHsl MMIMEHTOB M aHTHOKCHIAHTHBIX BellecTB. B pabote
HCTIONB3YeTCsl CHEKTPO(YOTOMETPUIECKUI METOJ aHajIK3a, MO3BOJISIIOLINNA OIIEHUBATh
ONTHUYECKYI0 TUIOTHOCTh KYyJBTYpBI, COJAEpKaHHWE XJIOPO(UIIOB, KAapOTHHOHIIOB,
¢maBoHOMIOB W TONHU(EHONBHBIX COCTUHEHUI. Pe3ynmbTaThl TOKa3bIBAIOT, YTO
MpUMEHEHHE MOIAU(DUIMPOBAHHONW Cpeabl MPHBEIO K YBEIWYCHUIO OHOMAacChl H
ONTHYECKOW TUIOTHOCTH cycnensuun Ha 22 %. Copepkanue xjaopodwisioB a U b
yBenuumiIoch 10 11,1 u 5,2 Mr/Mi1 cOOTBETCTBEHHO, OTpaxkast ycuiieHue (OTOCHHTE3a 3a
CUeT BKJIIOUEHHS a30Ta M JKese3a B MeTabomu3M KiieTkd. KoHleHTpannn KapoTHHOHUI0B
coctaBuiu 3,3 mr/mi, a ¢pnaBoHonnoB U noiudeHonsoB — 0,2 %, 4To yka3plBaeT Ha
yBeINYEHHE aHTUOKCUAAHTHON aKTUBHOCTH U 0oJiee dPPEKTUBHYIO 3alIUTY KIETOK OT
OKHCJIMTEJILHOT'O CTpeccapu MHTeHcHBHOM (hoTocunTese. [IpoBeneHHbIe nccnefoBaHus
JEeMOHCTPUPYIOT 3()(HEKTUBHOCTh XMMUYECKOH Monudukauuu cpensl bormanosa s
CTUMYJISIIMM OMOCHHTE3a MHUTrMEHTOB u aHThokcuaantoB B Chlorella vulgaris, dro
JeNaeT JAaHHBIN MOIXO0/ TEPCIEKTUBHBIM [UIsl TIOIy4eHHsT OMOMACChl C MOBBIILICHHBIM
coJiep)KaHUEeM IIeHHBIX MeTa0onuToB. [IpakTHyeckas 3HAUUMOCTH PaOOTBI COCTOMT
B Bo3MokHOcTH Hcnonb3oBanusi Chlorella vulgaris nmpu co3manum 3¢dekTuBHBIX
KOPMOBBIX 100aBOK M OMOCTUMYJIATOPOB, MOBBIIAIOLINX MPOAYKTHBHOCTD KHBOTHBIX,
IUIOIOPOJIUE MTOYB M BCXOXKECTh CEMSIH.

Kuouesblie ciaoBa: Chlorella vulgaris, xumudeckass Moan(UKanys, TUTaTeIbHAs
cpena bormanoBa, X10poQHILIBL, KAPOTUHOUBL, (IIABOHOUIBI, MOTH(PEHOIBI

Introduction. Therapid development of biochemical research into natural compounds
is focusing attention on the search for effective sources of biologically active substances
(BAS). The single-celled microalga Chlorella vulgaris is characterized by rapid growth,
high adaptability to environmental changes, and the ability to synthesize a wide range of
BAS (Kelebek et al., 2025; Rinawati et al., 2020).

The biosynthesis of BAS is a complex of interconnected biochemical reactions
involving primary photosynthetic metabolism and secondary metabolism, which
produces pigments, phenolic compounds, and antioxidants. During the first stage of
photosynthesis, carbohydrates are synthesized in Chlorella vulgaris cells. These serve
as the primary source of the carbon skeleton for the subsequent formation of BAS
through the assimilation of nitrogen, phosphorus, and sulfur. Secondary metabolites are
formed from the products of primary metabolism through sequential chemical reactions
- condensation, oxidation, reduction, and cyclization. These chemical transformations
result in the formation of chlorophylls, carotenoids, flavonoids, and phenolic compounds,
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which perform protective and antioxidant functions, preventing photo oxidative damage
to cellular structures (Zufiiga et al., 2016). According to research (Daliry et al., 2017; El-
fayoumy et al., 2020), the chemical composition of microalgae depends on cultivation
conditions, which regulate the biochemical metabolic reactions in Chlorella vulgaris
cells. The most important parameters influencing the biosynthetic activity of microalgae
are the concentration of mineral salts in the nutrient medium, illumination, temperature,
and pH of the medium. Changing the physical parameters and the content of macro-
and microelements allows for targeted control of metabolism and stimulation of the
synthesis of individual groups of BAS. For example, nitrogen starvation promotes the
accumulation of not only lipids, but also carotenoids and phenolic compounds, which
is due to an adaptive and protective response to metabolic stress. At the same time, the
addition of Mg?', Fe*', and Fe*' salts activate an increase in chlorophylls content (Fang,
et al., 2024; Cichonski, 2022).

One of the accessible and rapid methods for assessing the intensity of biosynthetic
processes in Chlorella vulgaris cells based on the content of pigments and phenolic
compounds is spectrophotometric analysis (Rinawati et al., 2020). Based on a literature
review, secondary metabolites characteristics were compiled for conducting spectral
analysis (Table 1).

Table 1. Characteristics of the main biologically active substances of microalgae Chlorella vulgaris

Biologically Functions Maximum | Extraction Sources
active absorption agent
substance spectra, nm
Chlorophyll a | Photosynthesis, photoprotection, 662 acetone | Rinawati et al., 2020
Chlorophyll b antioxidant activity 645 acetone | Rinawati et al., 2020
Carotenoids 470 acetone Rinawati 2020
Flavonoids Antimicrobial and antioxidant 420 ethanol | Mitishev et al., 2023
Polyphenols activity, anti-inflammatory effect 745 methanol | Fomenko et al., 2023

Chlorophyll’s photosynthetic activity is explained by its chemical structure, which
consists of a porphyrin ring with a magnesium atom and a hydrophobic side chain.
Conjugated double bonds in the porphyrin ring absorb photons in the red region of the
spectrum, enabling electron transport. During photochemical degradation, the electronic
structure of the porphyrin complex is disrupted by the removal of magnesium from the
molecule, resulting in the formation of brown pheophytin (Figure 1). This leads to a
change in the absorption spectrum and a loss of the characteristic green color:
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H;C H3C

HaCm HaCe

OCH, OCH3
chlorophyll pheophytin

Figure 1 — Conversion of chlorophylls to pheophytin as a result of protonation and removal of Mg** from
the porphyrin ring (R for chlorophyll a is -CH,, chlorophyll 5 is -CHO)

In their study Nilova and co-authors (Nilova et al., 2021) attribute the photosynthetic
and antioxidant activity of carotenoids to the presence of a long chain of conjugated
double bonds. This structure allows the molecule to efficiently absorb light in the blue
region of the spectrum, transfer energy to chlorophylls, and quench excited states of
chlorophylls, preventing the formation of reactive oxygen species. Conjugated bonds also
provide carotenoids with a high ability to neutralize free radicals. During photochemical
degradation, cleavage of double bonds leads to a change in the absorption spectrum
and a decrease in the antioxidant activity of carotenoids, accompanied by a loss of their
characteristic yellow-orange color.

As noted by Fomenko and co-authors (Fomenko et al., 2023), the antioxidant
properties of phenolic compounds (polyphenols and flavonoids) are due to the presence
of aromatic rings with hydroxyl groups capable of donor-acceptor reactions. Due to their
ability to donate hydrogen atoms, transfer electrons, and chelate transition metal ions,
polyphenols suppress free-radical oxidation chain reactions. Light-induced degradation
leads to the formation of quinones, simple phenols, and low-molecular-weight organic
acids, accompanied by a decrease in color intensity and antioxidant activity. This also
weakens the absorption spectrum in the UV region and leads to a loss of biological
activity. Despite differences in structure, all of the listed secondary metabolites are
susceptible to photo degradation when exposed to light, accompanied by disruption
of their n-systems, changes in absorption spectra, and a decrease in biological activity.
This must be taken into account during their isolation and spectrophotometric analysis
of Chlorella vulgaris. Therefore, to preserve the chemical and physiological properties
of the biologically active substances and obtain accurate spectrophotometric data,
extraction is performed in the dark or under dim, diffused light.

According to patents (Grabarnik et al., 2018; Bogdanov, 2018), modifying N.I.
Bogdanov’s nutrient medium with microelements and organic matter optimizes
the supply of mineral ions to enhance the photosynthetic and metabolic activity of
cells. Despite the presence of a significant number of studies (Wong et al., 2017; El-
fayoumy et al., 2020) devoted to the study of individual groups of BAS in microalgae,
a comprehensive analysis of the influence of the mineral composition of Bogdanov’s
medium on the biosynthesis of pigments and phenolic compounds remains insufficiently
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studied. Therefore, analytical monitoring of BAS synthesis in Chlorella vulgaris
biomass cultivated on a chemically modified nutrient medium is becoming increasingly
important.

The aim of the study was to evaluate the influence of the composition of the control
and modified Bogdanov nutrient media on the accumulation of BAS (chlorophylls,
carotenoids, polyphenols and flavonoids) in Chlorella vulgaris cells using
spectrophotometric analysis.

Materials and methods. The object of the study was a commercial strain of
Chlorella vulgaris IFR C-111 (Figure 2), acquired from the laboratory of the “Scientific
and Technological Water Center” LLP (Petropavlovsk, Republic of Kazakhstan).
Micrographs of the cells were obtained using an optical microscope. (Micros, Austria).

Figure 2 — Microscopic image of Chlorella vulgaris IFR C-111 cells

The cultivation procedure was carried out in laboratory conditions in a light-tight
grow box (Figure 3), which includes: 1) high-pressure sodium lamp (HPS); 2) air
circulation fan; 3) exhaust fan; 4) ventilation holes; 5) thermostat; 6) timer; 7) conical
flasks with microalgae suspension; 8) gas outlet tubes; 9) laboratory shaker; 10) carbon
dioxide cylinder.

B

Figure 3 — Light-tight grow box for growing microalgae

Chlorella vulgaris was grown in 250 mL flasks, each with a working volume of
160 mL of medium and 40 mL of inoculum. The photoperiod was 16 hours of light
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and 8 hours of darkness. The temperature of the culture medium was maintained at
28°C+2 °C, and the pH was adjusted by bubbling an air mixture containing 1.5% carbon
dioxide until a value of 7.0+£0.2 was reached. The cultivation duration was 14 days.
The microalgae suspension was continuously stirred on a shaker to prevent settling of
the microalgae cells. Bogdanov’s nutrient medium was used as a control. A modified
medium was prepared by adding urea (3 mg/L) and iron nanoparticles stabilized with
chitosan. The synthesis of iron nanoparticles is described in our work (Orazzhanova et
al., 2024).

Microalgae cell growth was assessed spectrophotometrically (UV/VIS, Specord 210
plus, Germany) at 683 nm, and cell counts were performed daily in a Goryaev chamber
for 14 days.

After cultivation, the biomass was separated by centrifugation at 3000 rpm, washed
twice with deionized water, and decanted. The Chlorella vulgaris paste was then freeze-
dried (Scientz-12) at -59.1°C until dry biomass was obtained (Figure 4).

s

Figure 4 — Biomass of Chlorella vulgaris before (left) and after freeze-drying (right)

The main BAS (chlorophylls, carotenoids, flavonoids, and polyphenols) were
isolated from the dry biomass of Chlorella vulgaris using sequential extraction with
various solvents (Table 2). Sample preparation included homogenization in a porcelain
mortar to a powder state and extraction under various conditions depending on the
chemical nature of the compounds (Figure 5). The extracts were incubated for 30 min at
room temperature, and the liquid phase was separated by centrifugation at 3000 rpm for
10 minutes. The precipitate was re-treated with a fresh portion of solvent, the extracts
were combined, and filtered before spectrophotometric analysis (Butova et al., 2018).

‘ Mechanical homogenization (destruction of cell walls) ‘

Release of intracellular pigments (chlorophylls, carotenoids,
flavonoids, phenols)

Dissolution of pigments due to the polarity of the solvent and the
destruction of pigment-protein complexes in chloroplasts

| Obtaining a stabilized extract

| Separation (centrifugation) and spectrophotometry

Figure 5 — Flow chart of biologically active substances extraction with organic solvents
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To isolate lipophilic pigments, 90% acetone was used, ensuring efficient dissolution
of chlorophylls a and b, and carotenoids. Spectrophotometric measurements were
performed at wavelengths of 662 nm (chlorophyll a), 645 nm (chlorophyll b), and 470
nm for carotenoids (Wong et al., 2017) using formulas (1-4).

chlorophyll a (C,)=11.24 A, —2.04 A, (1)
chlorophyll b (C,) = 20.13 A,z — 419 4., (2)
total chlorophylls = chlorophyll a + chlorophyll b 3)
total carotenoids = o fsro 1306 78374 G 4)

214

Flavonoids extraction was performed with 60% ethanol, as flavonoid compounds
exhibit moderate polarity and readily dissolve in aqueous alcohol. Quantitative
determination of flavonoids was performed using a complexation reaction with AICL,.
1 mL of 2% AlCl3 solution was added to 1 mL of the ethanol extract, the mixture was
incubated for 30 min at room temperature, and the optical density was measured in the
range 390-420 nm relative to the control. Complex formation between flavonoids and
aluminum ions proceeds according to the following scheme:

Flav — OH + APF* — [Flav—0 — Al]** + HT

The content of total flavonoids, recalculated for rutin and absolutely dry matter (X,
%), was determined using the formula 5 (Mitishev et al., 2023):

_ Axmp % 100%50% 225100 5
Apxmx2x50x25=(100—W) )

Polyphenolic compounds were isolated using 70% methanol, which ensures a high
degree of phenolic group extraction due to its high polarity. Polyphenols content was
determined using the Folin-Ciocalteu method in accordance with GOST R ISO 14502-
1-2010. The 0.5 mL of methanol extract, 2.5 mL of Folin-Ciocalteu reagent, and 2 mL of
7.5% Na,CO, solution were added to the reaction mixture. The mixture was incubated
for 30 min at 25 °C in the dark, after which the optical density was measured at 765 nm.
The concentration of phenolic compounds was calculated using a gallic acid calibration
curve.

All experiments were performed in biological and analytical triplicate. We used the
descriptive statistics method, the results are presented as the mean + standard deviation.

Results. Cultivation of Chlorella vulgaris in Bogdanov’s nutrient medium (control)
and its modified form reveals differences in culture growth intensity depending on the
composition of the nutrient medium. Enhanced growth was observed with the modified
nutrient medium compared to the control. Analysis of optical density dynamics (683
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nm) in the control medium revealed a slow increase from 0.653 to 1.389 by day 14.
Meanwhile, the optical density of the Chlorella vulgaris suspension reached 1.691 on
a medium modified with urea and iron nanoparticles. Differences in culture growth
rates depending on the composition of the nutrient medium were also observed in the
dynamics of Chlorella vulgaris cell counts. In the control Bogdanov’s medium, the
increase in cell concentration was gradual and remained the lowest among the studied
variants throughout the entire cultivation period (1.16x107 cells/mL). The addition of
urea and iron nanoparticles resulted in enhanced growth, cells entered the exponential
phase earlier, and maximum concentrations reached 1.4x107 cells/mL, indicating
improved nitrogen availability and intensified cell division processes (Figure 6).

This growth dynamic is consistent with literature and our data indicating the ability
of iron nanoparticles to increase the bioavailability of micronutrients and enhance the
metabolic and photosynthetic activity of microalgae (Plutakhin et al., 2017; Orazzhanova
et al., 2024).

2%
ber, x107 cells/mL
\
\

Optical Density (683 nm)
Y
\

Nutrient Medium | - Bogdanov (control)
-~ Nutrient Medium 2 - Bogdanoy with urea and iron nanoparticles

T2 3 4 s 6 7 8 9 10 u 1 13 u g T2 3 4 5 6 71 @
Time, days Time, days

ium 1 - Bogdanov (control)
g 5 .

9 10 11 12 13 14

Figure 6 — The effect of chemical modification of Bogdanov’s nutrient medium on the growth dynamics
of Chlorella vulgaris cells

The obtained results of spectrophotometric analysis of BAS showed that modification
of Bogdanov medium leads to an increase in the content of all BAS in Chlorella
vulgaris cells (Figures 7-9). In the control medium, the concentrations of chlorophylls
a and b were 29.3 and 25.6 mg/mL, respectively, while the addition of urea and iron
nanoparticles increased the amount of chlorophyll a to 31.7 mg/mL, chlorophyll 4 to
44.8 mg/mL, and total chlorophylls reached 76.5 mg/mL. The content of carotenoids
increased from 1.6 mg/mL (control) to 3.4 mg/mL upon the introduction of urea with
iron nanoparticles. The concentration of flavonoids in the control medium was 0.059%,
while in the modified medium it increased to 0.073%, which corresponds to an increase
of 23.7%. Similar changes were noted for polyphenols, with their content increasing
from 0.11% in the control to 0.20% in the modified medium. When using a medium
containing urea and iron nanoparticles, the concentration of polyphenols increased by
81.8%.
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Figure 7 — Chlorophylls content (@, b) in Chlorella vulgaris cultivated in control and modified media
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Figure 8 — Carotenoids content in Chlorella vulgaris cultivated in control and modified media
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Figure 9 — Content of flavonoids and carotenoids in Chlorella vulgaris cultivated in control and modified
media
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Discussions. The addition of urea and iron nanoparticles to Bogdanov’s nutrient
medium provides nitrogen and iron nutrition, enhancing the biosynthesis of secondary
metabolites (chlorophylls, carotenoids, flavonoids, and polyphenols). According to
research (Kim et al., 2016; Yaakob et al., 2021), nitrogen forms in the form of nitrate
and urea accelerate microalgae growth, as the end product NH," is formed during
metabolism during the reduction of nitrate and urea. However, these nitrogen sources are
incorporated into microalgae metabolism differently. For example, in the biochemical
process, nitrates are first reduced to nitrites by iron-containing enzymes, and then nitrites
are reduced to ammonium ions:

NO; , ,e” + 2H" = NO; + H,0
NO; +6e” + 8H* — NH + 2H,0

Both reactions require large amounts of NADPH and ATP, as well as the active
participation of iron-containing enzymes. The presence of iron nanoparticles in the
nutrient medium increases the availability of trace elements necessary for the functioning
of iron-containing enzymes in the redox reactions of phototrophic metabolism in
microalgae. Therefore, when culturing with a nitrate nitrogen source, biomass growth
and the synthesis of metabolites (pigments and antioxidant compounds) are slower due
to the energy expenditure on nitrate reduction (Moore et al., 2025).

Unlike nitrates, urea is incorporated into nitrogen metabolism more quickly and
without the need for additional energy expenditure, as it is directly hydrolyzed to
ammonium ions by the enzyme urease:

CO(NH,), + 3H,0 — 2NH] + HCO; ,OH™

The resulting ammonium ion is involved in the synthesis of protein amino acids,
which are main precursors for the synthesis of secondary metabolites. Urea, as a
source of readily available nitrogen, enhances this biosynthesis, thereby increasing
photosynthetic and antioxidant activity (Kim et al., 2016).

The results of our study show that chemical modification of Bogdanov’s nutrient
medium by adding urea and iron nanoparticles leads to increased metabolic efficiency
in Chlorella vulgaris. The increased content of chlorophylls ¢ and b in the modified
medium reflects the activation of the enzymatic formation of porphyrin rings. The
simultaneous increase in the concentration of carotenoids, flavonoids, and polyphenols
enhances photo protective mechanisms, which may be a compensatory response to the
increased intensity of photochemical processes.

Conclusion. The modified Bogdanov medium supplemented with urea and iron
nanoparticles promotes the bioproductivity of Chlorella vulgaris and increases
the biosynthesis of pigments and antioxidants, resulting in changes in the cellular
biochemical composition. Cultivation in the modified medium promoted microalgal
growth during the exponential phase, accompanied by a 22% increase in culture optical
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density relative to the control. The concentrations of chlorophylls ¢ and b increased
from 8.3 to 11.1 mg/mL and from 3.9 to 5.2 mg/mL, respectively, reflecting enhanced
photosynthetic performance. The concentration of carotenoids increased from 2.1
mg/mL (control) to 3.3 mg/mL, which is associated with enhanced photoprotective
functions. An increase was also observed the changes in antioxidant compounds were
also observed: flavonoids content increased from 0.059% (control) to 0.073%, and
polyphenolic compounds from 0.11% (control) to 0.2%, indicating an increased ability
of cells to neutralize free radicals. Flavonoids and polyphenols content increased by
23.7% and 81.8%, respectively, ensuring the antioxidant activity of the biomass.

Thus, the obtained Chlorella vulgaris biomass with an increased content of
biologically active substances (pigments, polyphenols and antioxidants) can be
considered as a promising feed additive and biofertilizer for increasing the productivity
of animals and birds, soil fertility and the viability of agricultural crop seeds.
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