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Abstract 

A reduction in agricultural productivity associated with water scarcity and land 
degradation, combined with the growing world population and malnutrition, highlights the 
need for new alternative food sources. In this challenging field, Spirulina microalgae 
emerges as a promising candidate thanks to its high nutritional value and beneficial effect 
on human health. Unlike conventional foods, Spirulina also offers a more sustainable means 
of production. However, despite its potential, alternative products like Spirulina often suffer 
from a lack of quality and safety inspection, leading to fluctuations in their overall quality. 

This thesis focuses on determining the quality, safety and authenticity of Spirulina 
products from the Slovenian market. In addition, the lactic acid fermentation of Spirulina 
biomass, considering its potential to improve the nutraceutical profile, is also investigated, 
as is the subsequent extraction of bioactive compounds using various solvents. The role of 
Spirulina biomass fermentation and the difference in antioxidant activity between water 
and ethanol extracts are investigated at the cellular and proteome level using yeast as a 
model organism. The Spirulina ethanol extracts are then further assessed at the molecular 
level (proteins, metabolites) to explore the role of lactic acid fermentation in compound 
transformation. 

The first part of this doctoral thesis focuses on the quality and safety of commercial 
Spirulina-based dietary supplements in Slovenia. It involves investigating their amino acid, 
fatty acid and elemental composition and provides information on compliance with the 
declared nutrient values. In addition, an assessment of iron bioavailability in Spirulina 
products is presented. The findings confirm that Spirulina supplements are a valuable 
source of essential and non-essential amino acids and ω-6 but not ω-3 polyunsaturated 
fatty acids. They are also a rich dietary source of phosphorous (3.36–26.70% RDA), calcium 
(0.15–29.50% RDA), selenium (0.01–38.60% RDA) and potassium (0.50–7.69% RDA). 
However, an analysis of iron bioavailability suggests that, despite their high iron content 
(7.64–316.00% of RDA), only a small fraction (8.00–18.00%) is bioavailable. Moreover, the 
addition of additives to Spirulina products leads to significant variations in nutrient 
content and lower product quality. Additionally, inappropriate declarations were found in 
86.70% of analyzed samples. 

The second part of the thesis focuses on studying the impact of lactic acid fermentation 
on Spirulina biomass and the choice of solvent on the antioxidant properties of the final 
extract. The fermentation process was carried out using Lactobacillus plantarum bacterial 
culture. The study presents the nutritional composition of the biomass (including minerals, 
proteins, fats, carbohydrates, and dietary fibers) before and after fermentation. 
Additionally, it provides the total phenolic content and in vitro antioxidant activity of 
water and ethanol extracts from both non-fermented and fermented broth. The effect of 
Spirulina treatment in vivo is demonstrated by cellular antioxidant activity and lipid 
peroxidation, and cell response at a proteome level using the yeast Saccharomyces 
cerevisiae. The results show how fermentation increases protein bioavailability while 
reducing the fat content (from 6.26% before to 6.00% dwt after fermentation). Ethanol 
extracts also exhibit higher in vitro (30.00% higher) and intracellular (20.00–40.00% higher) 
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antioxidant activity and lower intracellular oxidative lipid damage (from 13.80 before to 
5.71 fluorescence/optical density after treatment). Additionally, a greater antioxidant 
efficiency of ethanol than water extracts and a lowering of cell stress response-related 
protein expression in yeast treated with fermented Spirulina ethanol extract is observed. 
The following proteome analysis of the fermented Spirulina ethanol extracts showed a 
decrease in protein content (from 847 to 490) after fermentation and consequent increase 
in amino acid content indicating a proteolytic activity during fermentation. Similarly, the 
lipid content decreased, while the lipid metabolites increased. The chlorophyll and 
carotenoid content lowered after fermentation. 

The final part of the thesis explores combining elemental composition and stable isotope 
ratios to verify the country of origin of Spirulina and other algal products. This approach 
is also employed to determine the potential presence of undeclared ingredients in 
commercial products. The method successfully differentiated between Hawaiian, Italian 
and Portuguese products (100%), as well as a good separation of Chinese samples. However, 
the separation of Indian and Taiwanese samples (66.7%) was less successful. 

To summarize, this thesis provides an insight into quality and safety of Spirulina 
products from the Slovenian market, and shows that differences in isotopic, elemental and 
nutrient composition reflect cultivation, processing methods and environmental conditions, 
and combined, provide a promising tool for determining the quality and authenticity of 
Spirulina and similar algal products. Finally, the discovery of essential role of lactic acid-
fermented Spirulina in combating cell oxidative stress and its implications in metabolomics 
raises new questions offering new research possibilities. 
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Povzetek 

Nižja kmetijska produktivnost, povezana z zmanjšano zalogo vode in degradacijo tal, 
skupaj z rastjo svetovne populacije in podhranjenosti nakazuje na potrebo po proizvodnji 
alternativnih živil. Na področju pridelave hrane je mikroalga Spirulina zaradi svoje visoke 
prehranske vrednosti in pozitivnega učinka na zdravje ljudi obetaven nov prehranski vir, 
ki v nasprotju s konvencionalnimi živili ponuja bolj trajnostno pridelavo. Vendar pa imajo 
alternativni izdelki, kot je mikroalga Spirulina, še vedno pomanjkljiv nadzor kakovosti in 
varnosti ter so pogosto podvrženi nihanju v kakovosti. 

Doktorsko delo se osredotoča na ugotavljanje kakovosti, varnosti in pristnosti izdelkov 
spiruline s slovenskega trga, uporabo mlečnokislinske fermentacije biomase mikroalge 
Spirulina z namenom izboljšanja njenega prehranskega profila in funkcionalnih lastnosti 
ter ekstrakcijo njenih bioaktivnih spojin ob uporabi različnih topil. Vpliv fermentacije 
biomase mikroalge Spirulina in razliko v antioksidativni aktivnosti med vodnim in 
etanolnim izvlečkom smo raziskali na celični in proteomski ravni z uporabo kvasovk kot 
modelnega organizma. Etanolne izvlečke mikroalge Spirulina smo nato nadalje raziskali na 
molekularni ravni (proteini, metaboliti), da bi ugotovili vlogo mlečnokislinske fermentacije 
pri transformaciji spojin. 

V prvem delu doktorske naloge obravnavamo kakovost in varnost komercialnih 
prehranskih dopolnil mikroalge Spirulina v Sloveniji. Prva raziskava opisuje 
aminokislinsko, maščobnokislinsko in elementarno sestavo izdelkov spiruline ter podaja 
informacije o skladnosti analiziranih vrednosti z deklariranimi vrednostmi hranil. Poleg 
tega predstavlja tudi oceno biološke dostopnosti železa v izdelkih spiruline. Raziskava 
potrjuje, da so prehranska dopolnila iz mikroalge Spirulina dragocen vir esencialnih in 
neesencialnih aminokislin ter polinenasičenih ω-6, ne pa tudi ω-3, maščobnih kislin. V 
analiziranih vzorcih je bila prav tako visoka vsebnost fosforja (3,36–26,70 % PDV), kalcija 
(0,15–29,50 % PDV), selena (0,01–38,60 % PDV) in kalija (0,50–7,69 % PDV); rezultati 
analize biološke dostopnosti železa pa kažejo, da je kljub visoki vsebnosti železa v vzorcih 
(7,64–316,00 % PDV) njegova absorpcija v organizmu možna le v manjši meri (8,00–18,00 
%). Prisotnost aditivov v izdelkih spiruline se odraža v znatnih razlikah v vsebnosti hranil 
in nižji kakovosti izdelka; pri 86,70 % analiziranih vzorcev pa smo ugotovili neskladnost 
deklaracije z izmerjenimi vrednostmi.  

Drugi del doktorske naloge se osredotoča na vpliv mlečnokislinske fermentacije biomase 
mikroalge Spirulina in izbire topila na antioksidativne lastnosti končnega ekstrakta. 
Fermentacijo biomase mikroalge Spirulina smo izvedli z uporabo kulture bakterij 
Lactobacillus plantarum ter analizirali hranilno vrednost biomase (minerali, proteini, 
maščobe, ogljikovi hidrati, prehranske vlaknine) pred in po fermentaciji, skupno vsebnost 
fenolov in in vitro antioksidativno aktivnost v vodnih in etanolnih ekstraktih 
nefermentirane in fermentirane mikroalge Spirulina. In vivo učinek tretiranja z mikroalgo 
Spirulina je predstavljen z analizo celične antioksidativne aktivnosti in lipidne peroksidacije 
ter odzivom celic na ravni proteoma z uporabo kvasovk Saccharomyces cerevisiae. 
Fermentacija mikroalge Spirulina se odraža v višji biološki dostopnosti proteinov in nižji 
vsebnosti maščob (od 6,26 % pred, do 6,00 % suhe mase po fermentaciji). Etanolni izvlečki 
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fermentirane biomase spiruline kažejo večjo in vitro (30,00 % večjo) in intracelularno 
(20,00–40,00 % večjo) antioksidativno aktivnost ter manjši obseg oksidativnih poškodb 
lipidov (od 13,80 pred, do 5,71 fluorescence/optične gostote po tretiranju) v primerjavi z 
drugimi vzorci. Ugotovili smo večjo antioksidativno učinkovitost etanolnih v primerjavi z 
vodnimi izvlečki mikroalge Spirulina ter znižanje vsebnosti proteinov, povezanih z odzivom 
celic na stres v kvasovkah, obdelanih z etanolnim izvlečkom fermentirane mikroalge 
Spirulina. Nadalje, analiza proteoma etanolnih izvlečkov spiruline je pokazala znižanje 
števila izraženih proteinov (z 847 na 490) po fermentaciji in posledično povišano vsebnost 
aminokislin, kar kaže na proteolitično aktivnost med fermentacijo. Zmanjšala se je tudi 
vsebnost lipidov, medtem ko se je vsebnost lipidnih metabolitov povečala. Vsebnost 
klorofila in karotenoidov se je po fermentaciji znižala. 

Zadnji del naloge predstavlja možnosti uporabe kombinacije elementarne sestave in 
razmerij stabilnih izotopov za preverjanje geografskega porekla prehranskih dopolnil iz 
mikroalge Spirulina in drugih alg ter za ugotavljanje morebitne prisotnosti nedeklariranih 
snovi v komercialnih izdelkih mikroalge Spirulina. Dosegli smo zanesljivo diferenciacijo 
havajskih, italijanskih in portugalskih vzorcev (100 %) ter odlično diferenciacijo kitajskih 
vzorcev spiruline, medtem ko je bila ločba indijskih in tajvanskih vzorcev (66,7 %) nekoliko 
manj uspešna. 

Če povzamemo, rezultati raziskav, zajetih v tem doktorskem delu, podajajo vpogled v 
kakovost in varnost izdelkov mikroalge Spirulina na slovenskem trgu ter kažejo na vpliv 
gojenja in proizvodnega procesa ter okoljskih pogojev na izotopsko, elementno in 
prehransko sestavo končnih izdelkov. Predstavljeni rezultati ponujajo obetavno metodo za 
preverjanje kakovosti, pristnosti in geografskega porekla teh in podobnih izdelkov v obliki 
analize razmerja stabilnih izotopov lahkih elementov v kombinaciji z analizo elementne 
sestave ter drugih hranilnih spojin. Novo odkrita vloga fermentirane mikroalge Spirulina v 
boju proti celičnemu oksidativnem stresu in vpliv mlečnokislinske fermentacije na 
transformacijo organskih molekul odpirata dodatna raziskovalna vprašanja in ponujata 
nove priložnosti za nadaljnje raziskave. 
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Chapter 1 

1 Introduction 

The rapid economic development in the 20th century has profoundly impacted human 
nutrition. Malnutrition has continued to spread fast, despite the unprecedented wealth and 
surplus of food stocks on the global level. The World Health Organization (WHO) estimates 
that approximately half of humanity suffers from malnutrition. Many over-nourished, some 
normally nourished, and virtually all under-nourished suffer from vitamin and mineral 
deficiencies. Over half of the world’s diseases are caused by different micronutrient 
deficiencies, overeating and hunger. In addition, the hungry perform well below their 
potential, while the overweight spend decades in later life crippled with diseases, which are 
at least partly attributable to overeating. Accordingly, the problem of malnutrition not 
only affects the quality of life of individuals but is slowing down or, in some cases, even 
reversing societal development (ACC/SCN, 2000; Gardner & Halweil, 2000; World Health 
Organization, 1998). 

The problem is made worse by the fact that the world population is projected to reach 
9.8 billion by 2050, resulting in a substantial increase in the demand for food. According 
to various studies (Tilman et al., 2011; United Nations, 2022), food production must be 
doubled during the same period to meet the rising demand effectively. However, increasing 
water scarcity and reduced land productivity diminish agricultural yields (FAO, 2009; 
Rhoades et al., 1992). Although the intensive use of croplands and land clearings may 
result in higher crop production, these agricultural practices have significant environmental 
impacts. They threaten biodiversity, contribute to the fragmentation of habitats, and result 
in high greenhouse gas emissions. Also, they harm terrestrial, freshwater, and marine 
ecosystems due to the excessive use of pesticides and fertilizers (Beddington, 2011; Burney 
et al., 2010; Dirzo & Raven, 2003; Godfray et al., 2010; Vitousek et al., 1997). Population 
growth, the increased demand for food, declining agricultural productivity, ongoing 
malnutrition, and the challenges posed by climate change underscore the urgent need for 
the sustainable production of alternative food products (FAO, 2009; Gardner & Halweil, 
2000). 

One solution is to harness the potential of algae, which serve as a rich source of 
nutritional and functional compounds (Sotiroudis & Sotiroudis, 2013). Algae are a diverse 
group of simple, non-flowering, predominantly aquatic plants that possess chlorophyll but 
lack true leaves, roots, stems, and vascular tissue (R. E. Lee, 2018). They are divided into 
macro- and microalgae, which differ according to their size and content of organelles. 
Benthic, multicellular algae, which can reach several meters in length, are macroalgae, 
while microalgae are eukaryotic microscopic unicellular phytoplankton. Cyanobacteria, a 
polyphyletic group of organisms, are a prokaryotic group of microalgae that also exhibit 
remarkable biodiversity and can exist in both unicellular and multicellular forms. For this 
reason, classifying cyanobacteria as microalgae or bacteria still presents a challenge among 
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taxonomists (Hachicha et al., 2022; Palinska & Surosz, 2014; Thajuddin & Subramanian, 
2005). 

Cyanobacteria possess an intermediate structure between plants (due to oxygenic 
photosynthesis) and bacteria (due to the absence of chloroplasts, mitochondria and a 
membrane-bound nucleus). They contain essential photosynthetic pigments such as 
chlorophyll a, carotenoids, phycobilisomes (especially phycoerythrin and phycocyanin), and 
xanthophylls, which serve as light collectors (Garcia-Pichel, 2009; Sandesh Suresh et al., 
2019) and the presence of chlorophyll a and phycocyanin pigments is why cyanobacteria 
are also called blue-green algae. These pigments are present in the membrane vesicles, 
thylakoids (Thajuddin & Subramanian, 2005). Cyanobacteria are also one of the oldest 
known organisms, with their presence dating back nearly 3.5 billion years, to the Archean 
eon. They are believed to have played a crucial role in oxygenating Earth’s atmosphere 
and are considered the photosynthetic ancestors of chloroplasts in plants and algae. 
Notably, cyanobacteria possess the unique ability to carry out both aerobic respiration and 
photosynthesis concurrently, as well as fix CO2 and, in certain cases, nitrogen (Fournier et 
al., 2021; Garcia-Pichel, 2009; Vermaas, 2001; Whitton, 1992). 

Arthrospira spp., the focus of this doctoral thesis, is one of the most important 
microalgal biomasses produced, belonging to the group of prokaryotic microalgae – 
cyanobacteria (de Morais et al., 2014; Soni et al., 2017). Arthrospira possesses a unique 
organization of cylindrical filaments – rows of cells referred to as trichomes, in a left-hand 
open helix across its entire length, from which it gets its name Arthrospira. The trichome 
spiral shape is specific for the Arthrospira genus, but the size (3–4 μm) and length (50–500 
μm) of the helix vary among species. Also, a considerable variation in the degree of helicity 
may be noticed among different strains and within the same strain (J. Costa & Morais, 
2013; Thajuddin & Subramanian, 2005). In the literature, there is also confusion regarding 
whether Arthrospira is a unicellular or a multicellular organism (Chamorro et al., 2002; 
Dartsch, 2008; Matufi & Choopani, 2020; Soni et al., 2017; Usharani et al., 2012). However, 
unlike other bacteria, which also possess a spiral shape and are unicellular, helical filaments 
of Arthrospira microalgae are multicellular, consisting of cells bound in a single row (Figure 
1.1). The growth of Arthrospira occurs through cell division, leading to elongation. 
However, it uses fragmentation to reproduce, which means that when a part of a filament 
breaks off, a new filament is initiated (Ciferri, 1983; Tomaselli, 2002). 

 

Figure 1.1: Morphological structure of Spirulina. (Sili et al., 2012). 

The Arthrospira genus, unlike other cyanobacteria, generally cannot fix atmospheric 
nitrogen (Fujisawa et al., 2010). This ability has only been attributed to one related species 
(Spirulina labyrinthyformis) isolated from a hot spring (Carvalho et al., 2012). The surface 
of Arthrospira is smooth, has no cellulose covering, and is easily digested by simple enzyme 
systems. Arthrospira microalgae are photosynthetic and, thus, autotrophic. The blue 
pigment phycocyanin is its primary photosynthetic pigment, together with chlorophyll a 
and carotenoids (S. K. Ali & Saleh, 2012; Capelli & Cysewski, 2010; Habib et al., 2008).  
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There is some controversy surrounding the name of this cyanobacteria. In 1892, the 
aseptate form of this blue-green microalgae was attributed to the Spirulina genus, while 
the septal form was attributed to the Arthrospira genus. Later, in 1932, the members of 
the two genera were reunified under the designation Spirulina, due to the similar helical 
morphology and without considering the presence of the septum. In 1989 the two forms of 
microalgae were again classified separately into two genera: Arthrospira and Spirulina, a 
classification which is currently accepted in the scientific community (Sánchez et al., 2003; 
Tomaselli et al., 1996). Therefore, the cyanobacteria that make up the commercial 
products, more often known as Spirulina, are members of the genus Arthrospira. 
Nevertheless, these names are now commonly used interchangeably due to the extensive 
historical use and marketing of A. platensis and A. maxima, as Spirulina. Spirulina is also 
the name that the scientific community commonly uses when referring to various species 
of Arthrospira microalgae. For this reason, according to the Food and Agriculture 
Organization (FAO), Arthrospira species can be referred to as Spirulina (Habib et al., 
2008). In this thesis, Spirulina refers to the genus Arthrospira. 

The most interesting Spirulina species used in food and supplement production are S. 
platensis and S. maxima. S. platensis is more widely distributed and mainly found in Africa, 
Asia and South America, while S. maxima is confined chiefly to California and Central 
America. The beginnings of the S. platensis use in food are considered in the Kanem area 
of Africa, with the center in Lake Chad, where the first recorded use of Spirulina as a 
foodstuff was in 1940, while the first recorded use of S. maxima was in 1521, when it was 
harvested from Lake Texcoco (today’s area of Mexico City) (Belay, 2007; Tomaselli, 2002). 
Among the many algae-based products, it is also possible to come across the commercial 
name Spirulina pacifica, which is the S. platensis strain pacifica (Nicoletti, 2016; Ötleş & 
Pire, 2001; Savranoglu & Tumer, 2013; L.-C. Wu & Ho, 2007). The biological classification 
of the most commonly used Arthrospira species, A. platensis, is presented in Table 1.1. 

Table 1.1: Biological classification of Arthrospira platensis. NCBI Taxonomy ID: txid1154, 
txid118562 (Schoch et al., 2020). 

Taxonomic rank  Scientific name 

Domain Bacteria - Prokaryota 

Kingdom Eubacteria 

Phylum Cyanobacteria 

Class Cyanophyceae 

Sub-class Oscillatoriophycideae 

Order Oscillatoriales 

Family Microcoleaceae 

Genus Arthrospira 

Species A. platensis 

Spirulina is a highly nutritious food which contains various phytonutrients, 
nutraceuticals, antioxidants and prebiotics. Additionally, it is a good source of protein, 
containing all of the essential, as well as most of the non-essential amino acids, omega-6 
fatty acids, minerals, vitamins, and pigments (Bashir et al., 2016; Chopra & Bishnoi, 2008; 
Chu et al., 2010; Liestianty et al., 2019; Pulz & Gross, 2004; Vo et al., 2015). Various 
studies have proven Spirulina’s effectiveness in the treatment of many pathological 
conditions, such as certain types of cancer, hyperlipidemia, cardiovascular diseases and 
hepatotoxicity (Czerwonka et al., 2018; Gad et al., 2011; Habib et al., 2008; Nagaoka et 
al., 2005). Due to its high nutritional value and digestibility, it has been designated by the 
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FAO as a high-quality dietary supplement and food product (Pelizer et al., 2003). After 
thorough research was conducted to address its safety and quality, the Food and Drug 
Administration (FDA) awarded Spirulina GRAS status (Generally Regarded As Safe) for 
its use in food products (Belay, 2007; U.S. Food and Drug Administration, 2012). Spirulina 
is the most widely consumed microalga in the US and EU (Boukid & Castellari, 2021). 

In the EU, microalgae are regulated under the EU Novel Foods Regulation 2015/2283. 
Here, novel foods are defined as food that humans in the EU had not consumed to a 
significant degree before the 15th of May, 1997. This regulation ensures that food products 
commercialized in the EU are adequately labelled and safe for consumption (European 
Commission, 2023b). However, Spirulina products and proteins derived from Spirulina can 
be commercialized in the EU as food without regulation due to its long history of 
consumption. Up-to-date information regarding Spirulina’s status as a novel food is 
available in the EU Novel Food Catalogue (European Commission, 2023a). 

1.1 Production of Spirulina 

Due to their small size (5 to 500 µm), microalgae cannot be harvested from the environment 
and must be cultivated in controlled industrial facilities. Efficient cultivation of microalgae 
requires meeting specific physiological needs, such as an energy source (light and 
temperature), a carbon source (CO2 supply), a nutrient source (various minerals) and the 
removal of toxic metabolites (excess oxygen). In addition, the production of microalgae 
(Figure 1.2) involves several key steps, including culturing system (vessel) design, culturing 
medium and operational conditions selection and optimization, biomass harvesting and 
drying (Brányiková & Lucáková, 2021; Lafarga et al., 2021). 

 

Figure 1.2: Spirulina powder production scheme. 

1.1.1 Culturing conditions 

Production of the Spirulina microalgal biomass demands specific growth conditions and 
production techniques. An alkaline pH of 8.5 to 11.0 is required for growth, with optimal 
pH values from 9.0 to 10.0 (Ciferri, 1983; Ragaza et al., 2020). The optimal temperature 
range for cultivation is from 30 to 35 °C regarding culture density and protein productivity 
(Colla et al., 2007; Ogbonda et al., 2007). During cultivation, however, the temperatures 
can rise to 39 °C without affecting its photosynthetic ability and drop to 15 °C for growth 
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to still succeed. Low overnight temperatures (25 °C) can result in a loss in biomass, 
reduction of β-carotene concentration, and diversion of the culture photosynthetic activity 
from the synthesis of carbohydrates to the synthesis of protein (Habib et al., 2008). 

Spirulina microalgae can be found in nature in freshwater, thermal springs, swamps, 
brackish water, seawater and alkaline salt water, with salt concentrations higher than 30 
g/L and a pH of 8.5–11.0. The optimal salt concentration for Spirulina cultivation is 
between 20 and 70 g/L (Habib et al., 2008). Salt deficiency or excess in the culturing 
medium leads to osmotic stress in the cells, resulting in the acceleration or deceleration of 
carbohydrate, fat and protein production (Mogale, 2016). 

Light quality and intensity are among the most important parameters when producing 
Spirulina. Sunlight is preferred, but artificial illumination is also an option. Low light 
intensities will result in biomass with a high concentration of cultured cells, rich in proteins 
and pigments, but with a lower growth rate due to the self-shading effect of the microalgae. 
Alternatively, high light intensities result in a higher growth rate (AlFadhly, Alhelfi, 
Altemimi, Verma, & Cacciola, 2022; Lafarga et al., 2021; Mogale, 2016; Soni et al., 2017). 

In order to homogenize and maintain the suspension of the filaments, i.e., to prevent 
clumping, enable an even distribution of nutrients and prevent thermal stratification, it is 
necessary to provide sufficient agitation and aeration to the culturing medium. It also 
enables a homogenous distribution of carbon dioxide and eliminates inhibitory chemicals 
like oxygen from the medium. Inadequate ventilation will reduce energy efficiency, biomass 
growth, and production (Delrue et al., 2017; Soni et al., 2017). 

Zarrouk’s medium has been used as a well-established standard and optimal medium 
for various Spirulina species production. Zarrouk’s medium remains the only conventional 
medium used in large-scale commercial Spirulina cultivation. Its composition, which 
provides an effective nutritional supplementation, includes sodium bicarbonate (NaHCO3), 
sodium nitrate (NaNO3), magnesium sulphate (MgSO4), potassium sulphate (K2SO4), 
calcium chloride (CaCl2), and dipotassium phosphate (K2HPO4) (Madkour et al., 2012; 
Pandey et al., 2010). However, as this medium includes the use of some expensive 
chemicals, various alternatives have been tried, such as growth media using food co-
products (Barrocal et al., 2010; Coca et al., 2015), commercial fertilizers (Gómez et al., 
2021; Madkour et al., 2012; Raoof et al., 2006), seawater (Mary Leema et al., 2010) and 
wastewater (Y. Chang et al., 2013; Phang et al., 2000; Zhai et al., 2017). These mediums 
provide a lower cost for Spirulina production, but the use of the final products may be 
limited. Namely, Spirulina produced in a medium containing wastewater cannot be added 
to food products or be used as a food supplement due to the varying content of nutrients 
and the possible presence of toxins in the medium and final product (Lafarga et al., 2021; 
Lim et al., 2021). For this reason, modified Zarrouk’s medium variants have also been 
studied using cheaper nitrogen sources (Carvalho et al., 2004; Rodrigues et al., 2011). 

1.1.2 Cultivation system 

Spirulina can be cultivated in an open or closed system (Figure 1.3) (Singh & Sharma, 
2012). The open raceway ponds consist of a pond and a separator delineating the culture's 
circulation. Circulation of the culture fluid is enabled by a paddle wheel that provides 
constant agitation for an even distribution of nutrients, oxygen and Spirulina fibers. The 
standard depth of the raceway ponds is from 20 to 30 cm (Murphy et al., 2015). While 
open cultivation systems are easier to construct and operate, demand a lower financial 
input (Ugwu et al., 2008) and are more cost-effective, as they require limited equipment 
and low maintenance (Borowitzka & Moheimani, 2013), some negative aspects remain to 
be addressed. For example, in this type of production system, the culture is directly exposed 
to the external environment, meaning that parameters such as seasonal and temperature 
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fluctuations, light intensity and low light utilization by the algae, pH, nutrient and 
dissolved oxygen concentrations, water loss due to evaporation and loss of carbon due to 
its diffusion to the atmosphere must be considered when building an open system 
(Borowitzka & Moheimani, 2013; Cuaresma et al., 2011). For instance, lower water aeration 
reduces biomass production compared to a closed system (Cuaresma et al., 2011). Another 
issue is culture contamination by fauna and toxin-producing algae (Singh & Sharma, 2012). 
In addition to artificial ponds and containers, natural waters such as ponds, lakes and 
lagoons are categorized under this production technique. Circular ponds, raceway ponds 
and tanks are the most commonly used open production systems (Ugwu et al., 2008). 
Spirulina cultivation for commercial purposes is performed mainly in raceway ponds 
(Figure 1.3b), which are used to mimic the optimal growth conditions of the natural 
alkaline and saline lakes in tropical and subtropical regions (Lafarga et al., 2021; Ragaza 
et al., 2020).  

 

Figure 1.3: Types of photobioreactor systems for Spirulina production. Open systems: (a) 
rectangular open, (b) raceway, (c) circular and (d) V-shaped pond; closed systems: (e) flat-
plate, (f) tubular and (g) vertical column photobioreactor (Brányiková & Lucáková, 2021; 
dos Santos et al., 2021; Huo et al., 2018). 

Closed production systems are essentially photobioreactors. Despite the higher 
construction and operation costs, there are several advantages to this type of cultivation 
system. First, these are enclosed culture vessels, which are designed for controlled 
cultivation of microalgal biomass. In closed systems, there is no direct exchange of 
contaminants or gasses with the environment, and parameters such as light intensity, 
temperature, pH level, carbon dioxide and water supply are highly controlled, while 
aeration, gas exchange and culture density (0.6 to 1.2 gdwt/L) are predetermined (Hase et 
al., 2000; Torzillo et al., 1986). Due to a highly controlled environment, they enable a 
higher cell concentration development (up to 90% higher) and cultivation of only one 
microalgal culture due to the probability of contamination (Tsoglin et al., 1996). Types of 
closed photobioreactors include tubular photobioreactors, flat plates and vertical columns, 
with tubular photobioreactors being the most commonly used closed systems for 
commercial Spirulina production (Ragaza et al., 2020; Soni et al., 2017). 

Additional solutions regarding microalgae production are also available, such as systems 
combining open and closed systems in so-called hybrid systems, which combine the 
advantages and minimize the disadvantages of both systems. Here, five to seven times 
higher productivity is achieved compared to an open cultivation system while providing 
better control of variable culturing parameters and reduced energy consumption. However, 
hybrid systems require substantial land area and complex technical handling (Soni et al., 
2017; Zittelli et al., 2013). 
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1.1.3 Harvesting and drying 

Another crucial point in Spirulina production is harvesting and drying, which impact the 
final product quality through possible contamination and changes in the biomass's nutrient 
content and organoleptic properties (Desmorieux & Hernandez, 2004; Lafarga et al., 2021). 
Spirulina should be harvested in the early morning due to the higher percentage of proteins 
in the biomass. Different methods are available and used by producers for microalgae 
collection, e.g., ultrasonic vibration, flotation, filtration, and centrifugation (AlFadhly, 
Alhelfi, Altemimi, Verma, & Cacciola, 2022). However, centrifugation remains the most 
commonly used technique for harvesting biomass (Dassey & Theegala, 2013). Combining 
techniques, such as an initial pre-concentration of the biomass using a flotation or 
sedimentation process, followed by centrifugation, can also reduce production costs 
(Lafarga et al., 2021). Also, because Spirulina is larger than other microalgae, the 
centrifugation process may be excluded since 80% of the biomass can be recovered using 
flotation (S. ‐G. Kim et al., 2005). 

The drying method used in Spirulina production depends on the intended use of the 
final product, as different drying techniques affect the biomass quality to a different extent. 
The main drying technique large producers use is spray drying, while small producers 
usually prefer the convective drying technique. Solar drying and lyophilization (freeze-
drying) have also been assessed but are less frequently used. Although the solar drying 
method is the most cost-effective, there remains a high risk of biomass contamination. 
Lyophilization, on the other hand, offers high-quality dried biomass production, but the 
process is too expensive to be incorporated into large-scale microalgae production 
(AlFadhly, Alhelfi, Altemimi, Verma, & Cacciola, 2022; Desmorieux & Hernandez, 2004; 
Lafarga et al., 2021; Shekarabi et al., 2019). 

1.1.4 Environmental impact of Spirulina production  

Production of conventional crops results in high water and land use, deforestation, soil 
erosion, and water contamination, and the use of fossil fuels adds to high atmospheric CO2 
levels, where a 2.2% increase is predicted between the years 2015 and 2040 (Belay, 2007; 
Shao et al., 2019; Soni et al., 2017). Spirulina microalgae production could help reduce the 
negative impacts on the environment, as it can be cultivated in arid lands, which are not 
suitable for other agricultural means, and the land area and amount of water needed for 
its production are lower (on a nutrient content basis) compared to other crops (25% water 
consumption compared to soy protein, 17% compared to maize protein and 2% compared 
to beef protein production). The culturing medium used in Spirulina production can also 
be recycled after harvesting, reducing freshwater and nutrient consumption. This recycling 
process also contributes to decreased environmental pollution caused by the emission of 
nitrogen oxide, ammonia, phosphate, and nitrate from fertilizers into the environment. 
Additionally, no waste is produced, as all biomass produced is adequate for food, feed or 
other commercial or industrial use (Belay, 2007; Habib et al., 2008; Soni et al., 2016; Ye et 
al., 2018). 

Spirulina biomass doubles in 4–5 days due to its high photosynthetic activity, and no 
biocides are needed in its production since the high alkalinity of the cultivation medium 
inhibits the growth of other contaminating algae (Belay, 2007). Also, Spirulina production 
has a lower negative impact on the environment than food products containing the same 
amount of protein and β-carotene since it requires less energy and freshwater due to the 
possibility of using alkaline or brackish water in its production and reuse of the growth 
medium. Additionally, more protein is produced per unit area (20 times higher than soy, 
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40 times higher than corn, and 200 times higher than beef), and there is no competition 
for production land (Habib et al., 2008; Hu et al., 2008; Ye et al., 2018; Zhu et al., 2014). 

Microalgae are also interesting because of their high photosynthetic efficiency, which 
amounts to 10–20% vs 3–6% in plants (Duran Quintero et al., 2021; Sudhakar & Mamat, 
2019). Due to their successful CO2 sequestration and copious oxygen production, microalgae 
are considered a future effective tool to help reduce the greenhouse effect. Spirulina 
consumes approximately 1.8 kg of CO2 per kg of dry biomass (0.36-1.78 kg CO2 per kg of 
fresh biomass) and converts it to O2 and biomass. As it shows an excellent prospect to 
contribute to CO2 reduction in the atmosphere, the possibility of using flue gas as a source 
of inorganic carbon in Spirulina cultivation would be economical and positive for the 
environment (Doucha et al., 2005; Duarte et al., 2017). 

1.2 Overview of Spirulina’s Nutritional Quality 

Spirulina has gained the interest of the scientific community and industry as a food product 
for daily nutrition due to its high content of various macro- and micronutrients and 
bioactive compounds, which have a positive impact on human health and vitality and have 
been experimentally proven to be effective in the treatment of various pathological 
conditions (Chopra & Bishnoi, 2008; Gutiérrez-Salmeán et al., 2015; Pulz & Gross, 2004). 

1.2.1 Proteins 

Spirulina microalgae has a high protein content ranging from 60 to 70% of dry weight. 
Such amounts make Spirulina exceptional among food protein sources, superior to meat, 
eggs, milk, and grains (Table 1.2). Even the best plant protein sources (e.g. soya) contain 
only up to 40% of protein (AlFadhly, Alhelfi, Altemimi, Verma, Cacciola, et al., 2022). In 
the literature, Spirulina protein values on a dry basis are compared to the protein values 
of other foods on a wet basis. This fact might seem misleading since Spirulina protein 
content on a wet basis is considerably lower – 7.2% (E. G. Oliveira et al., 2009). However, 
if we consider that Spirulina is mainly consumed in dry form (powder, tablet, capsules), 
while other foods are mainly consumed fresh, such a comparison makes sense. The protein 
content fluctuates by 10 to 15% depending on the harvest time, where the highest content 
of protein was achieved when Spirulina was harvested early in the morning (AlFadhly, 
Alhelfi, Altemimi, Verma, & Cacciola, 2022; Ragaza et al., 2020).  

The proteins of Spirulina microalgae are complete from a qualitative point of view, 
containing all the essential and most of the non-essential amino acids. The essential amino 
acids constitute 39–47% of the total protein mass (AlFadhly, Alhelfi, Altemimi, Verma, 
Cacciola, et al., 2022; Ragaza et al., 2020), and their proportions can be compared to those 
of meat, eggs and milk; but are superior to those in legumes and other plant sources. 
Additionally, Spirulina proteins are easy to digest (83–90%) due to cellulose-free cell walls, 
which consist of mucopolysaccharides and simple absorbable sugars (AlFadhly, Alhelfi, 
Altemimi, Verma, Cacciola, et al., 2022; Lupatini et al., 2017; Muys et al., 2019; Ragaza 
et al., 2020). 
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Table 1.2: Protein content of Spirulina and other foods. Protein values are given for the 
most commonly used form (dry/fresh). 

Food product Protein content (%) Reference 

Spirulina (dry) 55.0–70.0 
(Aouir et al., 2017; Campanella et al., 1999; E. G. 

Oliveira et al., 2009; Saranraj & Sivasakthi, 2014) 

Beef (fresh) 17.1–20.7 (Biel et al., 2019; Hall & Schönfeldt, 2013) 

Pork (fresh) 18.2–21.9 (Heber et al., 2010; J. Ma et al., 2019) 

Chicken (fresh) 21.0–24.0 (Negrão et al., 2005; Taşkıran et al., 2020) 

Fish (fresh) 8.6–24.0 
(Aberoumand, 2012; Azam et al., 2004; Usydus et 

al., 2011) 

Cow milk (fresh) 3.28–3.95 
(Palmquist & Moser, 1981; Vanga & Raghavan, 

2018; Yasmin et al., 2020) 

White cheese (fresh) 10.9–23.6 (Jaoude et al., 2010; Yaman et al., 2022) 

Hard cheese (fresh) 21.5–25.7 (Popović-Vranješ et al., 2016) 

Eggs (fresh) 11.7–12.6 

(AlFadhly, Alhelfi, Altemimi, Verma, Cacciola, et 

al., 2022; Kusum et al., 2018; Lesnierowski & 

Stangierski, 2018) 

Soybean (fresh) 35.4–40.3 (Ciabotti et al., 2016; Karr-Lilienthal et al., 2006) 

Beans (fresh) 19.0–25.2 (Barreto et al., 2021; J. Liu et al., 2022) 

Spirulina is an excellent source of phycobiliprotein, mainly C-phycocyanin (20% of 
Spirulina protein fraction) and allophycocyanin in a ratio of around 10:1. These proteins 
are used in various applications, such as nutritional ingredients, biomedical markers, and 
natural food and cosmetics colorings. They are believed to be responsible for most of 
Spirulina’s positive health effects, where they act as therapeutic agents in diseases induced 
by oxidative stress (Bhat & Madyastha, 2001; Grover et al., 2021; Lupatini et al., 2017; 
Patil et al., 2008). C-phycocyanin contains approximately 4.7% of phycocyanobilin (6.7 
mg/g of Spirulina), a homolog of biliverdin, which is reduced to phycocyanorubin (bilirubin 
homolog) in mammalian cells. The latter strongly inhibits the activity of the NADPH 
oxidase enzyme complex and, in that way, prevents and helps in the treatment of diseases 
caused by NADPH oxidase overactivity, such as cardiovascular disease, certain cancer 
types, allergies, diabetes, Alzheimer’s and Parkinson’s disease, rheumatoid arthritis and 
others (McCarty, 2007). 

Additionally, Spirulina proteins can be hydrolyzed to bioactive peptides. These have 
been shown to possess various beneficial biological activities such as antioxidative, 
antiviral, anticoagulant, antidiabetic, antihypertensive, anti-obesity and antiproliferative, 
and have received much attention. They present a valuable source for the development of 
foods and pharmaceuticals with added value (Czerwonka et al., 2018; Gad et al., 2011; 
Joventino et al., 2012; Nagaoka et al., 2005; Vo et al., 2013; Z. Wang & Zhang, 2017). 

1.2.1.1 Amino acids 

The proteins from Spirulina contain all of the essential amino acids – histidine, isoleucine, 
leucine, lysine, methionine, phenylalanine, threonine, tryptophan and valine, which 
constitute about 45% of the total protein content in Spirulina; as well as the non-essential 
amino acids – alanine, arginine, aspartic acid, cysteine, glutamic acid, glycine, proline, 
serine and tyrosine. The content of sulfur-containing amino acids methionine and cysteine 
is somewhat poorer (Andrade et al., 2018; Muys et al., 2019; Ragaza et al., 2020; Vo et al., 
2015), but due to the high Spirulina amino acid bioavailability, which amounts from 85.1% 
in dry Spirulina to 86.6% in fresh Spirulina, also the content of underrepresented amino 
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acids is still notable (Shioji et al., 2021). The amino acid composition in Spirulina 
microalgae is balanced and in proportion to that recommended by FAO. As such, it can 
be compared to conventional protein sources (meat, milk, eggs) and is superior to vegetable 
proteins (Andrade et al., 2018; Lupatini et al., 2017; Muys et al., 2019; Ragaza et al., 2020). 
Table 1.3 presents the amino acid composition of Spirulina. 

Table 1.3: Spirulina amino acid composition. Ranges of amino acid values (mg/gdwt), as 
presented in the literature (Andrade et al., 2018; Bashir et al., 2016; Campanella et al., 
1999; Dewi et al., 2016; Z.-Y. Li et al., 2007). 

Non-essential Content (mg/gdwt) Essential Content (mg/gdwt) 

Alanine 33.4–58.0 Histidine 6.00–14.9 

Arginine 4.00–51.0 Isoleucine 20.6–42.0 

Aspartic acid 49.8–64.0 Leucine 34.4–61.7 

Cysteine 4.00–6.40 Lysine 24.5–36.0 

Glutamic acid 83.1–101 Methionine 12.8–17.1 

Glycine 28.9–43.0 Phenylalanine 20.8–35.2 

Proline 21.0–27.0 Threonine 29.0–33.8 

Serine 23.0–38.6 Tryptophan 8.50–11.0 

Tyrosine 23.9–30.7 Valine 25.3–60.0 

The protein and amino acid content and profile in Spirulina are affected by climatic 
conditions in open production systems and culturing conditions in closed production 
systems (Carcea et al., 2015; M. A. C. L. de Oliveira et al., 1999; Muys et al., 2019). In 
this respect, the cultivation temperature is one of the most important parameters. For 
example, high culturing temperatures of (40 °C) result in a lower protein content than 
when grown at optimal temperature (S. platensis: 25–30 °C and S. maxima: 30–35 °C). 
Also, S. platensis is more affected by high temperatures than S. maxima due to its lower 
optimal growth temperatures (M. A. C. L. de Oliveira et al., 1999). Spirulina’s highest 
essential amino acid content was observed at 30 °C and pH 9.0, and the lowest at 25 °C 
and pH 8.5 (Ogbonda et al., 2007). All the amino acid profiles were similar when different 
nitrogen sources (nitrate, nitrite, ammonium and urea) were used for cultivation; the 
highest amino acid content was obtained using urea and the lowest using ammonium. Also, 
different cultivation times might reflect a different amino acid content (A. Choi et al., 
2003).  

Drying techniques also affect the protein and, as a result, amino acid content. For 
example, infrared drying in spreading cylinders and convective drying techniques result in 
the highest protein losses, followed by thin-layer drying. Conversely, lyophilization 
consistently yields the best protein recoveries. Among the amino acids, methionine is 
particularly susceptible to changes during drying. For instance, the drum-drying technique 
has been shown to reduce methionine levels by ≥30% compared to the spray-drying 
technique (E. W. Becker & Venkataraman, 1984; Desmorieux & Hernandez, 2004). 

Amino acid analysis of food products is divided into free (not bound in protein) and 
total (free plus protein–bound) amino acid analysis. While total amino acid analysis is used 
to determine the nutritional quality or total protein content of a food product (Otter, 2012; 
Zhao et al., 2023), free amino acid analysis is used to assess proteolytic activity in food 
processing, also to determine their contribution to overall acceptability of the food product, 
due to their role in the taste and flavor (Kowalska et al., 2022). 

The free amino acid analysis includes protein precipitation and precipitated protein 
removal. The remaining free amino acids are then extracted, derivatized, and analyzed 
(Mustafa et al., 2007; Rutherfurd & Gilani, 2009). In contrast, the total amino acid analysis 
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is somewhat more complex and varies in the execution of individual steps. Here, prior to 
the amino acid extraction, protein hydrolysis and, at the same time, free amino acids 
solubilization in an oxygen-free environment is required (Carcea et al., 2015; Rutherfurd & 
Gilani, 2009; Sharoba, 2014; Violi et al., 2020). Commonly used methods for amino acid 
separation and quantification include liquid (high performance liquid chromatography, 
HPLC) and gas chromatographic (gas chromatography–mass spectrometry, GC-MS), or 
other methods, such as capillary electrophoresis (Rutherfurd & Gilani, 2009; Violi et al., 
2020). 

In this study, the total amino acid content of the Spirulina commercial samples was 
determined using acid hydrolysis with the addition of scavenging agents. Amino acid 
extraction was then performed using solid phase extraction (SPE) and identification and 
quantification using GC-MS (Masten Rutar et al., 2022). 

1.2.2 Lipids 

The total lipid content in Spirulina on a dry weight basis ranges from 6 to 11% and consists 
of saponifiable (83%) and unsaponifiable (17%) fractions. The saponifiable fraction consists 
primarily of phosphatidyl glycerol (25.9%), monogalactosyl, digalactosyl (23%) and 
sulfoquinovosyl diglycerides (5%), undefined phospholipids (4.6%) and triglycerides (0.3%). 
The unsaponifiable fraction consists mainly of sterols, pigments, terpene alcohols and 
paraffin. The cholesterol content is less than 0.1 mg/100 g of dried Spirulina (Falquet, 
1997; Marzieh Hosseini et al., 2013; Muys et al., 2019; E. G. Oliveira et al., 2009; Ragaza 
et al., 2020). 

1.2.2.1 Fatty acids 

The analysis of Spirulina's fatty acid content reveals the presence of several saturated fatty 
acids (SFA), including myristic (C14:0), palmitic (C16:0), heptadecanoic (C17:0) and 
stearic (C18:0). Additionally, significant amounts of omega-6 unsaturated fatty acids 
(UFA) are detected, particularly palmitoleic (C16:1), oleic (C18:1), linoleic acid (C18:2), 
gamma (γ) linolenic (GLA; C18:3 ω-6) and arachidonic (C20:4 ω-6) fatty acid. The content 
of omega-3 unsaturated fatty acids, however, varies among studies. Some reports indicate 
the presence of α-linolenic (C18:3 ω-3), stearidonic (C18:4 ω-3), eicosapentaenoic (EPA; 
C20:5 ω-3) and docosahexaenoic (DHA; C22:6 ω-3) polyunsaturated fatty acids (PUFA), 
while others suggest either trace amounts or no detection of omega-3 fatty acids (AlFadhly, 
Alhelfi, Altemimi, Verma, Cacciola, et al., 2022; Aouir et al., 2017; Falquet, 1997; 
Liestianty et al., 2019; Ötleş & Pire, 2001; Sharoba, 2014; Tokuşoglu & Ünal, 2003). The 
fatty acid composition of Spirulina is presented in Table 1.4. 
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Table 1.4: Spirulina fatty acid composition. Ranges of fatty acid values (% of total fatty 
acids (TFA)), as reported in the literature (Bensehaila et al., 2015; Olguín et al., 2001; 
Ötleş & Pire, 2001; Sharoba, 2014; Tokuşoglu & Ünal, 2003). 

Fatty acid Content (% TFAa) Fatty acidb Content (% TFA) 

Butyric (C4:0) ND–1.01 Palmitoleic (C16:1) 0.52–6.38 

Caproic (C6:0) ND–0.95 Margaric (C17:0) ND–0.45 

Caprylic (C8:0) 3.65–4.0 Heptadecenoic (C17:1) ND–0.27 

Undecylic (C11:0) 0.58–1.57 Stearic (C18:0) 0.95–8.82 

Undecylenic (C11:1) 0.89–1.65 Oleic (C18:1, ω-9) 0.33–35.7 

Lauric (C12:0) ND–7.60 Linoleic (C18:2, ω-6) 9.43–18.0 

Lauroleic (C12:1) ND–0.52 γ-linolenic (C18:3, ω-6) 3.64–31.2 

Tridecylic (C13:0) 0.72–0.95 α-linolenic (C18:3, ω-3) ND–2.40 

Myristic (C14:0) ND–3.60 Eicosadienoic (C20:2, ω-6) ND–1.01 

Myristoleic (C14:1) 0.30–0.53 Arachidonic (C20:4, ω-6) 0.34–0.41 

Pentadecylic (C15:0) ND–1.53 EPA (C20:5, ω-3) ND–2.91 

Pentadecenoic (C15:1) 1.26–3.16 Erucic (C22:1, n-9) ND–5.33 

Palmitic (C16:0) 25.0–46.1 DHA (C22:6, ω-3) ND–3.51 
a TFA: Total fatty acids; b Fatty acid: EPA (eicosapentaenoic), DHA (docosahexaenoic). ND: not 
detected. 

One of the most important fatty acids found in Spirulina is the γ-linolenic fatty acid 
(GLA), and, Spirulina is believed to be the most abundant natural source of GLA. Before 
Spirulina, the main source was the evening primrose (Oenothera biennis), which contains 
8-12% of GLA in total fatty acids (TFA). The GLA content in Spirulina can reach up to 
31.7% of TFA and 1.4% of Spirulina dry mass (Belay et al., 1993; Tanticharoen et al., 
1994). GLA is a precursor for anti-inflammatory eicosanoid prostaglandin biosynthesis in 
the human body, which has an important anti-inflammatory and anti-proliferative function 
(Timoszuk et al., 2018). GLA has also been shown to reduce plasma low-density lipoprotein 
cholesterol (LDL) and triacylglycerol levels and, therefore, can aid in treating 
cardiovascular diseases (Dasgupta & Bhattacharyya, 2007). Additionally, it has a role in 
the treatment of other pathological conditions, such as Parkinson’s disease, atopic eczema, 
arthritis, diabetes, and multiple sclerosis; it has also been investigated as a tumor 
suppressant (Ahmed et al., 2009; Raja et al., 2016; F. Wang et al., 2015). The GLA content 
in Spirulina is affected by the temperature, carbon source, light intensity, aeration and 
salinity stress conditions during cultivation (Choopani et al., 2022; Ronda & Lele, 2008). 

Environmental conditions during cultivation and the growth phase influence the ratio 
and content of the fatty acids in the final product (Carcea et al., 2015; Cohen et al., 1987, 
1993; Olguín et al., 2001). For example, cyanobacteria react rapidly to changes in external 
conditions and climate. Thus, the fatty acid composition of Spirulina has been shown to 
vary between production season and year. Moreover, the variation in the ratio between the 
SFA and UFA is in agreement with the metabolic needs of cyanobacteria, such as 
membrane fluidity, which adapts to changing external conditions (Carcea et al., 2015; M. 
A. C. L. de Oliveira et al., 1999). In certain blue-green algae and Spirulina, lipid 
composition is modified at lower temperatures to increase the UFA levels and improve 
membrane fluidity. Conversely, an increased SFA content is noticeable with increasing 
cultivation temperatures (de Jesus et al., 2018; Renaud et al., 2002; Y.-Z. Wang et al., 
2016). Also, different Spirulina strains respond differently to temperature during growth. 
Thus, the highest γ-linolenic FA synthesis occurs between 35 and 40 °C in S. maxima, 
while in S. platensis, it is at 30 °C (M. A. C. L. de Oliveira et al., 1999). Another factor 
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influencing γ-linolenic fatty acid content is salinity, where higher values were found in 
samples with prolonged exposure to salinity stress (Bhakar et al., 2013). Ocean acidification 
is also a factor affecting microalgae's fatty acid composition. This acidification results from 
increased atmospheric CO2 and changes in coastal processes, which result in a lower content 
of essential fatty acids in the microalgal biomass (Rossoll et al., 2012). Therefore, it is 
essential to control growth conditions since this is the only way to achieve a stable fatty 
acid composition (Carcea et al., 2015). 

Processing techniques, especially drying, also affect the total lipid yield and fatty acid 
composition. Notably, lyophilization (freeze-drying) gives the best results regarding 
nutrient preservation compared to spray drying, oven drying or sun drying. Thus, the 
highest monounsaturated fatty acid (MUFA) and PUFA levels in microalgal products are 
observed in lyophilized samples. However, sun-dried products contain the highest levels of 
saturated fatty acids due to an accelerated oxidation process (Shekarabi et al., 2019). 

Fatty acid analysis of food products is divided into free (hydrolysis products of 
triglycerides) and total (free plus bound) fatty acid analysis. The purpose of the total fatty 
acid analysis is to determine the nutritional quality of a food product. Alternatively, the 
amount of free fatty acids can be used to assess product quality, stability and degradation 
during storage (Medeiros Vicentini-Polette et al., 2021; H. Park et al., 2021). Free fatty 
acid content is commonly determined by the acidity index (mg KOH/g), which gives 
information about the free fatty acid content but does not provide identification of the 
individual fatty acids. Up to now, no standardized methodology has been available for free 
fatty acid analysis without the occurrence of triacylglycerol breakdown (Medeiros 
Vicentini-Polette et al., 2021). 

Total fatty acid analysis of food samples requires several steps: lipid extraction and 
derivatization to fatty acid methyl esters (FAME), extraction, identification and 
quantification (Ruiz-Rodriguez et al., 2010). The lipid extraction efficiency depends on the 
solvent and the lipid’s polarity (Señoráns & Luna, 2012; Servaes et al., 2015). Various well-
established methods for lipid extraction are available, with the Soxhlet and Folch methods 
being the most common (Hewavitharana et al., 2020; Señoráns & Luna, 2012). The 
simultaneous extraction and esterification of fatty acids in foods are also possible using the 
BF3 method, which is widely used due to short reaction time and efficient derivatization 
(J. Chang et al., 2016; Eze et al., 2015; Hewavitharana et al., 2020). The most commonly 
prepared fatty acid derivatives are FAME; their identification and content are determined 
by measuring their retention times and chromatographic peak areas and by comparison to 
an authentic standard (Al-Dhabi & Arasu, 2016; Carcea et al., 2015; Ötleş & Pire, 2001; 
Shantha & Napolitano, 1992; Sharoba, 2014). GC-MS is the method of choice for analyzing 
fatty acids, due to better selectivity, efficiency and cost compared to other techniques, such 
as liquid chromatography–mass spectrometry (LC-MS) and GC coupled to a flame 
ionization detector (GC-FID) (Hewavitharana et al., 2020). 

In this thesis, total fatty acids in Spirulina samples were extracted and then derivatized 
using the BF3 method, saponified and extracted. The obtained FAME were analyzed by 
GC-MS (Masten Rutar et al., 2022). 

1.2.3 Elements 

Spirulina is a valuable mineral source; however, its elemental composition depends 
significantly on the growth and processing conditions during harvesting and drying. The 
most essential inorganic nutrients in Spirulina are iron (Fe), calcium (Ca) and phosphorus 
(P). In addition, it also contains selenium (Se), potassium (K), magnesium (Mg), chromium 
(Cr), manganese (Mn), copper (Cu), sodium (Na), zinc (Zn), molybdenum (Mo) and boron 
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(B), among others (Campanella et al., 1999; Liestianty et al., 2019; Muys et al., 2019; 
Rahim et al., 2021; Tokuşoglu & Ünal, 2003; Usharani et al., 2012). 

The iron content in Spirulina is ten times greater than other Fe-rich food sources, which 
is especially important for people who consume smaller amounts of meat and those with 
iron deficiency and higher iron requirements (pregnant women and children). Additionally, 
no phytates or oxalates are present in Spirulina, which would inhibit its bioavailability and 
absorption, as happens in some vegetable iron sources. Therefore, the iron present is 
expected to be highly available for absorption in the human intestine (AlFadhly, Alhelfi, 
Altemimi, Verma, Cacciola, et al., 2022; Gutiérrez-Salmeán et al., 2015). Spirulina also 
raises iron blood levels in rats more efficiently than casein or wheat gluten (P. E. Johnson 
& Shubert, 1986; Kapoor & Mehta, 1998). Iron from Spirulina has been reported to be 
more than twice as absorbable as iron from vegetables and meat sources. A 60% higher Fe 
absorption level was determined when Spirulina was compared to other Fe supplements, 
e.g., iron sulfate (Puyfoulhoux et al., 2001). However, the latest scientific evidence shows 
that iron bioavailability studies performed on rats do not correlate well with a human 
model. Namely, rats absorb both ferrous and ferric iron equally, while ferrous iron is 
preferred in humans. Also, heme and non-heme iron bioavailability are similar in rats, while 
heme iron is preferred in humans. In the case of low iron status, humans can increase the 
non-heme iron absorption up to 40%. The absorption is twice as high in rats and in contrast 
to humans, rats can also synthesize their ascorbic acid and possess an intestinal phytase 
activity, aiding iron absorption (Wienk et al., 1999). The iron content in commercial 
Spirulina products has been shown to vary greatly, mainly attributed to the iron content 
in the Spirulina growth medium. Also, the available reports on its bioavailability are 
contradictive, as Fe bioavailability can also be limited by high amounts of P and Ca, as 
well as the presence of tannic acid (Campanella et al., 1999; Isani et al., 2022; Peng et al., 
2005; Puyfoulhoux et al., 2001). 

Phosphorus, Ca and Mg (their proportion in Spirulina is similar to that of milk) are 
known to lower the risk for bone decalcification and consequently contribute to bone health 
(AlFadhly, Alhelfi, Altemimi, Verma, Cacciola, et al., 2022; Craig & Mangels, 2009; 
Liestianty et al., 2019). A low Na/K ratio decreases the risk of developing hypertension 
and cardiovascular disease (AlFadhly, Alhelfi, Altemimi, Verma, Cacciola, et al., 2022; 
Campanella et al., 1999; Iwahori et al., 2017). Also, the recommended daily amount of 
Spirulina microalgae can provide a substantial amount of Cu, Cr, Zn, Mn and Se elements 
(Campanella et al., 1999; Liestianty et al., 2019; Rahim et al., 2021; Ramírez-Rodrigues et 
al., 2021; Tokuşoglu & Ünal, 2003). 

As the elemental composition of the culturing medium can influence the elemental 
content of Spirulina, it has the potential to be utilized as a nutritionally enriched natural 
source of minerals, as various minerals can be incorporated into its cultivation medium. 
Namely, Spirulina mineral content increased when their concentration was increased in the 
growth medium, and vice versa (Cases et al., 2001; Frontasyeva et al., 2009; Sukumaran 
et al., 2014). The alkalinity of the growth medium also affects mineral assimilation, as, at 
a higher pH, higher assimilation of metal ions occurs (Dmytryk et al., 2014). Moreover, 
processing conditions and techniques also influence the mineral composition, e.g., changes 
in mineral levels have been reported after the flaking process in Spirulina flake production, 
drying methods and excipient addition to the final product (Mohapatra et al., 2021; 
Sadowska & Świderski, 2020; Sistani et al., 2001; Sreeramaiah & Goudar, 2012). 

Sample preparation of food samples commonly relies on microwave digestion as a 
preferred technique for sample preparation. This method is widely used due to its ability 
to reduce sample preparation time, contamination, and acid consumption compared to 
other digestion techniques (Carcea et al., 2015; Dolan & Capar, 2002; Drivelos & Georgiou, 
2012; Krejčová et al., 2012). The elemental content in food samples is determined by 
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comparing the spectra of the sample with a reference material. Commonly used methods 
for elemental analysis include inductively coupled plasma – optical emission spectroscopy 
(ICP-OES) and inductively coupled plasma – mass spectrometry (ICP-MS) (Carcea et al., 
2015; Dolan & Capar, 2002; Drivelos & Georgiou, 2012; Krejčová et al., 2012). While the 
ICP-OES enables a rapid multi-element analysis, the ICP-MS method offers a wide linear 
dynamic range, high sensitivity and low limits of detection and is the optimal choice for a 
multi-element analysis (J. S. Becker, 2005; Drivelos & Georgiou, 2012; Krejčová et al., 
2012). X-ray fluorescence (XRF) is another popular method for multi-elemental analysis, 
which was also used in our study (Masten Rutar et al., 2022; Masten Rutar, Strojnik, et 
al., 2023) and does not require any sample preparation providing direct analysis of solid 
samples. Nevertheless, despite its practicality, this method is limited by low sensitivity for 
high-mass elements (Drivelos & Georgiou, 2012). 

1.2.3.1 Toxic trace elements 

Spirulina is a highly effective accumulator of trace elements, which is advantageous when 
accumulated elements are essential for human health and well-being. However, it can 
threaten consumer health by accumulating toxic trace elements (Al-Dhabi & Arasu, 2016). 
When Spirulina is grown in an open environment, it can become contaminated with 
cadmium (Cd), arsenic (As), lead (Pb), aluminum (Al) and mercury (Hg), as these elements 
are commonly found in agricultural areas as trace contaminants originating from fertilizer 
and pesticide products, and can contaminate the culturing medium through environmental 
factors (wind, precipitation). Additional possible sources of contamination are also 
atmospheric pollution and construction materials. Therefore, the agricultural, but also 
pedoclimatic conditions contribute to their presence in the final products (Al-Dhabi, 2013; 
Belay, 2007; Gumbo & Nesamvuni, 2017; Jung et al., 2019; Muys et al., 2019). The 
chemicals used in Spirulina cultivation are also a potential source of contaminants 
(Rzymski et al., 2019). For this reason, no herbicides or pesticides should be used (Belay, 
2007; D. V. Moreno et al., 2007), and it is advised only to use Spirulina produced under 
standardized and controlled conditions (Jung et al., 2019). When a closed culturing 
environment is used for cultivation, increased values of toxic elements are rarely confirmed 
(Al-Dhabi, 2013; Sharoba, 2014). Nevertheless, constant product monitoring is necessary 
due to Spirulina’s affinity to accumulate toxic trace metals (Al-Dhabi & Arasu, 2016; 
Belay, 2007). 

In this study, trace-elemental composition was analyzed using ICP-MS (Masten Rutar 
et al., 2022). 

1.2.4 Bioactive compounds 

Besides the nutrients described previously, Spirulina is a good source of other compounds, 
such as pigments, polysaccharides, vitamins and antioxidants. Its blue-green color comes 
from phycocyanin (blue) and chlorophyll (green) pigments. It is also rich in carotenoids 
(yellow, orange and red). A list of pigments in Spirulina includes beta-carotene, 
chlorophyll-a, C-phycocyanin and allophycocyanin, zeaxanthin, xanthophyll, 
oscillaxanthin, canthaxanthin, 3-hydroxyechinenone, echinenone, myxoxanthophyll, 
diatoxanthin and beta-cryptoxanthin (Habib et al., 2008). Phycobiliproteins, lutein and β-
carotene, have the highest market demand. Carotenoids are a source of flavorings and 
colorants for food and feed and of pro-vitamin A in dietary supplements. In the health 
market, natural β-carotene is preferred due to its mixed composition of cis- and trans-
isomers. Both isomers have important anticancer activity, but the cis-isomer is rarely found 
in synthetically produced pigments (Downham & Collins, 2000; Mary Leema et al., 2010). 
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Additionally, these pigments have antioxidative and anti-inflammatory properties (W. S. 
Park et al., 2018). Phycobiliproteins, only found in cyanobacteria, have a wide range of 
possible commercial and pharmaceutical applications. These applications include 
substituting toxic synthetic pigments in the cosmetic industry, as well as finding utility in 
the food and drug industries and biomedical research (Glazer, 1994; Mary Leema et al., 
2010; J. Moreno et al., 1995). Phycobiliproteins have also been shown to possess 
antioxidant, hepatoprotective, antiviral, neuroprotective, anticancer and 
immunostimulatory properties (Fernández-Rojas et al., 2014; Ramos et al., 2011; Romay 
et al., 2003). 

Various studies have shown that Spirulina is a source of B vitamins: thiamin (B1), 
riboflavin (B2), niacin (B3), pantothenic acid (B5) and folic acid (B9). Pyridoxine (B6) and 
biotin (B7) were only found in small amounts. Also, high amounts of vitamin E (α-
tocopherol) were found, comparable to that in wheat germ (Andrade et al., 2018; 
Grosshagauer et al., 2020; Liestianty et al., 2019; Ragaza et al., 2020; Rahim et al., 2021; 
Shao et al., 2019). B vitamins aid in detoxifying the body, intestinal functioning, 
stimulating the immune system and cell regeneration. Vitamin E, on the other hand, has 
a role in preventing oxidative lipid damage, coronary disease, atherosclerosis and multiple 
sclerosis (Andrade et al., 2018; S. Johnson, 2000). 

Many Spirulina producers claim that their products are a rich source of B12 
(cyanocobalamin) for vegetarians. Also, similar claims can be found in the recently 
published scientific material (Liestianty et al., 2019; Ragaza et al., 2020; Shao et al., 2019). 
However, 72.6–97.9% is present in pseudo-B12 form, where the lower ligand is replaced by 
adenine, and it is not bioavailable for humans, meaning Spirulina is not a good source of 
this vitamin (van den Oever & Mayer, 2022; Watanabe et al., 1999). 

Phenolic compounds (phloroglucinol, p-coumaric, caffeic, chlorogenic and ferulic acid) 
and polysaccharides (immulina, rhamnose and mannose) are also important constituents 
of Spirulina microalgae. While the phenolics possess antioxidant activity and the 
polysaccharides provide an immunostimulatory activity, both act as anti-cancer 
compounds (Andrade et al., 2018; Ragaza et al., 2020). 

The components in Spirulina microalgae with the main antioxidative properties are 
PUFA, phycocyanin, vitamin E, carotenoids (especially β-carotene) and phenolic 
compounds. Among them, GLA, phenolic compounds and phycocyanin are responsible for 
most of its therapeutic properties: anti-inflammatory, anti-microbial, anti-cancer, anti-
obesity, anti-diabetes and anti-toxicity (Andrade et al., 2018; Ragaza et al., 2020; Shao et 
al., 2019). Among the mentioned bioactive compounds, the present study included 
assessment of total phenolic content, carotenoid and chlorophyll pigment analysis and 
PUFA analysis, including GLA (Jamnik et al., 2022; Masten Rutar et al., 2022; Masten 
Rutar, Vrhovšek, et al., 2023). 

1.3 New Approaches in Improving and Determining Food 

Bioactivity 

With a growing world population the demand to meet the population caloric needs has 
increased. For this reason, significant advancements have been made in large-scale crop 
production to enhance the hardiness and yield of crops. These improvements have involved 
intensive fertilization, irrigation, pesticide usage, and plant breeding. However, this has led 
to the loss of crop nutritional quality (diversity and nutrient content) and nutrient 
bioavailability. As a result, despite meeting caloric requirements, the crops produced today 
do not meet the micronutrient demand (Scharff et al., 2022). In order to address the 
nutrient deficiency faced by the growing global population, it is essential to focus on 
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improving the nutritional quality of food. With changing food habits and urbanization, 
there is a growing interest in so-called “smart” foods with higher nutrition per bite, i.e., 
food products that are a good nutrient source and possess beneficial physiological activities 
(Nayak et al., 2021). Given this, several different techniques have been used to improve 
the nutritional and bioactive quality of food, including crop breeding techniques, seeds and 
pulses germination, application of microorganisms to plant growing medium (bacteria or 
fungi) and microbial processes (fermentation). Among them, lactic acid fermentation of 
substrates of plant, animal and algal origin has attracted much attention and has shown 
promising results (Chiellini et al., 2023; Gaikwad et al., 2020; Irfan & Datta, 2017; Nayak 
et al., 2021; Scharff et al., 2022). 

1.3.1 Lactic acid fermentation as a way of increasing nutritional and 

functional properties of microalgae 

Fermentation is described as a process where chemical changes occur in the organic 
substrate, in the form of incomplete oxidation of organic compounds, as a response to 
microbial enzyme activity – and the fermentative microorganisms have an essential role in 
this process (Chojnacka, 2010; Limón et al., 2015). Throughout history, lactic acid 
fermentation has been used to prolong the shelf life of food products. Today, it is also 
applied to improve their bioactivity to achieve beneficial health effects and reduce the 
antinutritional factors’ activity. Fermentation of food products has also been shown to 
improve nutrient digestibility and reduce allergenicity (Limón et al., 2015; Sanjukta & Rai, 
2016). 

Lactic acid bacteria (LAB) have been used in food fermentation for centuries. They can 
be divided into two groups: the homofermentative LAB, which convert a glucose molecule 
into two lactic acid molecules via glycolysis (the Embden-Meyerhof pathway), and the 
heterofermentative, which convert a molecule of glucose into lactic acid, ethanol and CO2 
(Wee et al., 2006). Among LAB, Lactobacillus is one of the most important genera. They 
are a group of anaerobic (but aerotolerant) Gram-positive bacteria which produce L-(+)-
lactic acid. Within this genus, Lactobacillus plantarum is the most versatile 
homofermentative species with many favorable properties and has gained the status GRAS 
and QPS (Qualified Presumption of Safety). Thus, it is widely used for raw food processing 
and industrial fermentation (EFSA, 2021; Elagöz et al., 1996; Guidone et al., 2014; B. Liu 
et al., 2010; Ray & Joshi, 2015). 

The application of LA to improve the functional (nutraceutical) properties of food is 
relatively recent and a result of LAB’s ability to use enzymatic hydrolysis to degrade the 
cyanobacterial and plant cell walls and convert organic macromolecules (proteins, lipids, 
phenolic compounds and polysaccharides). The latter produces smaller compounds with 
high immunomodulatory, anti-inflammatory and antioxidant functions (de Marco Castro 
et al., 2019; Limón et al., 2015; Sanjukta & Rai, 2016). Besides the enhanced content and 
change in the profile of bioactive molecules, lactic acid fermentation also enhances their 
bioavailability (Septembre-Malaterre et al., 2018). During fermentation, L. plantarum is 
involved in the production of bioactive peptides (with immunomodulatory, antimicrobial 
and ACE-inhibition activity), antioxidants (pyrogallol and hydroxytyrosol), flavoring 
compounds (4-vinyl phenol), vitamins (B2, B9 and B12), and exopolysaccharides (with 
antioxidant, immunomodulatory, cholesterol-lowering and antitumor function). Finally, 
among many other health-promoting properties, it also helps to improve iron bioavailability 
by degrading complex iron-binding organic molecules, such as gallic acid (Behera et al., 
2018; S.-J. Lee et al., 2015; Ricci et al., 2010; Rodríguez et al., 2009). 
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Recently, interest in the fermentation of micro-, macroalgal and cyanobacterial biomass 
has grown in an attempt to enhance the nutraceutical properties of these 
bioactive-compound-rich organisms. The first reported algal lactic acid fermentation was 
performed in 1998 on Ulva spp., where a microbial consortium was used, including L. brevis 
(Uchida & Miyoshi, 2012). Since then, the most commonly used LAB for algal fermentation 
is L. plantarum, although other LAB species, among them L. fermentum, L. casei, L. 
paracasei, L. brevis, L. rhamnosus, L. pentosus, L. delbrueckii, L. kefir, L. acidophilus, L. 
salivarius, L. mesenteroides, and S. thermophilus, have been applied in various studies 
(Pérez-Alva et al., 2022). Lactic acid fermentation resulted in higher content of vitamins 
B1 and B9 (Uchida et al., 2017) and γ-amino butyric acid (GABA) (Cha et al., 2011), higher 
antioxidant and anticoagulant activity (Kaga et al., 2021; Shobharani et al., 2013; 
Taniguchi et al., 2019), antimicrobial activity (Q.-D. An et al., 2009; Martelli et al., 2020), 
immunomodulatory (Taniguchi et al., 2019), ACE-inhibitory activity (S.-J. Lee et al., 
2015), and anti-inflammatory activity (W.-W. Lee et al., 2011; Lin et al., 2016; Mun et al., 
2017). Additionally, suppression or improvement of certain pathological conditions was 
noticed in vitro and in vivo when fermented algal material was administered: inflammatory 
bowel disease (Nemoto et al., 2017), obesity (Y.-M. Kim & Jang, 2018), hepatotoxicity 
(Cha et al., 2011; Kang et al., 2011), hypertension (Kaewsahnguan et al., 2021; Uchida et 
al., 2017), γ-ray irradiation (W. Lee et al., 2013), diabetes- and ageing-related glycation 
(Eda et al., 2016; Kaga et al., 2021; Taniguchi et al., 2019). The results of these studies 
indicate the possibility of developing added-value food products by including lactic acid-
fermented microalgae in their composition (Han et al., 2015; Kaga et al., 2021; S.-J. Lee et 
al., 2015; Uchida & Miyoshi, 2012). 

1.3.1.1 Overview of Spirulina lactic acid fermentation case studies 

Along with other microalgae, Spirulina has also been a subject of lactic acid fermentation 
studies due to its rich nutritional and bioactive compound composition. In a study by de 
Marco Castro et al. (2019), fresh Spirulina biomass was fermented by L. plantarum for 72 
hours. After 24-hour fermentation, the highest DPPH scavenging activity was determined, 
while the highest total phenolic content, C-phycocyanin content, oxygen radical 
antioxidant capacity and ferric-reducing antioxidant potency were noticed after 36 hours 
of fermentation. Protein fragmentation and methionine content increased linearly with the 
fermentation time, demonstrating a release of smaller peptides from parent proteins (de 
Marco Castro et al., 2019). Similarly, the study of Bao et al. (2018) showed that after 
fermentation by L. plantarum and Bacillus subtilis, more than 30% of the protein was 
hydrolyzed, which resulted in the polypeptide content increase in the fermented Spirulina 
biomass by 16–19% and free essential amino acid increase by 6–19%, as compared to the 
non-fermented Spirulina biomass. The authors found that Spirulina lactic acid 
fermentation increases protein bioavailability (Bao et al., 2018). In their following study, 
they also showed (by determining the in vitro Th1/Th2 immunomodulatory potential and 
proliferation of the splenic lymphocytes) that Spirulina fermentation by mixed probiotics 
(L. plantarum and B. subtilis) also results in an enhanced immunostimulatory activity (J. 
An et al., 2020). 

Choi et al. (2018) performed Spirulina fermentation using L. plantarum. Their study 
showed a significantly higher β-carotene extraction yield in the fermented Spirulina, which 
resulted in a highly enhanced neuroprotective effect. This effect was attributed to oxidative 
stress suppression by inducing the brain BDNF/p-CREB expression antioxidative 
pathway. Also, the results showed that pure β-carotene (as a single component) was less 
effective than when analyzed as a part of the Spirulina extract due to the synergistic effects 
with the components of the extract (W. Y. Choi, Kang, Heo, et al., 2018). The same 
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authors also managed to connect the synergistic antioxidant effects of β-carotene and other 
bioactive compounds found in L. plantarum fermented Spirulina extract with its high 
cognitive-enhancing effects in the hippocampus in vivo, on mice with scopolamine-induced 
dementia (W. Y. Choi, Kang, & Lee, 2018). 

Niccolai et al. (2019) showed that after lactic acid fermentation, Spirulina digestibility 
only grew by 4.4%. However, its antioxidant activity increased by 79% and total phenolic 
content by 320% (Niccolai et al., 2019). Lactic acid fermentation using mixed lactic acid 
bacterial strains significantly increased protein content, amino acid content and the 
essential- to total amino acid ratio in fermented Spirulina. While the non-fermented 
Spirulina powder addition to the bacterial growth medium has been shown to increase the 
probiotic lactic acid bacterial growth and inhibit the growth of the harmful pathogenic 
microorganisms (human opportunistic pathogens), the LAB Spirulina fermentation has 
been shown to even further boost its antibacterial activity. These results suggest that 
regular Spirulina (especially fermented) consumption would improve the intestinal LAB 
profile and, at the same time, inhibit the growth of harmful pathogenic bacteria. This 
would improve intestinal absorption and reduce malnutrition (Bhowmik et al., 2009; 
Parada et al., 1998; Yu et al., 2020). 

Liu et al. also used mixed LAB strains for Spirulina fermentation. The fermented 
Spirulina showed a significantly higher DPPH radical and nitric oxide scavenging activity, 
UV-protective and anti-inflammatory activity than the non-fermented sample. Also, the 
fermented sample showed a higher total phenolic content, suggesting the microalgal cell 
wall degradation by the LAB and the consequent release of the smaller polyphenols. 
However, the rise in the phycocyanobilin content of the fermented samples points to the 
transformation of phycocyanin to phycocyanobilin. The authors suggest the potential use 
of lactic acid-fermented Spirulina as an efficient antioxidative agent in skin-care products 
to protect against the formation of free radicals in the skin induced by UV radiation (J.-
G. Liu et al., 2011). 

For bioactive compound extraction from Spirulina microalgae, different extraction 
mediums were used due to the different solubility properties of the active compounds 
(Czerwonka et al., 2018; Koh et al., 2017; Ojima et al., 2019; Putri et al., 2020; Shukla et 
al., 2009; L.-C. Wu et al., 2005). 

When fermenting Spirulina, the formation of biogenic amines such as putrescine, 
tryptamine, cadaverine, tyramine, spermine, histamine, and spermidine is possible. High 
concentrations of these compounds in fermented Spirulina might be produced, as their 
synthesis mechanism is similar to that of some bioactive compounds (gamma-aminobutyric 
acid (GABA), L-glutamic acid), and their presence, in sufficiently high concentrations, 
could have toxic effects on the human body (Tolpeznikaite et al., 2023). 

1.3.2 Functionality assessment on a molecular and cellular level 

Analysis of a bioactive compound activity can be carried out using chemical-based or 
cellular-based assays. However, the activity assessed by chemical-based assays does not 
entirely reflect the in vivo behavior of the sample. For this reason, the effectiveness of 
bioactive compounds should be estimated in a more biologically relevant environment. 
Although animal or human models are more adequate for such analyses, they are time-
consuming and expensive. As alternative intermediate testing models, cell-based assays are 
used for assessing bioactivity on a cellular level and enable an analysis of cell morphology, 
function, as well as physiological and chemical properties (Rinschen et al., 2019; D.-P. Xu 
et al., 2017). Also, cell-based assays can lead to a better understanding of the effects of 
antioxidant activity, given that lipid, protein, nucleic acid, and other cell components’ 
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oxidative damage and defense systems are fundamentally similar at all cellular organization 
levels (Cheli & Baldi, 2011; Sigler et al., 1999). 

Additionally, assessment of nutritional compound bioactivity can be performed using 
specific ‘omics’ techniques, which provide a comprehensive view of the activity at the 
molecular level. These techniques are used primarily in genome (genomics), mRNA 
(transcriptomics), proteome (proteomics) and metabolome (metabolomics) analyses. The 
application of these techniques is increasing among food scientists for studying the 
molecular basis of positive physiological effects of bioactive compounds (Horgan & Kenny, 
2011). Conversely, ‘omics’ techniques allow the monitoring of the fermentation process and 
provide information regarding the role of microorganisms and their metabolic activity in 
the complexity of fermented foods (Rizo et al., 2020). 

The metabolomic approach extends the principles of genomics and transcriptomics, 
allowing qualitative and quantitative assessment of metabolites in a biological system. In 
fermented food profiling, it is used for representative metabolite analysis, to understand 
the fermented products’ nutritional, functional, sensory, and safety properties (Gao et al., 
2021). Among the omics techniques, this thesis focuses on metabolomic and proteomic 
approaches for investigating of Spirulina and its bioactivity using a cell model. 

1.3.2.1 Metabolomic approach 

Metabolomics investigates small endogenous and exogenous molecular compounds 
(metabolites) produced at any point in an organism’s lifecycle, substrates or products of 
chemical reactions due to cellular metabolism. In metabolomic research, the activity of the 
metabolic network is directly affected, resulting in the production of metabolites, whose 
analysis then gives information regarding the biological activity and status of the analyzed 
system. In this way, it provides an insight into various cellular physiology aspects (Cajka 
& Fiehn, 2016; Guma et al., 2016; C. H. Johnson et al., 2016; X. Liu & Locasale, 2017; 
Saxena & Schlegel, 2015; Wishart, 2016; Zamboni et al., 2015). In a non-target metabolome 
analysis, a large number of unknown metabolites can be profiled, and relative differences 
between two conditions or across a population can be observed (Barkal et al., 2016; Denzel 
et al., 2014; Doroghazi et al., 2014; Jang et al., 2016; C. H. Johnson et al., 2015; Shin et 
al., 2014; Wen et al., 2014). In a semi-target metabolome analysis, high numbers of 
metabolites are identified and then quantified, which means gathering a large mass of data 
in a single analysis, which would otherwise be obtained using several biochemical analyses 
(Breitling et al., 2006; Gika et al., 2016; X. Liu & Locasale, 2017; Shin et al., 2014). 
Furthermore, in target metabolome analysis, testing of a specific hypothesis provides more 
profound insight, as absolute concentrations of metabolites are determined, and the 
conversion rates of one metabolite into another can be obtained (Alves et al., 2015; Bennett 
et al., 2008; Jain et al., 2012; Link et al., 2015; J. O. Park et al., 2016; Shlomi et al., 2008). 

Nuclear magnetic resonance (NMR) and MS methods are popular and effective tools 
for metabolite composition analysis. In semi-target or non-target metabolomic analysis, MS 
is more commonly used due to its higher sensitivity and throughput and ability to analyze 
a high number of metabolites in a complex sample. NMR is a more quantitatively accurate 
method, as the number of atomic nuclei corresponds to the number of metabolites in the 
analyzed sample. The addition of an internal standard (IS) before extraction can help 
overcome this limitation when using MS. Simplicity and accuracy are the main advantages 
of metabolite quantification using an IS due to simultaneous metabolite and IS preparation 
and analysis. Metabolite concentrations are obtained by assessing the difference in signal 
intensity between IS and metabolite. For separation of the analyzed molecules, LC and MS 
are used (Dunn et al., 2011; Godejohann, 2007; Lu et al., 2017; Patti et al., 2012; Sud et 
al., 2016; Zamboni et al., 2015). Many software options are available for analysis of the 
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raw MS data. Metabolite identification and characterization are performed by comparing 
the gathered features with the features of known metabolites (Fahy et al., 2009; Horai et 
al., 2010; Kanehisa et al., 2014; X. Liu & Locasale, 2017; Smith et al., 2005; Wishart et al., 
2013). 

1.3.2.2 Proteomic approach 

Proteomics can be considered the primary method for biological system characterization, 
as the levels of proteins (which are the effectors of biological function) depend on the 
mRNA levels and the post-translational regulation (Cox & Mann, 2007). Analysis of the 
proteome enables insight into the cell’s functional and structural information and 
information regarding the cell stress/drug response mechanisms (Aslam et al., 2017). In 
particular, proteomics enables the study of proteins directly involved in biological activities. 
It provides a unique possibility for investigating cell physiology by identifying proteins that 
change their expression levels qualitatively and quantitatively per changing environmental 
conditions (Siciliano & Mazzeo, 2015). Applying the proteomic approach in nutritional 
research is vital for identifying and differential quantifying protein biomarkers, as the 
bioactive compounds in ingested food affect the gene and protein expression (Tewari et al., 
2015). Cell proteome is characterized by protein post-translational modifications, 
localization, turnover and interactions at a particular time and under specific conditions 
(Krishna & Wold, 1993). 

For protein sample analysis, different techniques of gel electrophoresis can be used (two-
dimensional gel electrophoresis (2-DE), two-dimensional differential gel electrophoresis 
(2D-DIGE), sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)) 
(Aslam et al., 2017). The complex protein matrix assessment with high sensitivity is 
enabled by LC-MS, which is among the most commonly used techniques in proteome 
analysis (Altelaar & Heck, 2012; Aslam et al., 2017; Y. H. Lee et al., 2010; Schmidt et al., 
2014; Wiśniewski & Mann, 2012). In order to assist in handling and storing the massive 
amount of proteomics data, bioinformatic tools have been established, including proteome 
repositories and pathway databases, which offer analysis of the protein domain, protein 
structure prediction, protein-protein interaction, pathway analysis, protein metabolism, 
signaling and MS data analysis (Aslam et al., 2017). 

1.3.2.3 Role of yeast in bioactivity studies 

The bioactivity of functional compounds can be studied at the cellular and molecular level 
using simple organisms like yeast. Yeast cells enable the study of rudimental cellular 
processes in eukaryotes (i.e. cellular metabolic pathways or response to stress conditions) 
due to the preservation of the basic cellular processes among eukaryotes. Therefore, the 
studies of the cell processes in yeast can offer insight into the equivalent processes in other 
eukaryotes. 

Yeast Saccharomyces cerevisiae is among the most studied eukaryotes. When in the 
stationary phase, yeast S. cerevisiae has several common characteristics with the inactive 
mammalian cells: the characteristically condensed (G0) chromosomes, reduced translation 
and increased autophagy rates (Dickson & Brown, 1998; Fuge et al., 1994; Piñon, 1978; 
Pringle, 1981). When S. cerevisiae is in the prolonged stationary phase (G0), most of its 
cell energy comes from mitochondrial respiration (the mitochondrial respiratory chain is 
the primary source of reactive oxygen species (ROS) in yeast) and over time, cell damage 
accumulates. Yeast is a referable model for oxidative stress-related damage and ageing-
related damage research. In addition, yeast cells have been shown to have identical 
mechanisms of antioxidative defense as the higher eukaryotes. As these characteristics are 
common to both yeast and multicellular organisms, the results obtained in the former are 
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referable also to the latter (V. Costa & Moradas-Ferreira, 2001; Gralla & Kosman, 1992; 
Longo et al., 1996; Moradas-Ferreira et al., 1996). Research performed primarily on 
component parts and yeast can give information applicable to human counterparts since 
the homologs found in the human genome (across the whole proteome) correlate to 46% of 
the proteome in yeast (D. Ma, 2001). Research on proteins and metabolic pathways is more 
straightforward in yeast cells than in more complex organisms, owing to easy RNA-level 
manipulations and viable expressions of proteins in yeast. Yeast can form colonies in solid 
growth mediums or grow in a liquid medium in a dispersed form. It has a short life cycle 
and does not require an expensive medium for culturing. The presented features give yeast 
many technical advantages over human cells in research (Guthrie & Fink, 1991). 

In the present study, fresh Spirulina biomass was fermented by L. plantarum and after, 
water and ethanol extracts of fermented and non-fermented Spirulina broth were prepared. 
The extracts were then used to treat the yeast S. cerevisiae culture. The study included 
nutrient and microbiological analysis of the fermented and non-fermented Spirulina broth, 
total phenolic content and antioxidant activity analysis of all the Spirulina extracts and 
additional proteome and metabolome profiling of the ethanolic fermented and non-
fermented Spirulina extracts. Finally, the treated yeast cells were analyzed at the cellular 
(cell oxidation and lipid peroxidation level) and proteome levels to assess the impact of the 
Spirulina extracts on yeast (Jamnik et al., 2022; Masten Rutar et al., 2021; Masten Rutar, 
Vrhovšek, et al., 2023). 

1.4 Determining the Authenticity and Origin of Spirulina 

Products 

Maintaining a tightly controlled environment is essential for the production of Spirulina to 
ensure consistent product composition and quality. However, this level of control often 
leads to higher production costs for Spirulina products, which unfortunately makes it an 
attractive target for intentional adulterations. In order to lower the Spirulina production 
cost, the addition of lower quality products (possibly even produced in a different 
geographical area), and at the same time, incorrect labelling of product ingredients, 
composition and origin, is not uncommon. For example, commonly found adulterants in 
Spirulina products are mung bean powder and flour, which, compared to Spirulina, require 
a lower-cost production but also have a much lower content of protein (Gallardo-Velázquez 
et al., 2009; Muys et al., 2019; D. Wu et al., 2011). Pedoclimatic conditions and 
agrotechnical measures highly impact the product’s nutrient and toxic compound 
composition and differ according to geographical region. Therefore, the geographical 
production location also impacts the products’ quality and safety, and it requires constant 
monitoring (Drivelos & Georgiou, 2012; Muys et al., 2019). 

Discovering adulterations is vital in food product analysis, both from an ethical and 
safety point of view. The undeclared ingredients might threaten consumer health if the 
added substances are health-threatening. In food supplements containing natural products 
as active ingredients (also Spirulina), and with declared health benefits, such as lowering 
hypertension, weight loss, preventing diabetes mellitus, and alleviating arthritic symptoms, 
another form of adulteration has been detected (Cole & Fetrow, 2003; Moreira et al., 2016). 
In these products, undeclared pharmaceuticals (antihypertensive and diuretic drugs) were 
added in the past to enhance their efficiency and popularity among consumers. In this type 
of adulteration, a risk of drug overdose and interference is present for consumers already 
using certain prescription drugs (Firenzuoli et al., 2010; Liang et al., 2006). Therefore, 
regular control and inspection of these products can establish consumers’ confidence that 
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Spirulina products are safe to consume and reduce the health risks of consuming 
adulterated products (De Carvalho et al., 2012; Moreira et al., 2016; D. Wu et al., 2011). 

Authentication of food products also means verifying the products’ compliance with the 
producer’s declaration, including the production method, the geographical, species or 
genetic origin, and the processing methods (Aung & Chang, 2014). Various techniques have 
been used for determining the authenticity of food products: molecular techniques 
(genomics and proteomics), vibrational and fluorescence spectroscopy, nuclear magnetic 
resonance (NMR), immunological techniques, chromatographic techniques and mass 
spectrometry without chromatography, sensory analysis, elemental and isotopic techniques 
(Danezis et al., 2016). Molecular techniques (nucleotide and protein-based) are used for 
species identification and detection. These methods are used for mislabeling and false 
description identification of foods (M. E. Ali et al., 2014; Danezis et al., 2016; Sforza et al., 
2011; Sun et al., 2014). 

Vibrational spectroscopy presents an inexpensive, non-destructive and fast technique 
for food quality and authenticity assessment, where at specific frequencies, the samples 
absorb some of the infrared (IR) radiation, which produces a spectral ‘fingerprint’ of the 
sample. These techniques typically provide only qualitative identification since the limits 
of detection by vibrational techniques are high. In contrast, fluorescence spectroscopy 
provides a simple, non-destructive and inexpensive method with low limits of detection 
(Cozzolino, 2012; Danezis et al., 2016; Poulli et al., 2007). One of the best methods for 
obtaining high-quality molecular spectroscopic and structural data is NMR analysis, which 
provides precise analysis of complex food matrices, where the amount of a target metabolite 
can be determined. It also requires only minimal preparation of the sample. NMR also 
offers the possibility for a comprehensive metabolic food profile collection, which is helpful 
in the authenticity analysis (Danezis et al., 2016; Longobardi et al., 2013). Further, 
immunoassays are used, which rely on a specific interaction between the antigen and its 
cognate antibody. The most commonly used method is enzyme-linked immunosorbent 
assay (ELISA) (Asensio et al., 2008; Gajewski & Hsieh, 2009; Nielsen, 2010). 
Chromatographic techniques enable fast and reliable identification of similar chemical 
compounds in a complex matrix of food products. Namely, authentication is based on 
determining unique compound markers and minimal differences among the food compound 
profiles. High chemical food complexity and a high request for food quality and authenticity 
among consumers demanded using chromatographic techniques with high resolution (LC, 
GC) coupled with MS. The most commonly used methods include LC-MS/MS, GC-MS/MS 
or LC-time-of-flight-MS (LC-TOF-MS) (Cserháti et al., 2005; Di Stefano et al., 2012; 
Ibáñez et al., 2013). Somewhat less used methods include the MS not coupled to 
chromatography and sensory analysis (Danezis et al., 2016; Dreisewerd, 2014; X. Li et al., 
2015; Luykx & van Ruth, 2008; Ouyang et al., 2014; Strike et al., 1999). 

Chemometric and bioinformatic statistical methods are fundamental to obtaining 
relevant chemical information from large and complex datasets for food authentication 
studies. Also, standard certified reference materials must provide reliable measurement 
results and accurate data processing to interpret the analytical data using these tools 
effectively. Natural variability of the sample composition must be considered, and adequate 
sample handling and storage conditions must be provided. Also, the methods and the 
gathered results must be comparable with other compatible studies (Danezis et al., 2016). 
In food product authentication, chemometrics must be combined with adequate 
mathematical tools and database infrastructure (Bertacchini et al., 2013). In commercial 
food product authentication and geographical origin studies, a comparison of the gathered 
data with a reference data set is required; therefore, product reference databases are 
essential for data interpretation. Such databases must contain comprehensive, reliable, and 
standardized information regarding food origin, including the geographical origin of 
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production, method of production and processing, species (subspecies), and other critical 
information. The samples that make up the database have to be sufficiently representative, 
and for commodities, which are prone to seasonal variability, yearly databanks should also 
be established (Camin et al., 2017; Danezis et al., 2016). 

Currently, the primary methods applied in food authentication are the molecular 
techniques and techniques coupled to chromatography, which account for almost half of 
the published research. In descending order, these are followed by isotopic, vibrational and 
fluorescence spectroscopy, elemental and NMR techniques (Danezis et al., 2016). In this 
thesis, GC-MS was used to determine the amino acid and fatty acid composition. In 
addition, the elemental techniques ICP-MS and ED-XRF were used both (i) alone to 
determine the product composition and (ii) combined with the stable isotopic approach to 
discriminate between samples of different origins. Isotopic techniques for food 
authentication are described separately in further detail below. 

1.4.1 Stable isotope ratio analysis  

Isotopes are atoms of the same element with the same atomic number but different atomic 
mass, i.e. a different number of neutrons. Based on their stability, isotopes are divided into 
stable isotopes, which do not decay, and radioactive isotopes, which do decay. In food 
authenticity studies, mainly stable isotope ratio analysis is used, as stable isotope ratio 
values of food products differ according to geographical origin, climatic conditions, geology 
and soil pedology of the production region (Danezis et al., 2016; Meier-Augenstein, 2018; 
van Leeuwen et al., 2014). Regarding atomic mass, stable isotopes are separated into 
isotopes of heavy and light (bio-elements) elements. The most commonly analyzed heavy 
element isotopic ratio is Sr (87Sr/86Sr), while the most commonly determined light element 
isotopic ratios are those of C (13C/12C), N (15N/14N), S (34S/32S), H (2H/1H) and O (18O/16O) 
(Alexandre, 2020; Danezis et al., 2016). 

Given that stable isotopes of an element have the same electronic structure, they have 
similar reactivity. However, different isotopes of an element tend to show very different 
abundance in nature (with the lighter isotope being predominant) due to a process of 
fractionation, where depletion or enrichment of an isotope from its mean natural abundance 
occurs (van Leeuwen et al., 2014), and different physico-chemical factors can lead to 
changes in the heavy-to-light isotope ratio of a specific element (Kelly et al., 2005). Analysis 
of isotope ratios at natural abundance levels requires high precision, as the changes in the 
isotopic ratios are commonly noticed at the third or fourth significant figure. The required 
precision is achieved by comparing the stable isotope ratio in the analyzed sample to the 
values determined in a suitable reference material. The δ-notation (‰) is then used to 
report sample isotopic abundance relative to the isotopic abundance of the reference 
material according to the equation (1.1) (Brand et al., 2014): 

 𝛿 𝑖/𝑗𝐸 =
𝑅

𝑖/𝑗
𝑠 − 𝑅

𝑖/𝑗
𝑟

𝑅
𝑖/𝑗

𝑟
 (1.1) 

Here, i denotes the highest and j the lowest atomic mass number of the element (E) (O, 
H, C, S, N), and R stands for the isotope ratio between the heavier and the lighter isotope 
of the element (E) (18O/16O, 2H/1H, 13C/12C, 34S/32S, 15N/14N) in the measured samples (s) 
or reference material (r). The delta values are small numbers, frequently presented in per 
mil (‰). The δ18O and δ2H values are expressed relative to the Vienna-Standard Mean 
Ocean Water (VSMOW) standard, the δ13C values relative to Vienna-Pee Dee Belemnite 
(V-PDB), the δ34S values relative to Vienna Cañon Diablo Troilite standard (V-CDT) and 
finally, δ15N values are reported relative to Ambient Inhalable Reservoir (AIR) standard. 
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The stable isotope ratio of light elements is commonly determined using the isotope 
ratio mass spectrometry (IRMS) technique. Here, the analytes must be converted to a 
simple gas before the ionization, comparable to the original sample by isotopic composition. 
Usually, δ13C, δ15N, δ34S, δ2H and δ18O analyses are performed on CO2, N2, SO2, H2, and 
CO, respectively. For the analysis of the isotopes of light elements, IRMS is commonly 
interfaced with an elemental analyzer (EA) (thermal conversion EA (TC) or continuous 
flow EA (CF)), equilibration devices, pyrolizer, HPLC or GC (Danezis et al., 2016; Drivelos 
& Georgiou, 2012; Meier-Augenstein, 1999). 

Carbon and nitrogen isotope ratio measurements provide information on the primary 
producer ‘type’ and diet, regional climate and agricultural practices used in production 
(organic or conventional). Oxygen and hydrogen isotopic data are related to the water 
isotopic composition in the production region, while the sulfur isotopic composition is 
strongly affected by anthropogenic pollution, geology and volcanism, and distance from the 
sea. Hydrogen, oxygen and sulfur isotope ratio analysis in this way provides information 
on the geographical origin of the product. This method can also determine production year 
and detect counterfeits (Drivelos & Georgiou, 2012; Kelly et al., 2005; Meier-Augenstein, 
2002). 

Hydrogen (2H/1H) and oxygen (18O/16O) stable isotope ratios depend on the latitude 
and are valuable for determining geographical origin. It works because seawater 
evaporation causes isotopic fractionation and a decrease in the heavy isotopomer 
concentration in the cloud water relative to the seawater (with the δ2H and δ18O values of 
approximately 0‰). More water evaporation, condensation and precipitation occur as the 
clouds move further from the equatorial area and inland, and, at the same time, the heavy 
isotope values of hydrogen and oxygen continue to decrease. Finally, the groundwater 
consists of this meteoric water, and its hydrogen and oxygen isotope ratio is gradually 
changing from the coastal to the inland regions. Therefore, the groundwater in warmer 
climatic regions and closer to the equator has a more positive δ2H and δ18O values, while 
in the cooler climates, the δ2H and δ18O groundwater values are more negative (Alexandre, 
2020; Fogel & Cifuentes, 1993; Kelly et al., 2005). The result is a distinct water isotopic 
composition between different regions, and the analyzed meteoric water δ2H and δ18O 
values will indicate where the source precipitation occurred. Variation in the water δ2H 
and δ18O values in particular areas proportionally correlates to their values in organic 
compounds of the food products originating from the area in question (Alexandre, 2020; 
Fogel & Cifuentes, 1993; Kelly et al., 2005). In microalgae-based food products, microalgal 
hydrogen and oxygen isotopic fractionation also influence the final δ2H and δ18O values. 
High hydrogen isotopic fractionation has been observed in microalgae during hydrogen 
uptake from the growth medium and assimilation to carbohydrates (-100 to -120‰) and 
then further during lipid and protein biosynthesis for an additional -30 to -60‰. The 
process of hydrogen isotopic fractionation has been shown to depend on the type and 
intensity of lighting. The δ2H values obtained for different microalgae cultivated in 
changing lighting conditions ranged from -214 to -143‰ (Estep & Hoering, 1981). The 
microalgal oxygen isotopic fractionation, on the other hand, ranges from 19.4 to 25.8‰, 
which points to the importance of the photosynthetic cycle in this process (Kiddon et al., 
1993). 

The carbon isotope ratio is related to different fixation processes of atmospheric and 
dissolved carbon in aquatic environments in plants and certain microorganisms, where the 
heavier 13C and the lighter 12C isotopes are differentiated. Other factors, such as 
concentrations of the local atmospheric and water dissolved CO2, species and growth rate 
of the primary producer, growth temperature, light intensity, aridity and salinity, as well 
as fertilization, also affect the carbon isotope ratio since they affect the CO2 uptake 
(O’Leary, 1993; Spangenberg & Ogrinc, 2001; van Leeuwen et al., 2014; J. Xu et al., 2012). 
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Many aquatic photosynthetic organisms can uptake CO2 and HCO3
- from the surrounding 

media due to CO2-limiting conditions. Cyanobacteria and algae evolved various 
mechanisms to accumulate inorganic carbon, and a great diversity of photosynthetic 
pathways can be found among the organisms in the aquatic environment – the C3, C4 and 
CAM pathways (Keeley, 1999; J. Xu et al., 2012). In the C3 pathway, a 3-phosphoglycerate 
(3-PGA, a so-called C3 body) is formed. This process, the Calvin cycle, is the most common 
form of CO2 fixation. The primary producers using this process are known as C3 organisms. 
Those using the C4 CO2 fixation pathway, on the other hand, use a Hatch-Slack cycle, 
where a C4-dicarboxylic acid (oxaloacetic acid) is produced. The primary producers (and 
their products) of these two processes differ in the abundance of the 13C isotope. Those 
using the C3 pathway incorporate less 13C than those using the C4 pathway, which are 
enriched in the 13C isotope. Therefore, the material originating from C3 organisms has 10 
to 15‰ lower δ13C values (ranging from -35 to -22‰) compared to the material originating 
from the C4 organisms (-17 to -10‰). Aquatic organisms also use the crassulacean acid 
metabolism (CAM), which means they can use the C3 and the C4 pathway for CO2 fixation 
and have intermediate δ13C values (-27 to -11‰). In algae and cyanobacteria, the C3 
carbon fixation cycle is believed to be predominant, despite the growing evidence regarding 
the development of the C4 pathway in some marine algae, due to stress exposure related 
to low CO2 concentrations (Collister et al., 1994; Meier-Augenstein, 1999; O’Leary, 1988; 
J. Xu et al., 2012). 

The carbon fixation pathway in Spirulina microalgae is similar to that of the C3 
organisms, as Spirulina uses the Calvin cycle for its carbon uptake. Although the δ13C 
values have never been determined previously in Spirulina, the freshwater phytoplankton 
(a part of which is also Spirulina) carbon isotopic ratio analysis showed similar δ13C values 
to that of C3 plants (Cloern et al., 2002; Cogne et al., 2003; Q. Li et al., 2016). However, 
as Spirulina is mainly cultivated in controlled bioreactor systems and not in the natural 
environment, additional factors are expected to influence the δ13C values, such as 
significant air pollution, type of production system and nutrients used. As δ13C values of 
CO2 are higher in open systems (> -29‰) compared to closed systems (-32‰ to -29‰), 
also the δ13C values in microalgal biomass behave correspondingly. In the case of microalgae 
grown in open systems, we expect more positive δ13C values, while the values of those 
grown in closed systems should be more negative (West et al., 2009). Additionally, different 
nutrient mediums (mineral additions or fertilizers) and excipients are used in Spirulina 
production, which is expected to influence the carbon isotopic composition of the final 
product notably. The carbon isotope ratio analysis can be used for Spirulina dietary 
supplements’ authenticity assessment to detect foreign and undeclared plant material 
addition. This way, product adulteration with plants using a different CO2 fixation 
pathway can be detected (van Leeuwen et al., 2014). 

Atmospheric nitrogen fixation occurs during different biological or abiotic processes. 
The N2 from the atmosphere is converted to nitrite or nitrate and, finally, ammonia, which 
is then fixed into organic matter. This process results from bacterial activity, natural 
physical processes in which high temperatures are reached (lightning, fires), and human 
activity, including using fertilizers. This step is followed by the nitrogen assimilation 
process (ammonia incorporation), in which nitrogen fixation and assimilation cause 
nitrogen isotopic fractionations. In the case of microalgae production, the main factor 
influencing δ15N value is the use of fertilizers. While in synthetic fertilizers (synthesized 
following the Haber-Bosch process), the δ15N values range from -6‰ to 6‰, the δ15N values 
in the organic fertilizers range from 0.6‰ to 36.7‰, with manure values between 10‰ 
and 25‰ (Bateman & Kelly, 2007; Fogel & Cifuentes, 1993; van Leeuwen et al., 2014). 

The δ15N values determined in non-nitrogen fixing plankton have been determined to 
range between -3 and 18‰, and for marine blue-green algae, from -2 to 4‰ (Fogel & 
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Cifuentes, 1993). However, a wide range of fertilizers is used in commercial microalgae 
cultivation. Accordingly, where the synthetic fertilizers are used, lower δ15N values can be 
detected, as the δ15N values of these fertilizers are close to the atmospheric δ15N value, 
which is approximately 0‰. When organic fertilizers (mainly animal waste) are used, 
higher δ15N values are expected. Mixtures and varying amounts of different fertilizers result 
in a varying nitrogen isotopic composition of the final product (Bateman & Kelly, 2007; 
Thorsen et al., 2019). Consequently, nitrogen isotope ratio analysis can be applied in 
Spirulina product authenticity studies to discriminate between synthetic and organic 
fertilizer use, i.e., between organic and conventional production (Fogel & Cifuentes, 1993). 

Compared to hydrogen, oxygen, carbon and nitrogen, the isotopic ratio of sulfur is less 
commonly used. Sulfur assimilation includes its incorporation into cysteine after 
assimilatory sulphate reduction to sulfite (Fogel & Cifuentes, 1993; Thode, 1991). Two 
main factors control the isotopic composition of sulfur of a component in the ecosystem – 
the source isotopic composition and the isotopic discrimination of sulfur during various 
transformation processes (Krivachy Tanz et al., 2015; Mitchell et al., 1998). The most 
important sources of sulfur in crops are sulfate from the bedrock and SO2 from the 
atmosphere. Additionally, up to 100 km inland from the ocean, seawater influences the δ34S 
values of crops. This effect is due to sea spray, a marine water aerosol with δ34S values of 
approximately 21.0‰, which resemble the very uniform δ34S values of the seawater 
(Krivachy Tanz et al., 2015; Thode, 1991). The δ34S values of marine sulfate are highest 
near the sea and continue to decrease over 100 km inland to approximately 6‰ (Chukhrov 
et al., 1980; Wadleigh et al., 1996; Wadleigh & Blake, 1999). In addition to the natural 
sources, anthropogenic sources of sulfur must also be taken into account. For example, 
fossil fuel combustion can influence atmospheric δ34S values, even when the sources are 
distant. Significant differences in the sulfur isotopic ratio values in precipitation can be due 
to anthropogenic activity, which is responsible for the additional contribution of sulfur, 
with a different isotopic composition, to that of the atmosphere (Mitchell et al., 1998). 

The isotopic composition of sulfur in algal products is mainly affected by the δ34S values 
of meteoric water and growth medium, local pollution and geological features (bedrock δ34S 
values), as only minimal isotopic fractionation occurs during its assimilation by microalgae. 
Compared to the dissolved sulfate in the surrounding water, a total sulfur 34S depletion in 
algae can be observed by only 1–2‰ (Bai & Wang, 2014; Ishii, 1953; Thode, 1991; Trust 
& Fry, 1992; Y. Wu et al., 2021; Yau et al., 2022). Algae cultivation using seawater could 
produce higher δ34S values in the product due to higher δ34S seawater values (17–21‰) 
(Moncreiff & Sullivan, 2001; Tostevin et al., 2014). An extensive range of δ34S values, which 
differ according to cultivation location (and in accordance with previously described 
factors), is the basis for geographical origin discrimination among products (Krivachy Tanz 
et al., 2015). 

Multi-isotope ratio analysis and multi-elemental composition analysis have proven 
valuable tools in providing information on the geographical origin of food and beverages. 
Studies have also shown that the best results come from combining both authentication 
techniques (Drivelos & Georgiou, 2012). Analyzing stable isotope ratios and elemental 
composition in local (regional) products of premium quality to build a database of authentic 
products is the best method for verifying geographical origin. Namely, the analyzed samples 
can then be compared to the data determined in authentic samples, and in that way, their 
authenticity can be assessed (Kelly et al., 2005). 

The present study analyzed the stable isotopic composition of light elements (C, N, S, 
H and O) by IRMS in commercial Spirulina products and combined the results with the 
products’ elemental composition. Statistical analysis of the data, including principal 
component analysis (PCA), discriminant analysis (DA), and orthogonal partial least 
squares discriminant analysis (OPLS-DA), was performed to classify Spirulina samples 
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according to their composition and geographical region of production (Kejžar et al., 2021; 
Masten Rutar, Strojnik, et al., 2023). However, this study was carried out with the 
awareness that a reliable Spirulina product database has not yet been established. 
Therefore, the authenticity of the samples could not be reliably verified, and the results 
presented in this thesis serve as a basis for further investigations. 
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2 Aims and Hypothesis 

An increase in global population, coupled with fresh water scarcity, land degradation, 
climate change, and interest in sustainable food production (FAO, 2009; Rhoades et al., 
1992), as well as the rise in malnutrition among the population, provide compelling reasons 
to initiate unconventional food production (Gardner & Halweil, 2000). A promising 
alternative food source is microalgae, which are highly nutritious and beneficial for human 
health (Sotiroudis & Sotiroudis, 2013). Among these, Spirulina is one of the most important 
algal products, belonging to prokaryotic microalgae, cyanobacteria. The Spirulina-based 
product market is expected to grow with an 18.1% compound annual growth rate by 2028 
(Soni et al., 2017; Sotiroudis & Sotiroudis, 2013). However, it is important to note that 
Spirulina's nutritional composition can be influenced by various factors such as cultivation 
methods, commercialization processes (including processing and packaging techniques), 
and transport, which can impact its nutritional and toxicological properties (Kejžar et al., 
2021). Additionally, the supplement market faces challenges such as mislabeling of 
ingredients and product origin, as well as the substitution of ingredients with lower-quality 
materials. Consequently, regular inspection of Spirulina products is necessary to ensure 
their quality and authenticity (De Carvalho et al., 2012; Gallardo-Velázquez et al., 2009; 
Moreira et al., 2016; D. Wu et al., 2011). 

With these objectives in mind, my aim was to evaluate the nutritional quality, safety, 
and authenticity of Spirulina dietary supplements available in the Slovenian market as well 
as explore the functional value of fresh Spirulina biomass. The primary focus was on 
analyzing the elemental, amino acid and fatty acid composition of Spirulina products to 
assess their nutritional quality and verify their compliance with the label information 
provided. Additionally, the safety of these commercial products was assessed, considering 
Spirulina’s ability to accumulate essential and non-essential elements, as well as toxic trace 
elements (Al-Dhabi & Arasu, 2016). 

A further aim was to investigate the impact of fermentation on the antioxidant activity 
of Spirulina biomass extracts. Previous studies have shown that fermentation can enhance 
antioxidant activity by releasing phenolic compounds from plant-based foodstuffs and 
increasing the content of naturally occurring antioxidants (Đorđević et al., 2010; Katina et 
al., 2007; Othman et al., 2009). Here, my aim was also to investigate the role of different 
extraction solvents on Spirulina bioactivity, since different solvents have been used in prior 
research to prepare Spirulina extracts due to the varying solubility of bioactive compounds 
(Chu et al., 2010; Czerwonka et al., 2018; Putri et al., 2020; Santoyo et al., 2006; L.-C. Wu 
et al., 2005). This work was followed by assessing the antioxidant effect of fermented and 
non-fermented Spirulina biomass water and ethanol extracts on the yeast cells at the 
cellular and proteome level. Yeast was chosen as a model organism, as it shares homology 
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with the human genome, allowing for insights applicable to human counterparts (D. Ma, 
2001). 

Lastly, I aimed to explore how determining the multi-isotope (δ34S, δ2H, δ13C, δ18O, 
δ15N) and multi-elemental composition, in conjunction with multivariate statistical 
methods such as OPLS-DA, can be utilized to verify the origin and authenticity of Spirulina 
products from the Slovenian market. 

In light of these objectives, the following hypotheses were examined: 

 Spirulina (Arthrospira spp.) products from the Slovenian market are highly 
nutritional and rich in amino acids, fatty acids and essential elements. 

 Spirulina products available in physical and online stores in Slovenia are safe 
for consumption, and their composition is consistent with the declared values. 

 Spirulina biomass lactic acid fermentation and subsequent bioactive compounds’ 
extraction in ethanol result in significantly enhanced antioxidant activity in 
treated model organisms (yeast cells), reflected at the cellular and molecular 
level. 

 The geographical origin of Spirulina products can be differentiated by 
combining the results of their stable isotope ratio and multi-elemental 
composition analyses. 

 The presence of adulterants in Spirulina products can be detected using 
elemental composition combined with stable isotope ratio analysis results and 
amino acid and fatty acid compositional data. 

2.1 Structure of the Scientific Part of the Thesis 

To assess the proposed hypotheses, the scientific part of this doctoral thesis is divided into 
three separate but interconnected sections (Figure 1.4). 

The first section addresses the quality and safety of commercial Spirulina dietary 
supplements in Slovenia. Here, nutritional composition and compliance with the declared 
values of the Spirulina products are determined, and iron bioavailability is assessed. The 
results are presented in a scientific article titled Nutritional Quality and Safety of the 
Spirulina Dietary Supplements Sold on the Slovenian Market (Masten Rutar et al., 2022). 

In the second part, the effect of lactic acid fermentation by L. plantarum on Spirulina 
fresh biomass nutritional quality and bioactive properties is assessed at the cellular and 
molecular level, using a proteomic and metabolomic approach. The results are presented 
in three scientific articles titled (i) Fermented Biomass of Arthrospira Platensis as a 
Potential Food Ingredient (Jamnik et al., 2022), (ii) Insight Into the Antioxidant Effect of 
Fermented and Non-fermented Spirulina Water and Ethanol Extracts at the Proteome 
Level Using a Yeast Cell Model (Masten Rutar et al., 2021), and (iii) Exploring the 
Proteome and Metabolome of Fermented Spirulina Biomass (Masten Rutar, Vrhovšek, et 
al., 2023). 

The third part examines the possibility of combined elemental and stable isotope ratio 
composition application to assess the authenticity of the Slovenian market's commercial 
Spirulina and other algal products regarding their geographical origin and composition. 
Two scientific articles are presented regarding this topic: (i) Determining the Authenticity 
of Spirulina Dietary Supplements Based on Stable Isotope and Elemental Composition 
(Masten Rutar, Strojnik, et al., 2023) and (ii) Characterization of Algae Dietary 
Supplements Using Antioxidative Potential, Elemental Composition, and Stable Isotopes 
Approach (Kejžar et al., 2021). 
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Figure 2.1: Scheme of the research topics presented in this doctoral dissertation. 
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3 Publications 

3.1 Scientific Paper: “Nutritional Quality and Safety of the 

Spirulina Dietary Supplements Sold on the Slovenian 

Market” 

In this chapter, I present the paper entitled “Nutritional Quality and Safety of the Spirulina 
Dietary Supplements Sold on the Slovenian Market” by Jasmina Masten Rutar, Marta 
Jagodic Hudobivnik, Marijan Nečemer, Katarina Vogel Mikuš, Iztok Arčon and Nives 
Ogrinc. My contribution included sample collection, preparation, and performing amino 
acid and fatty acid analyses using GC-MS. I was also responsible for experimental design, 
statistical analysis and interpretation of the data and preparation of the manuscript. This 
paper was published in the journal Foods (impact factor (IF) 5.2) in 2022. It characterizes 
commercially available Spirulina dietary supplements based on their elemental (Si, P, S, 
Cl, K, Ca, Ti, Mn, Fe, Zn, Br, Rb, Se and Sr), toxic trace elemental (As, Cd, Hg and Pb), 
amino acid and fatty acid content as well as examines the compliance with their nutrient 
declaration. Iron speciation was also researched to determine iron bioavailability in 
Spirulina products. 

It aimed to assess the nutritional quality, safety and authenticity of Spirulina products 
available on the Slovenian market. Therefore, 46 Spirulina products were collected in fresh 
and dry form (capsules, flakes, tablets or powder) in physical or online stores. The products 
were declared to originate in Hawaii, Italy, Japan, Portugal, Taiwan, India, European 
Union (EU), outside the EU, China, or had no declared origin. Elemental analyses were 
performed using ED-XRF and ICP-MS, while the amino acid and fatty acid profiles were 
obtained using GC-MS. 

The Spirulina dietary supplements were found to be rich in essential and non-essential 
amino acids as well as ω-6 polyunsaturated fatty acids, iron (up to 316% of Recommended 
Dietary Allowance (RDA)), calcium (up to 29.5% RDA), phosphorous (up to 26.7% RDA), 
potassium (up to 7.69% RDA) and selenium (up to 38.6% RDA) when consumed within 
suggested amounts. However, iron bioavailability has proven poor due to the prevalence 
(82–92%) of the less bioavailable Fe3+ (ferric) form. The content of toxic trace elements is 
well below the maximum allowed levels in food supplements and therefore does not pose a 
risk. However, 86.7% of the products had inappropriate declarations, which is a cause for 
concern and could undermine consumer confidence. 

According to high deviation in elemental, amino- and fatty acid composition among 
analyzed samples, in specific cases, adulteration was suspected, which is also indicated by 
the principal component analysis (PCA), where most samples form four distinct clusters 
with specific characteristics, while the samples with different composition stand out. 
Elemental, amino acid and fatty acid composition variability in Spirulina products could 
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be attributed to several factors, including product composition and presence of excipients, 
production and processing techniques and Spirulina strain used in cultivation. This study 
shows that combining Spirulina product nutrient composition analysis with multivariate 
statistical analyses offers a valuable method for determining authenticity. 

The results obtained in this research were presented as a scientific conference poster 
presentation at the 2nd Food Chemistry Conference – Shaping the Future of Food Quality, 
Safety, Nutrition and Health in Seville, Spain, 17th to 19th September 2019, and at the 9th 
International Symposium on Recent Advances in Food Analysis in Prague, Czech Republic, 
5th to 8th November 2019. Additionally, results were presented as an oral presentation at 
the IMEKO Foods conference entitled “Food on a global market – opportunities and 
threats”, 7th – 9th November 2022, in Dubrovnik, Croatia. 
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3.2 Scientific Paper: “Fermented Biomass of Arthrospira 

platensis as a Potential Food Ingredient” 

This chapter presents the paper entitled “Fermented Biomass of Arthrospira platensis as 
a Potential Food Ingredient” by Polona Jamnik, Nik Mahnič, Aleksandra Mrak, Lea 
Pogačnik, Barbara Jeršek, Alberto Niccolai, Jasmina Masten Rutar, Nives Ogrinc, Larisa 
Dušak, Blaž Ferjančič, Mojca Korošec, Ana Cerar, Borut Lazar, Urša Lovše, Tjaša Pungert, 
Primož Fabjan and Nataša Poklar Ulrih. The paper was published in Antioxidants (IF 7.0) 
in 2022 and describes the effect of lactic acid fermentation on Arthrospira platensis 
(Spirulina platensis) energy value and biomass nutritional composition, lipid peroxidation, 
intracellular antioxidative activity and microbiological safety. As part of this work, my 
responsibilities included sample preparation, fermentation, preparation of fermented and 
non-fermented Spirulina broth extracts and analysis of cellular antioxidant activity. 

Lactic acid fermentation has been shown to enhance the functional and nutritional 
properties of foodstuffs and their shelf life and safety from a microbiological point of view. 
In this study, fresh A. platensis biomass was fermented for 72 hours by adding Lactobacillus 
plantarum culture suspension. Non-fermented and fermented Spirulina broth were analyzed 
for L. plantarum growth, and the concentration of lactic acid was determined at t = 0, 24, 
48 and 72 hours of fermentation. In addition, nutritional composition analysis (crude 
protein, crude fat, total mineral, soluble and insoluble dietary fiber, and available 
carbohydrate content) was performed before and after fermentation. Analyses of total 
phenolic content and in vitro antioxidant activity were performed on water and ethanol 
extracts of fermented and non-fermented Spirulina broth. Finally, cellular antioxidant 
activity and lipid peroxidation were performed on yeast (S. cerevisiae) treated with water 
and ethanol extract of fermented and non-fermented Spirulina broth. 

Spirulina broth fermentation resulted in an increased level of non-protein nitrogen, 
which indicates a higher protein bioavailability. Fat content, however, decreased, while the 
content of other nutrients remained the same. Notably, the study shows that in vitro and 
intracellular antioxidant activity of ethanol extracts of fermented Spirulina broth are 
higher than when the non-fermented broth is used. Furthermore, cells exposed to fermented 
broth ethanol extract showed less lipid damage caused by oxidation, indicating its 
protective role from oxidative stress. No pathogenic bacteria were detected in the fermented 
broth, which had a lower pH than non-fermented broth, indicating an improved shelf life. 
According to our results, fermented broth has the potential as a dietary supplement or a 
food ingredient. 

A part of this research was presented from the 26th to the 31st of August 2018 at the 
XXII International Mass Spectrometry Conference, which was held in Florence, Italy and 
at the 1st ISO-FOOD International Symposium on Isotopic and Other Techniques in Food 
Safety and Quality, 1st to 3rd of April 2019, in Portorož, Slovenia, as a scientific conference 
poster presentation. Additionally, an oral presentation was given at the 13th Jožef Stefan 
International Postgraduate School Students' Conference and the 15th Young Researchers' 
Day of Chemistry, Material Science, Biochemistry and Environment on the 27th and 28th 
of May 2021 (online) and at the 2nd ISO-FOOD Symposium: ISO-FOOD From Food Source 
to Health, in Portorož, Slovenia, 24th – 26th April, 2023. 
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3.3 Scientific Paper: “Insight Into the Antioxidant Effect of 

Fermented and Non-Fermented Spirulina Water and 

Ethanol Extracts at the Proteome Level Using a Yeast 

Cell Model” 

In this chapter, I present a paper with the title “Insight Into the Antioxidant Effect of 
Fermented and Non-Fermented Spirulina Water and Ethanol Extracts at the Proteome 
Level Using a Yeast Cell Model” by Jasmina Masten Rutar, Berta Cillero-Pastor, Ronny 
Mohren, Nataša Poklar Ulrih, Nives Ogrinc and Polona Jamnik, published in 2021 in 
Antioxidants (IF 7.675). My responsibilities included sample preparation and analysis, 
experimental design, statistical data analysis and interpretation of the results, and writing 
and preparing the manuscript for publication. This study aimed to evaluate the effect of 
Spirulina lactic acid fermentation and solvent choice for extraction of bioactive compounds, 
using a yeast cell model for Spirulina extract treatment application. 

Fresh Spirulina samples were collected, lyophilized and then fermented using L. 
plantarum culture. Fermented and non-fermented Spirulina broth was extracted in water 
and ethanol. The Spirulina treatment was performed in vivo and assessed by analyzing the 
cell response at the proteome level using yeast (S. cerevisiae) as a model organism. Peptide 
separation and analysis were performed using a UHPLC coupled to a Q-Exactive HF 
Orbitrap mass spectrometer.  

PCA analysis indicated the important effect of lactic acid fermentation and extraction 
solvent choice on yeast protein profile. A clear separation between the Spirulina water 
extract-treated cells and the Spirulina ethanol extract-treated cells and between non-
fermented Spirulina and fermented Spirulina water or ethanol extract-treated cells was 
achieved. Differentiation between the water and ethanol extracts is due to the greater 
antioxidant efficiency of ethanol than water extracts. Furthermore, the essential role of 
fermentation in separating the yeast treated with fermented and non-fermented Spirulina 
extracts was evidenced by the lowering of the expression of the cell stress response-related 
proteins after fermentation. This points to yeast cells having a reduced need for inducing 
endogenous systems for maintaining homeostasis in the presence of exogenous antioxidants. 
Namely, a higher downregulation of proteins related to stress response was observed in 
yeast treated with fermented Spirulina ethanol extract compared to yeast treated with 
non-fermented Spirulina ethanol extract, while their abundance in yeast treated with 
fermented Spirulina water extract samples increased compared to yeast treated with non-
fermented Spirulina water extract. 

The results obtained in this research were presented as an oral presentation at the 13th 
Jožef Stefan International Postgraduate School Students' Conference and 15th Young 
Researchers' Day of Chemistry, Material Science, Biochemistry and Environment (CMBE 
day), which was held online on the 27th and 28th of May 2021 and at the 2nd ISO-FOOD 
Symposium: ISO-FOOD From Food Source to Health, in Portorož, Slovenia from 24th – 
26th April 2023. The research work was also presented as a poster presentation at the XXII 
International Mass Spectrometry Conference, IMSC 2018 held from 26th to 31st August 
2018, Florence, Italy, at the 1st ISO-FOOD International Symposium on Isotopic and Other 
Techniques in Food Safety and Quality in Portorož, Slovenia, April 1-3, 2019, and online, 
at the XXI EuroFoodChem conference, from 22nd to 24th November 2021. 
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3.4 Scientific Paper: “Exploring the Proteome and 

Metabolome of Fermented Spirulina Biomass” 

This chapter describes the paper (manuscript in preparation) by the authors Jasmina 
Masten Rutar, Urška Vrhovšek, Nataša Poklar Ulrih, Isabelle Fournier, Nives Ogrinc, 
Polona Jamnik and Nina Ogrinc entitled “Exploring the Proteome and Metabolome of 
Fermented Spirulina Biomass”, to be published in Food Research International (IF 7.425) 
in 2024. My contribution to this work included sample preparation, fermentation, data 
analysis, interpretation of the results, and manuscript preparation. The study focuses on 
characterization of the lactic acid fermented Spirulina biomass by exploring protein 
expression and metabolite production. 

Spirulina prokaryotic microalgae – cyanobacteria, are rich in bioactive compounds with 
high bioactive potential. Lactic acid fermentation enhances their bioactive efficiency 
further, as it has been shown to improve nutritional and functional properties and extend 
the shelf life of foods. This study assesses the role of lactic acid fermentation in the changing 
protein and metabolic profile of Spirulina biomass. For this study, fresh Spirulina biomass 
was obtained. A part of the biomass was subdued to a 24-hour lactic acid fermentation 
using Lactobacillus plantarum to obtain a fermented Spirulina biomass. After, ethanolic 
extracts of the fermented and non-fermented biomass were prepared. Proteomic and 
metabolomic approaches were then applied to study the Spirulina biomass extracts to gain 
a deeper insight into the processes that occur during fermentation. The total number of 
identified proteins after fermentation decreased from 847 to 490 due to their proteolytic 
degradation into bioactive peptides and amino acids. String protein interaction network 
database revealed that the over-expressed proteins in fermented Spirulina extract were 
involved in photosynthesis, bacterial secretion system and pentose phosphate pathway, 
while the proteins involved in cellular metabolic and biosynthetic processes and antioxidant 
activity were under-expressed. In addition, metabolome profiling showed that while the 
non-fermented and fermented Spirulina extracts possessed some qualitative similarities, the 
fermented Spirulina extract had poorer chlorophyll and carotenoid content compared to 
the non-fermented Spirulina extract, as presented by the UPLC-DAD analysis. Conversely, 
the amino acid content notably increased after fermentation, which hints at the proteolytic 
activity during fermentation. Further, the SpiderMass MS analysis and consequent PCA-
LDA assessment showed a significant separation of the fermented and non-fermented 
Spirulina extracts based ob their lipid composition. While the non-fermented Spirulina 
extracts were distinguished by higher lipid compound content, the fermented extracts 
showed higher content of lipid metabolites. 

In summary, the study shows the essential role of lactic acid fermentation in metabolite 
transformation. It also shows how the use of the omic platforms allows us to establish the 
role of microorganisms and their metabolic potential during fermentation and, 
simultaneously, observe how the microorganisms adapt to the changing conditions during 
the process to ensure the safety and quality of fermented foods. 
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3.5 Scientific Paper: “Determining the Authenticity of 

Spirulina Dietary Supplements Based on Stable Isotope 

and Elemental Composition” 

The paper entitled “Determining the Authenticity of Spirulina Dietary Supplements Based 
on Stable Isotope and Elemental Composition” by Jasmina Masten Rutar, Lidija Strojnik, 
Marijan Nečemer, Luana Bontempo and Nives Ogrinc is presented in this chapter. I 
collected and prepared commercial Spirulina samples for further analysis. Additionally, I 
was responsible for the design of the experiment, statistical analysis, data interpretation, 
writing the manuscript and preparing the manuscript for publication. The article was 
published in Foods (IF 5.2) in 2023 and discussed the potential of using stable isotope 
ratios of light elements and elemental composition in assessing the authenticity and 
geographical origin of commercially available Spirulina dietary supplements from the 
Slovenian market. 

Forty-six commercial Spirulina-based food supplements were collected for this study in 
different forms (powder, capsule, tablet, flake or fresh) and declared to originate in different 
regions (Japan, India, Hawaii, Taiwan, Portugal, Italy, China, European Union (EU), 
outside the EU, and no declared origin). The elemental composition (Si, P, S, Cl, K, Ca, 
Ti, Mn, Fe, Zn, Br, Rb and Sr) was then analyzed using ED-XRF. Stable isotope ratio 
analysis of C, N and S was carried out using an elemental analyzer-isotope ratio mass 
spectrometer (EA-IRMS) and, for the first time, stable isotope ratio of H and O using a 
DELTA XP IRMS coupled with a TC/EA pyrolizer was determined. Based on the 
measured variables, PCA, DA and OPLS-DA were applied; Spirulina samples were 
classified according to their declared origin and composition. 

Multivariate statistical analyses achieved a reliable differentiation of the Hawaiian, 
Italian and Portuguese samples (100%) and good discrimination of the Chinese samples. 
The clustering of Taiwanese and Indian samples was somewhat less successful but still 
notable. A wide variability in the stable isotopic ratios and elemental composition among 
Spirulina samples of different declared origins was observed due to different culturing and 
environmental conditions, processing methods and Spirulina production geographical 
location. Additionally, successful separation of samples containing material other than 
Spirulina was also achieved, which indicates the possibility of exposing adulterated samples 
using this method. Finally, combining elemental composition and stable isotopic ratio of 
light elements C, N, S, H, and O is a promising tool for determining Spirulina food 
supplements’ authenticity and geographical origin. 

This work was presented and at the 10th Jožef Stefan International Postgraduate School 
Students' Conference and the 12th Young Researchers' Day in Piran, Slovenia, 10th to 11th 
May 2018; and at the 11th Jožef Stefan International Postgraduate School Students' 
Conference and 13th Young Researchers' Day, 15th – 16th May 2019, in Planica, Slovenia, 
as an oral presentation and as a scientific conference poster presentation at the 1st ISO-
FOOD International Symposium on Isotopic and Other Techniques in Food Safety and 
Quality in Portorož, Slovenia, 1st – 3rd April 2019, at 9th International Symposium on Recent 
Advances in Food Analysis from 5th to 8th November in Prague, Czech Republic, 2019, and 
the 2nd ISO-FOOD Symposium: ISO-FOOD From Food Source to Health, Portorož, 
Slovenia from the 24th – 26th April 2023. 
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3.6 Scientific Paper: “Characterization of Algae Dietary 

Supplements Using Antioxidative Potential, Elemental 

Composition, and Stable Isotopes Approach” 

In this chapter, I present the paper entitled “Characterization of Algae Dietary 
Supplements Using Antioxidative Potential, Elemental Composition, and Stable Isotopes 
Approach” by Jan Kejžar, Marta Jagodic Hudobivnik, Marijan Nečemer, Nives Ogrinc, 
Jasmina Masten Rutar and Nataša Poklar Ulrih, which was published in Frontiers in 
Nutrition (IF 6.13) in 2021 and represented a part of the research performed in this PhD 
study. As a part of this study, my responsibilities were sample selection, collection and 
preparation for elemental and isotopic ratio content analysis. The research involved 
analysis of commercial algal products available on the Slovenian market and their 
differentiation based on their elemental and C, N and S stable isotope ratio profiles and 
antioxidative potential. 

From several physical and web stores in Slovenia, eighteen samples of different types 
of algal products were obtained (Laminariales (kelps), Spirulina spp., Aphanizomenon flos-
aquae (AFA) and Chlorella spp.) with conventional or organic production declared on the 
products. The samples were analyzed for their total phenolic content, radical scavenging 
activity by DPPH (2,2-diphenyl-1-picrylhydrazyl) assay, elemental composition by ED-
XRF and ICP-MS and isotopic composition by EA-IRMS. 

A 4.4 times higher and 2.7 times higher antioxidative potential was found in AFA 
compared to Chlorella spp. and Spirulina spp., respectively. High δ15N values in Spirulina 
spp. (7.4‰ ± 4.4‰) samples were also found, which points to the use of organic nitrogen 
fertilizers. Differences in elemental composition and stable isotopic ratios of elements C, N 
and S among Chlorella spp. and Spirulina spp. samples are attributed to different nutrient 
sources used and cultivation techniques. A clear separation of Spirulina pacifica samples 
of Hawaiian declared origin was achieved due to a high content of manganese, iron, cobalt, 
zinc, vanadium and nickel. Furthermore, significantly higher phosphorus levels were 
observed for Chlorella spp., whereas Spirulina spp. had the highest calcium levels among 
all samples. The iodine content was the highest in kelp samples. Notably, mercury, lead, 
arsenic and cadmium levels were lower than the maximum allowed values and did not 
threaten consumer health. Principal component analysis showed that all tested AFA 
samples originate from the same location, which is believed to be the Klamath Lake 
(Oregon, USA), which is based on the characteristically high antioxidative potential, low 
P and high Ca, Sr and Mo content, high δ13C values and relatively low δ15N values. The 
separation between Spirulina spp. and Chlorella spp. samples was less successful using 
PCA. However, a lack of characteristic parameters and the limited number of samples 
means additional studies are required. 

As a scientific conference poster presentation, part of this study was presented at the 
1st ISO-FOOD International Symposium on Isotopic and Other Techniques in Food Safety 
and Quality, 1–3 April, Portorož, Slovenia in 2019, and in Prague, Czech Republic, at the 
9th International Symposium on Recent Advances in Food Analysis, 5–8 November 2019. 
This study was partially presented orally at the 10th Jožef Stefan International 
Postgraduate School Students' Conference and the 12th Young Researchers' Day in Piran, 
Slovenia, 10th to 11th May 2018; and at the 11th Jožef Stefan International Postgraduate 
School Students' Conference and the 13th Young Researchers' Day in Planica, Slovenia, 
15th to 16th May 2019. 
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Chapter 3 

4 Conclusions 

This thesis offers new insight into using Spirulina microalgae as a new food product. This 
insight was achieved by determining the nutritional value of Spirulina dietary supplements 
available on the Slovenian market by analyzing the products’ fatty- and amino acid and 
elemental profiles. Furthermore, as a part of the elemental analysis, iron speciation was 
conducted, which allowed for an estimation of iron bioavailability. In order to confirm the 
safety of these products, toxic trace elements were also analyzed. 

To further improve its nutritional and therapeutic properties, lactic acid fermentation 
of fresh Spirulina biomass using Lactobacillus plantarum was carried out. The results of 
this experiment on the bioactive properties of Spirulina microalgae were assessed on a 
cellular and proteome level, where yeast Saccharomyces cerevisiae was used as the model 
organism. The ethanol Spirulina extracts were further assessed using proteome and 
metabolome profiling. 

This work is important because it provides the first assessment of Spirulina microalgae 
products’ geographical origin, using the stable isotope ratio of light elements C, N, S, O 
and H, combined with their elemental composition. Additionally, an attempt was made to 
verify their authenticity. For this, not only was the stable isotope ratio and elemental 
composition used, but also their amino- and fatty acid composition were considered. 
Finally, the Spirulina products’ compliance with their declarations was evaluated for the 
first time. 

The data obtained in this research is presented in six articles – five already published 
in international scientific peer-reviewed journals with one paper in preparation. The results 
were presented at 11 international conferences as oral and poster contributions. 

The research work included in this thesis addresses the following topics which are 
interchangeably connected: 

1. Nutritional quality assessment of the Spirulina products available in the 
Slovenian market: Analysis of the commercial Spirulina products’ nutritional 
composition was performed in order to assess the quality of these products on the 
Slovenian market and to improve consumer trust in Spirulina products, which 
otherwise lack inspection control. The analyzed Spirulina food supplements are a 
good source of minerals phosphorous, selenium, potassium and calcium, and non-
essential and essential amino acids when consumed within the amounts 
recommended by the producers. The fatty acid analysis has shown, however, that 
while Spirulina is a good source of polyunsaturated ω-6 fatty acids, the content of 
polyunsaturated ω-3 fatty acids is low. Also, even though Spirulina has been shown 
to contain relatively high levels of iron, its bioavailability is believed to be low, 
according to the performed iron speciation study. The latter has shown that iron in 
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Spirulina products is mainly (82–92%) present in the less bioavailable ferric (Fe3+) 
form, which suggests that it would be necessary to reconsider the promotion of 
Spirulina as a rich dietary source of iron. 

Pure Spirulina samples have been shown to contain higher linoleic and γ-
linolenic fatty acid, amino acid, Se and P content, which suggests that choosing 
pure Spirulina products for consumption over samples containing excipients may 
contribute to a higher nutrient intake. Additionally, different Spirulina products 
may differ in nutrient content levels. For example, Spirulina products originating 
from Hawaii are higher in Mn, Cl, Fe, Br, Rb, Zn and Ti compared to other samples. 
Therefore, consumer's specific nutrient needs should be considered when choosing a 
specific Spirulina product. 

Overall, the results mean that the first hypothesis “Spirulina (Arthrospira spp.) 
products from the Slovenian market are highly nutritional and rich in amino acids, 
fatty acids and essential elements” is partially confirmed: commercial Spirulina 
products from the Slovenian market are a good source of amino acids, elements and 
ω-6 fatty acids. However, as the analyzed samples contained only low levels of ω-3 
fatty acids and the bioavailability of its iron was proven to be low, this hypothesis 
is also partially rejected. 

2. Safety and compliance with declaration analysis of the Spirulina products 
from the Slovenian market: The toxic trace element analysis and analysis of the 
sample content compliance with declaration were performed to determine the safety 
and quality of Spirulina products from the Slovenian market. The levels of toxic 
trace elements, including Pb, Cd, Hg and As, in the sampled Spirulina products 
were significantly below the maximum allowable values set for dietary supplements. 
This finding means that the consumption of Spirulina products does not contribute 
significantly to their intake and is thus safe to consume. More concerning results 
were found regarding the accuracy of the information presented in the product 
declaration. Even though no upper safety levels were exceeded, in 86.7% of the 
analyzed products, inaccurate declarations were found regarding their Ca, P, Fe, 
Zn, K and Mn mineral content. This high proportion of products with 
inappropriately declared mineral values is concerning, as high content deviations 
from the declared values may cause excessive mineral intake in specific individuals 
and raise doubt among consumers about the product quality. 

According to these results, the second hypothesis “Spirulina products available 
in physical and online stores in Slovenia are safe for consumption, and their 
composition is consistent with the declared values” is partially confirmed regarding 
levels of toxic trace elements, and partially rejected due to inaccurate product 
declarations. 

3. Effect of fresh Spirulina biomass lactic acid fermentation and bioactive 
compound extraction solvent on its bioactivity and antioxidant activity 
– on a cellular, proteome and metabolome level: Lactic acid fermentation of 
the Spirulina microalgae was performed by L. plantarum starter culture to study 
its effect on the nutritional and functional properties of this microalgae. The 
fermented Spirulina biomass has been determined to be a potential source of 
antioxidants, which resulted in reduced intracellular levels of reactive oxygen 
species, as well as reduced oxidative lipid damage. The non-protein nitrogen levels 
increased after fermentation, showing a higher protein bioavailability in the 
fermented Spirulina biomass than in the non-fermented biomass. The fermentation 
process has not altered the Spirulina microbiological safety, as no pathogenic 
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bacteria were found in the biomass after fermentation. A lower pH after 
fermentation also indicates a prolonged shelf life of the Spirulina biomass. 

The antioxidant efficiency of non-fermented and fermented Spirulina water and 
ethanol extracts was determined at the proteome level, where yeast S. cerevisiae 
was used as a model organism. The analysis of protein expression alterations showed 
a distinct separation of the yeast treated with non-fermented and fermented 
Spirulina water and ethanol extracts. Ethanol extracts presented a higher 
antioxidant efficiency than water extracts when comparing fermented Spirulina to 
the non-fermented-one, thus confirming our third hypothesis “Spirulina biomass 
lactic acid fermentation and subsequent bioactive compounds’ extraction in ethanol 
result in significantly enhanced antioxidant activity in treated model organisms 
(yeast cells), reflected at the cellular and molecular level”. Fermentation was also 
crucial in lowering the cell stress response-related protein expression. The following 
protein and metabolite profiling of the ethanol Spirulina extracts resulted in 
significant separation of the fermented and non-fermented Spirulina extracts due to 
a decrease in protein and lipid content after fermentation and consequent increase 
in amino acid and lipid metabolite content. Fermentation also resulted in lowering 
of chlorophyll and carotenoid content in ethanol Spirulina extracts. 

4. Geographical origin discrimination among Spirulina products from the 
Slovenian market by combining stable isotope ratio and elemental 
composition analysis: Stable isotope ratios of light elements C, N, S, and for the 
first time also O and H, together with elemental composition were determined in 
commercial Spirulina samples in order to assess the authenticity of their declared 
geographical origin. Results of the δ2H and δ18O analysis showed a correlation 
similar to that in water, which means that the local water is the main source of H 
and O isotopes in Spirulina and that other parameters have little impact on the 
δ2H and δ18O values of the final product. Also, the Spirulina samples of different 
declared origins showed significant variability in the elemental and stable isotope 
composition. Using various multivariate statistical analysis methods (OPLS-DA, 
PCA and DA), reliable discrimination of Italian, Portuguese and Hawaiian samples 
was achieved, including a good separation of samples from China. However, 
discrimination between the samples from Taiwan and India was somewhat less 
successful. Discrimination between the samples of different origins was achieved due 
to various parameters, such as the Spirulina production geographical location and 
environmental conditions of the region, culturing methods, pollution in the area, 
processing techniques and excipient addition in the final product. While the stable 
isotope ratio and elemental composition of the samples of undeclared origin show 
similarity with the Asian and declared non-EU samples, a specific and reliable 
classification of these samples was not possible. Therefore, the fourth hypothesis 
“The geographical origin of Spirulina products can be differentiated by combining 
the results of their stable isotope ratio and multi-elemental composition analyses” 
is also only partially confirmed, as for reliable differentiation of the commercial 
products, a reliable database consisting of isotopic and elemental composition data 
from authentic Spirulina samples would be required. 

5. Spirulina product authenticity assessment, regarding the product 
composition: Nutrient (amino-, fatty acid and elemental analysis), as well as 
combined elemental and stable isotope ratio analysis, were used to determine 
whether the presence of other algal or plant material in the commercial Spirulina 
products alters the nutrient and isotopic composition of the final product. 
Separation of mixed products from those containing only Spirulina microalgae was 
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achieved using multivariate analysis. Additionally, the results of amino acid, fatty 
acid and elemental composition suggest that at least two of the analyzed Spirulina 
samples from the Slovenian market were adulterated, due to notable differences in 
their composition, compared to pure Spirulina samples. However, the excipients in 
the products cannot explain the deviation of the measured values. Similar results 
were obtained when the combined elemental and isotopic compositions were 
assessed. Here, differences in the isotopic and elemental composition of the analyzed 
samples resulted in the notable separation of mixed samples from other commercial 
Spirulina samples when using PCA. A good separation of the samples with mixed 
composition (Spirulina and other algal or plant material) was achieved. Also, as in 
the previous study, two samples declared Spirulina stood out, suggesting the 
presence of undeclared material in their composition. Using the nutritional 
composition and stable isotope ratio data, we can distinguish between the samples 
containing only Spirulina and samples mixed with other plant or algal material. 
Thus, our fifth hypothesis “The presence of adulterants in Spirulina products can 
be detected using elemental composition combined with stable isotope ratio analysis 
results and amino acid and fatty acid compositional data” is confirmed. 

4.1 Scientific Relevance 

The research presented in this doctoral dissertation has led to several original and 
significant scientific contributions. Firstly, it provides the first systematic quality and 
safety characterization of commercial Spirulina products available in the Slovenian market. 
The comprehensive analysis of Spirulina’s amino acid, fatty acid, and elemental 
composition offers valuable insights into the quality and safety of these products on the 
Slovenian market. It shows that even though most of the products are authentic, some still 
do not correspond to the typical composition of Spirulina, suggesting the possibility of 
adulteration. In this way, this study serves as a foundation for future product control and 
monitoring of their quality over time. 

Iron speciation was performed in Spirulina products for the first time, showing that 
despite high iron content, its bioavailability for humans is low. This finding contrasts with 
previously published results and highlights the importance of considering the iron content 
and the iron species in future studies on iron bioavailability. Also, when conducting in vivo 
iron bioavailability studies in animals, the effect of the metabolic processes specific to the 
animal concerned should be considered, and compatibility with the human metabolic 
system should be evaluated. 

The findings of this study further originally demonstrate that stable isotope ratio and 
elemental composition analysis are valuable tools for determining the authenticity of 
Spirulina products regarding their composition and geographical origin. Using the 
multivariate statistical analysis, the separation of the samples, which do not comply with 
the authentic Spirulina product isotopic and elemental composition, is achieved. In this 
way, exposing the products with adulterated composition and declared geographical origin 
is possible. This method could be used primarily for authentication studies of these and 
similar commercial products, protecting producers and consumers from potential fraud. 

The first assessment of the impact of lactic acid fermentation on Spirulina bioactivity 
at the cellular, proteome and metabolome level offers a novel insight into the intracellular 
activity induced by fermented Spirulina bioactive compounds. The study shows that 
fermented Spirulina biomass is a potential source of antioxidants, whose activity is also 
determined at the cellular level. This finding is expressed as a reduced intracellular level 
of ROS, lower lipid oxidative damage and, at a proteome level, a lower expression of 



Chapter 4. Conclusions  143 

proteins related to the cell stress response. Furthermore, the proteomic and metabolomic 
analysis of fermented Spirulina biomass gives us new insight into the essential role of lactic 
acid fermentation in metabolite transformation and the role of microorganisms and their 
metabolic potential during fermentation. These results are the first step to understanding 
the processes involved in the bioactive effect of fermented Spirulina on the human 
organism. 

4.2 Future Work 

Combining all of the gathered data on the Spirulina microalgae, this thesis shows the high 
potential of this product to be used as an alternative food source. Nevertheless, even though 
the Spirulina products on the Slovenian market show excellent nutritional quality, specific 
issues have arisen, showing that improved inspection control would be required to increase 
safety and consumer trust in these highly nutritious products. Using the stable isotope 
ratio of light elements C, N, S, O and H, combined with elemental composition analysis, 
and the nutrient composition analysis, has proven to be efficient in Spirulina authenticity 
studies, regarding the product geographical origin discrimination, as well as the product 
composition. However, the authenticity assessment of the commercial Spirulina products 
should be improved, which means developing a reliable database including verified pure 
and authentic Spirulina samples from various production regions produced using different 
production methods. A similar approach could also be used for quality control of other 
dietary supplements available on the market. 

Additionally, studying the extraction and purification processes of Spirulina's bioactive 
compounds may lead to the development of novel pharmaceuticals, nutraceuticals, or 
functional food ingredients. Moreover, while this thesis provides a better insight into the 
lactic acid fermentation effect on the Spirulina antioxidant activity – at the cellular and 
molecular level and the role of the bioactive compound extraction solvent, additional 
studies are still required to provide an in-depth insight into fermented Spirulina bioactive 
compound activity mechanism on the subcellular level. Additionally, the therapeutic effects 
of fresh Spirulina have been reported in numerous publications, while the role of Spirulina 
biomass fermentation in this field is still scarce and has yet to be thoroughly investigated. 
One potential area of research could focus on elucidating the molecular mechanisms 
underlying the numerous health benefits of Spirulina consumption. Researchers could also 
gain insights into its antioxidant, anti-inflammatory, and immunomodulatory effects by 
investigating its bioactive compounds and their interactions with cellular pathways, while 
assessing the impact of Spirulina supplementation on various pathological health conditions 
could uncover new therapeutic avenues. 

From this study, it is clear that future research on Spirulina holds tremendous promise 
for expanding our knowledge and harnessing its full potential in various industries, 
contributing to human health and sustainable development. 
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