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Abstract. The cyanobacteria Spirulina platensis and Nostoc linckia are
high-nutrition products with broad potential for use in the food and
pharmaceutical industries, as well as in bioremediation. However, their
high capacity for metal, including potentially toxic, bioaccumulation
necessitates monitoring of their elemental composition. Multi-element
neutron activation analysis, a powerful, non-destructive analytical
chemistry technique, at the IBR-2 reactor of Frank Laboratory of Neutron
Physics of the Joint Institute for Nuclear Research in Dubna, Russia, was
used to study the elemental composition of two strains of Spirulina
platensis and cyanobacterium Nostoc linckia. The content of 23 elements,
including Mg, Al, Cl, Ca, Na, K, Sc, Cr, Mn, Fe, Ni, Co, Zn, Br, As, Se,
Rb, Sbh, Ba, Cs, and U, was determined in each cyanobacterial strain. The
level of toxic metals in the microbial biomass did not exceed the limits for
daily intake set by the World Health Organization. Possible mechanisms
of metal ions uptake by cyanobacterial biomass were discussed.

Keywords: neutron activation analysis; Spirulina platensis; Nostoc
linckia; elemental content

1. Introduction

Promising new fields in medicine, pharmacology, and
biotechnology are being intensively developed for disease treatment and
prevention, along with environmental bioremediation (Assidi et al., 2022;
Santos-Beneit, 2024). A significant biotechnological approach involves
the application of cyanobacteria, a rich source of bioactive compounds for
the production of vitamins, enzymes, and pharmaceuticals (Bouyahya et
al., 2024; Vijayakumar & Menakha, 2015; Zymanczyk-Duda et al., 2022).
The filamentous cyanobacterium Spirulina platensis is particularly
notable, having gained international importance for its high-value
phytonutrients and pigments (Bourais et al., 2022; Mary Leema et al.,
2010). Spirulina is extensively used to produce biomass enriched with
trace elements (Se, I, Cr, V, Fe, etc.), which is used to treat deficiencies
of these elements and their related ailments (Cepoi et al., 2017; Mondal
et al., 2024; Podgodrska-Kryszczuk, 2024; Yang et al., 2024).

Members of cyanobacteria belonging to the family Nostocaceae are
considered the most impressive “biochemical factories” of the biological
world. The genus Nostoc is a valuable source of a wide spectrum of
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secondary metabolites, such as fatty acids, that have many different potential uses as anticancer, anti-
HIV, antimalarial, antifungal and/or antimicrobial drugs (Galhano et al., 2011; Shalaby et al., 2019;
Thuan et al., 2019).

The rate of cyanobacteria biomass growth and its composition depend on many factors, the
most important of which are the composition of nutrient medium, temperature and light. Recently,
different types of cultivation medium have been developed to produce cyanobacteria biomass (Raoof
et al., 2006). The application of cyanobacteria biomass in medicine and drug production requires
careful control of its biochemical and chemical composition. The main part of the research in the field
is devoted to the biochemical characterization of biomass (Cepoi et al., 2022; Raoof et al., 2006;
Spinola et al., 2024). At the same time, several studies reported high content of elements with no
biological functions in cyanobacteria biomass, which can have a negative impact on human health
(Sochacka et al., 2025) .

Therefore, in the present study, the elemental composition of two types of Spirulina platensis
biomass, produced in Moldova and Russia, and Nostoc linkia biomass was determined using neutron
activation analysis, a powerful analytical technique for multi-element surveys. It should be mentioned
that the elemental composition of cyanobacteria Nostoc linckia was determined for the first time.

2. Materials and methods

Materials

In the present study, algological pure cultures of cyanobacteria Spirulina platensis CNM-CB-
02 (Spirulina 1) (Cepoi, Zinicovscaia, Rudi, et al., 2022) and Nostoc linckia CNM-CB-03 strain
(Cepoi et al., 2022) from the National Collection of Nonpathogenic Microorganisms (Institute of
Microbiology and Biotechnology, Technical University of Moldova) and Spirulina platensis
(Spirulina I1) from the Moscow State University Collection (Moscow, Russia) were used.

Biomass cultivation

The cultivation of Spirulina (1) was carried out in an open-type tank with a volume of 60 L in
the SP-1 nutritive medium (Cepoi et al., 2020) at a temperature of 32-35 °C, illumination 37-55
umoles of photons-m2-s1, pH 8-9 and at constant mixing. The cultivation of Spirulina (11) was carried
out in an open-type tank with a volume of 1500 L (surface area 15 m?, the depth of the nutrient
medium 0.1 m) in the following nutritive medium (in g-L™*): KNOs-3.0; NaHCOs-15.0; NaCl-1.0;
K2S04-0.5; KoHPO4-0.6; MgSQO4-7H20-0.5; H3BO3-2.86; MnClz-4H,0-1.81, CuSO4-5H,0 -0.08 L ;
ZnS04-7H20-0.22; M003-0.015 mg-L%; and FeEDTA — 1 g-L* at a temperature of 25-35 °C, pH 9-
11 and at constant mixing. lllumination during a 24-hour period changed from 0 to 100,000 Ix.
Selected illumination mode simulated a 24-hour light cycle, changing from 0 to 100,000 lux,
represents the natural progression from a night (0 lux) through twilight (around 1-100 lux) to bright
daylight (100 00-100,000 lux).

The culture of Nostoc linckia (Roth) Born et Flah CNM-CB-03 was cultivated in laboratory
conditions on mineral medium Gromov 6 (Cepoi, Zinicovscaia, Valuta, et al., 2022), stirring daily, at
a temperature of 25-27 °C, pH 6.8-7.2 and continuous illumination (a light intensity of 37-55 pmoles
of photons-m-s%). In the stationary growth phase (6" day for S. platensis and 14" day for N. linckia)
the cyanobacteria biomass was separated from the culture medium by centrifugation, washed several
times with bi-distilated water to remove media salts/impurities and dried. Next, the obtained biomass
was used for elemental analysis.

Neutron activation analysis (NAA)

Neutron activation analysis was carried out at the pulsed fast reactor IBR-2 of the Frank
Laboratory of Neutron Physics, JINR, Dubna, Russia. The temperature in the irradiation channels of
the reactor IBR-2 does not exceed 60-70 °C, which allows irradiation of biological samples. A total
of 23 elements (Mg, Al, Cl, Ca, Na, K, Sc, Cr, Mn, Fe, Ni, Co, Zn, Br, As, Se, Rb, Sh, Ba, Cs, and
U) were determined using both short and long-time activation. To determine elements with short-
lived isotopes: Mg, Al, CI, Ca, and I, samples were irradiated for 3 min under a thermal neutron
fluency rate of approximately 1.2-10'2 n cm™? s and measured for 15 min. In the case of long-lived
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isotopes: Na, K, Sc, Cr, Mn, Fe, Ni, Co, Zn, Br, As, Se, Rb, Sb, Ba, Cs, La, Ce, Hg, and U samples
were irradiated for 4 days under a thermal neutron fluence rate of approximately 1.1-10%* cm? s and
their activity was then measured in 4 and 20 days, respectively. y-ray spectra were measured using a
large-volume high-purity germanium detector with a resolution of 1.96 keV for the 1332.4-keV line
of °Co.

The quality control of analytical measurements was provided by the National Institute of
Standards and Technology (NIST, Gaithersburg, MD, USA) certified reference materials — SRM
1633b (constituent elements in coal fly ash), SRM 1572 (citrus leaves), SRM 1566b (Oyster tissue)
(NIST 1566Db). The difference between the certified and measured content of elements of the certified
material varied between 1 and 10%. The NAA data processing and determination of element
concentrations were performed using the software developed in FLNP JINR. More details about the
irradiation of biological samples can be found in (Zinicovscaia et al., 2016, 2018).

Determination of the biochemical composition of Nostoc linkia

Protein content in the Nosctoc linckia biomass was determined spectrophotometrically by the
Lowry method. Carbohydrate amount was determined by a spectrophotometric method using an
anthrone reagent. Quantitative determination of lipids was carried out spectrophotometrically using
the phospho—vanillin reagent. Phycobiliprotein level was calculated on the basis of the formula of
Siegelman and Kycia. Pigments in biomass were quantified spectrophotometrically. More details
about the determination of the biochemical composition of biomass can be found in (Cepoi et al.,
2021).

Statistical analysis

All experiments were replicated 3 times. Statistical analysis was performed with a one-way
analysis of variance (ANOVA) by using Statistica 10. Data are shown as Mean valuex SD.

3. Results

In Table 1, the content of major and trace elements in S. platensis biomass are presented. Data
obtained in the present work were compared with data present in Mosulishvili et al. (2004),
Campanella et al. (1998), Ortega-Calvo et al. (1993) , and Al-Dhabi and Arasu (2013) studies. In
total, it was possible to determine 22 elements, including major (Na, K, and Mg), minor (Fe, Zn, Se,
Cr, Ni, and I), and elements that have no biological function.

The strain Nostoc linckia (Roth.) BORN. et FLAH. CNM-CB-03 cultivated on the Gromov -6
medium is characterized by the following biochemical composition: proteins — 15-25 %, carbohydrate
— 35-50 %, phycoerythrin — 2.0-4.0 %, phycocyanin — 0.5-1.0 %, alophycocyanin — 0.5 -1.0 %, lipids
— 2 %, carotene — 0.2-0.4 %, and xanthophylls - 0.4-0.7 %.
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Table 1. Content of elements in the Spirulina platensis biomass and literature data

Concentration, mg-kg* dry weight

Element S. platensis (1) S. platensis (1) S. platensis S. platensis Spirulina A Spirulina B Spirulina C Spirulina (25 samples)
Mosulishvili etal. | Campanellaetal. | Ortega-Calvoet | Ortega-Calvo et Ortega-Calvo et al. Al-Dhabi and Arasu
(2004) (1998) al. (1993) al. (1993) (1993) (2013)
Method* NAA NAA NAA INAA and ICP- AAS AAS AAS ICP-MS
AES

Na 10600+420 4133270 1548542300 123004400 13630 17680 1230 -
Mg 5380+270 3013+160 16404320 120450 3420 5030 4610 -
Al 13046 475 94+11 - - - - -
Cl 6430+385 667+37 5690+570 630+30 - - - -
K 18600+1670 7037+350 1802541800 890+40 18970 16490 11340 -
Ca 21100+2300 4637+244 937+230 720+10 9600 15410 6870 -
Sc 0.01+0.002 n.d. 0.01+0.002 0.25+0.02 - - - -
Cr 8.9+0.9 <1.9 6.2+0.9 9.0+0.3 3.3 7.1 5 -

Mn 11745 3442 4845 54.5+0.4 117 64 36 0.08-2.2
Fe 4610+230 517+30 1360+120 1116+25 751 2016 945 -

Ni 4.4+0.4 1.1+0.2 4.7+£1.3 - 5.4 5.8 6.1 0.2-4.7
Co 0.12+0.01 0.22+0.01 0.98+0.01 0.68+0.05 1.7 0.5 0.9 -

Zn 3443 17+1.1 115+18 240+11 50 29 24 0.5-6.2
As 0.44+0.02 0.100+0.001 0.57+0.17 - - - - -
Se 0.12+0.03 <0.3 n.d 0.120+0.006 - - - -
Br 1.9+0.2 1.2+0.1 0.7+0.1 19.2+0.4 - - - -
Rb 0.32+0.07 0.8+0.1 0.41+0.06 - - - - -
Sb 0.060+0.003 0.010+0.001 0.10+0.01 0.14+0.02 - - - —
[ 4.1+0.7 0.21+0.01 0.4+0.1 - - - - -
Ba 25%1.3 n.d n.d - - - - -
Cs 0.009+0.002 0.023+ 0.001 nd 0.060+0.002 - - - —
V n.d n.d 0.42+0.08 3.2£0.4 - - - -
) 0.041+0.003 0.024+0.001 n.d n.d - - - -
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Table 2 shows the macromineral and trace elements content in the Nostoc linkia biomass. A
total of 23 elements were determined in biomass by NAA. The obtained data were compared with
data obtained for Nostoc flagelliforme (Gao, 1998) and allowed daily intake levels of metals
recommended by the National Institutes of Health (Office of Dietary Supplements (ODS), 2025) and
the World Health Organization (Trace Elements in Human Nutrition and Health, 1996).

Table 2. Content of elements in the Nostoc linkia biomass, mg-kg™

Element Nostoc linkia Nostoc Allowed daily intake
flagelliforme
(Gao, 1998)

Na 5500£220 - -

Mg 5360+260 2700 -

Al 140+7 — 2-14 mg-day™
Cl 93104745 - -

K 63600+5090 - 3500 mg-day*
Ca 9300+1210 1830 200-1300 mg-day*
Cr 6.0+0.7 — 0.2-120 pg-day*
Mn 13147 23+6.5 2-5 mg-day*
Fe 480+62 300 0.2-27 mg-day*
Ni 15.2+1.5 10.6+2.3 <1 mg-day*
Co 1.81+0.01 2.8+0.09 5-8 ug-day™
Zn 30+2 12.8+4.2 2-12 mg-day™
As 0.70+0.02 — 15-70 pg-day™
Se 0.30+0.05 — 15-70 pg-day*
Br 4.8+0.6 - -

Rb 4.82+0.08 - -

Sb 0.100+0.005 - -

Ba 17.3+1.4 - -

La 0.20+0.03 - -

Ce 2.7x1.7 - -
Sm 0.030+0.004 - -

Cs 0.30+0.01 — -

U 0.040+0.003 - -

Discussion

All S. platensis samples showed a relatively high Na and K content; however, the Na/K ratio in
all cases was below 1.5, approximately 0.6 for both types of spirulina samples. Potassium (K) is a
cofactor for many enzymes and is involved in protein synthesis and osmotic regulation (Harris, 2012).
The Na content in biomass depends mainly on the Na amount in salts added in the formulation of the
cultivation medium. Magnesium (Mg) level in the studied samples was in the range of data reported
in Ortega-Calvo et al. (1993), but higher than the data presented by Mosulishvili et al. (2004) and
Campanella et al. (1998). Magnesium (Mg) occupies a strategic position in the photosynthetic
apparatus as the centre of the chlorophyll molecule; therefore, all cyanobacterial species have an
absolute requirement of this element. Apart from this, it has a role in the aggregation of ribosome into
functional units, and the formation of catalase (Ahmed et al., 2023; Salman et al., 2023).

Trace elements: Fe, Zn, Se, Cr, Ni, and I, which play an important role in the metabolism and
vital functions of living organisms. Iron is essential for the functioning of many biochemical
processes, including electron transfer reactions, gene regulation, binding and transport of oxygen, and
regulation of cell growth and differentiation (Beard, 2001; Lieu et al., 2001). The difference in Fe
content was very pronounced in the studied spirulina samples: 4610 mg-kg™ for Spirulina | and 517
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mg-kg* for Spirulina 1l. Zinc (Zn), the second after iron most abundant microelement in all living
organisms, is the co-factor of more than 300 enzymes, providing structural stability of a large number
of proteins (Chasapis et al., 2020). Zinc content in Spirulina | sample (34 mg-kg™) was two times
higher than in Spirulina 1l sample (17 mg-kg™?). Obtained Zn levels were lower than data reported by
Mosulishvili et al. (2004) and Campanella et al. (1998) and similar to data obtained by Ortega-Calvo
etal. (1993). In the case of Cr, its amount in the Spirulina II sample was below the method’s detection
limit. In Spirulina | sample Cr content was similar to the data reported in Campanella et al. (1998)
and higher than the values reported I other studies. Chromium is an essential nutrient that potentiates
insulin action and thus influences carbohydrate, lipid and protein metabolism (Chromium - Health
Professional Fact Sheet, 2025). Manganese (Mn) is both an activator and a constituent of several
enzymes. Manganese level in Spirulina I and Spirulina Il samples, 117 and 43 mg-kg™, respectively,
was in the range of data presented in Ortega-Calvo et al. (1993) study. lodine (I) level in spirulina
samples was highly variable: 4 mg-kg™ for Spirulina I and 0.2 mg-kg* for Spirulina I1. It should be
mentioned that | was determined only in spirulina samples, which were analyzed using NAA.

The ultra-trace element Ni is both essential and toxic for animals and humans. A Ni-poor
nutrition of < 0.1 mg-kg™ dry matter led to Ni deficiency symptoms (Chasapis et al., 2012). The
lowest Ni content (1.1 mg-kg™) was determined in the Spirulina Il sample, while its amount in the
Spirulina | sample (4.7 mg-kg™) was in the range of data presented in other works. While some of
trace elements are important from the nutritional point of view, other ones (As, Rb, Sb, U) are
considered toxins for cells. Trace amount of these elements appear in chemical reagents used to
prepare nutrient medium. Rubidium (Rb) and U were determined only in spirulina samples analyzed
by NAA. WHO data show that the concentration of toxic elements in the analyzed samples did not
exceed allowed daily intake (Table. 2) (Trace Elements in Human Nutrition and Health, 1996)

Comparing two types of spirulina samples, it was observed that the content of all elements in
Spirulina (I1), except Rb and Co, were lower than in Spirulina (I). These differences can be explained
by the particularity of biomass cultivation, the differences in the composition of the cultivation
medium used for these two strains and light intensity. It is known that constant light intensity
promotes biomass growth parameters, which results in higher pigments and proteins as well as
minerals accumulation (Soni et al., 2017). Production of Spirulina biomass depends on many factors,
the most important of which are nutrient availability, temperature and light. Kumar et al. (2011)
reported that the highest biomass in Spirulina was obtained at 35°C and 2,000 lux light intensity.
Spirulina I was cultivated under constant light intensity and temperature, while in the case of Spirulina
Il light intensity and temperature varied in a wide range. Low temperature and illumination lead to
low cell productivities as a result the accumulation of metals from nutrient medium can be also
reduced.

In case of Nostoc linckia the level of elements in the analyzed strain was higher than in Nostoc
flagelliforme (Gao, 1998). The presence of toxic elements as As, Sb, La, Ce, Sm, etc in the biomass
can be explained by their introduction in the cultivation medium with chemical reagents used to
prepare it. Therefore, only high-purity reagents must be used to produce biomass for pharmaceutical
and medical purposes. The content of toxic metals in the microbial biomass did not exceed the limits
for daily intake set by the World Health Organization.

Essential metals are actively taken up by cyanobacteria through specialized uptake systems, but
non-essential metals may also be taken up because they are mistaken for an essential metal (Ledin,
2000). Cyanobacteria can accumulate metals through biosorption or bioaccumulation (fig. 1). Metal
ions biosorption mechanisms includes physical adsorption (weak forces), electrostatic attraction, ion
exchange, complexation, chelation, and surface precipitation. The functional groups of
carbohydrates, proteins and lipids include amino, carboxyl, thio ether, sulthydryl, imidazole group of
histidine, the oxygen, phosphate, phenolic, nitrogen of the peptide bond and amide moieties are
responsible for the coordinating bond with the metallic ions (Rangabhashiyam & Balasubramanian,
2019).
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Figure 1. Main mechanism of metal ions uptake by cyanobacteria (Ramirez Calderodn et al., 2020)

5. Conclusion

Neutron activation analysis is very efficient analytical technique for performing quantitative
multi-elemental analysis of major, minor and traces components in biological samples. The
concentrations of 23-24 elements were determined simultaneously in each cyanobacteria strain. The
elemental composition of cyanobacteria Nostoc linckia was determined for the first time. The
elemental content of the studied spirulina samples (Spirulina I and Spirulina 11) was within the
variability range of similar products reported in the literature. Calcium (Ca), Mg and Fe concentration
in Spirulina I were higher in comparison with other samples. For Spirulina Il concentrations of Al,
Cl, Cr, Ni, and Zn were lower in comparison with other samples. Concentration of all determined
elements in Spirulina I, except Rb and Co, was lower than in Spirulina I. The uptake of elements by
biomass depends on experimental parameters and is controlled by the line of chemical mechanisms,
including ion exchange, complexation, chelation, and surface precipitation. Spirulina platensis and
Nostoc linckia can be successfully used for nutrition and pharmaceuticals production as safety source
of trace elements. Both cyanobacteria strains present great interest for medicine and food technology.
In future studies, it is necessary to assess the impact of varying experimental conditions on biomass
growth as well as to assess the transfer of elements in the living organisms (animals, humans).
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HNura 3unnKoBekas

Anpnarna. Spirulina platensis »one Nostoc linckia rimano6akrepusiapsl TaMak skoHe (papmarieBTHKa
eHepKaciOiHze, COHal-aK OnopeMearanusiaa KojalaHyFa KeH aieyeTi 0ap Korapbl KOPEKTIK 3aTTap
OoubIn TaObUTABI. [lereHMeH, onapblH METaJiFa, COHBIH IIIH/E YIIbI OMO0aKKYMYJISIUSIFA JKOFAPhI
Ka0l1eTi olapAbIH AJIEMEHTTIK KypaMmblH OakbLIayel KakeT eteni. Peceiinin JlyOHa KamachIHIaFbI
bipikken Aaponsik 3epTreysnep MHCTUTYTHI, PpaHK HEUTPOHABIK (pu3uka 3eprxaHachiHbIH IBR-2
PEaKTOPBIHAAFBl KOI JJIEMEHTTI HEWTPOHJABIK aKTHBauus Tajaaybl Spirulina platensis »xoHe
nnano6akTepust Nostoc linckia exi mTaMbIHBIH 3JIEMEHTTIK KYPaMbIH 3€pPTTEY YIIIH MTai/1aJaHbLUI/IbI.
Op6ip nuanobakTepus mrammbiaaa Mg, Al, Cl, Ca, Na, K, Sc, Cr, Mn, Fe, Ni, Co, Zn, Br, As, Se,
Rb, Sb, Ba, Cs »xone U cuskThl 23 371€MEHTTIH KYpaMbl aHBIKTaJAbl. MUKPOOTHIK OMOMaccaaarbl YiIbl
MeTaapasiH Memmepi JyHuexxys3iimik AeHcaylnbIK cakTay YHBIMBI OeNTiiereH KYHIEMIKTI TYTHIHY
HICTIHECH acIabl.

Tyiiin ce3nep: HelTpoHIBI akTHBaIMsIAY Tanaaybl; Spirulina platensis; Nostoc linckia; snemenTrik
KYPaMbl

OmnpenesieHue 3JIeMEHTHOTO cocTaBa nuanodakrepmii Spirulina platensis m Nostoc
linckia MmeTo0M HEHTPOHHO-AKTHBANIMOHHOI0 AHAJIH3A

HWnra 3uHbKoBCcKas

Annoranus. [{nano6akrepuu Spirulina platensis u Nostoc linckia siBistroTcst BBICOKOITUTATEIbHBIME
OPOAYKTAMHU C IIMPOKUM TOTEHIMAJIOM HCIOJIb30BaHUS B IMHUINEBOM M  (apMalieBTUYECKOH
NPOMBIIIJICHHOCTH, a TakXke Juid 3amad Ouopemenuarnmu. OJHAKO MX BBICOKAs CHOCOOHOCTH K
OMOAKKyMYJISLIMM METAJJIOB OOYCJIOBIMBAET HEOOXOIUMOCTh KOHTPOJIS 3JEMEHTHOIO COCTaBa.
MHOT02JIeMEHTHBI HEHTPOHHO-aKTUBAIMOHHBIA aHanu3 Ha peakrope WMBP-2 Jlabopatopuu
HelTpoHHOH (u3uku uM. U.M. ®Ppanka OObEIUHEHHOT0 MHCTUTYTa SIAEPHBIX MCCIEJOBAHUN B
Jy6ne (Poccust) ObUT UCTIONIB30BAH JIJIS U3YYCHHUsS 3JIEMEHTHOTO cocTaBa JBYX mrtammoB Spirulina
platensis u nuano6akrepun Nostoc linckia. B kaxaom mramMme nuaHoOakTepuil ObLIO OIPEIeICHO
conepxanune 22-23 anemenTtos, Bkimodas Mg, Al, Cl, Ca, Na, K, Sc, Cr, Mn, Fe, Ni, Co, Zn, Br, As,
Se, RDb, Sh, Ba, Cs u U. Conepxanue TOKCHYHBIX METAIJIOB B MUKPOOHOI OHOMacce He TPEBBIIIano
OpefeNbHO  JAOMYCTUMBIX ~HOPM  CYTOYHOTO IOTpPEOJeHHs, YCTAaHOBJICHHBIX BcemupHO#
OpraHu3aiuen 31paBoOXpaHeHHU .

KawueBble cJioBa: HEWTpOHHO-aKTUBAIMOHHBIN anHanu3; Spirulina platensis; Nostoc linckia;
3JIEMEHTHEIN COCTaB
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