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Abstract

Selenium (Se) is essential for human and animal nutrition, playing a key role in antioxidant and immune functions. Organic
Se is better for supplementation because it is more efficiently assimilated and less toxic than its inorganic form. Due to the
scarcity of Se in European soils, supplementation in feed and food is necessary. Currently, inorganic Se (sodium selenite
and selenate) and organic Se in Se-enriched yeast are approved by the European Food Safety Authority (EFSA) to address
Se deficiency. However, Se-enriched microalgae present a promising alternative. By supplementing their growth media
with Se, microalgae convert it into organic forms like Se-cysteine and Se-methionine, creating Se-enriched biomass. This
biomass can serve as a valuable Se source with the additional benefits of microalgae. This review evaluates the viability of
microalgae as a Se supplementation vehicle in food and feed and explores its commercial applications in the European
Union (EU), along with emerging projects and innovations in the field.
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ApSe Adenosine phosposelenate
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EC European Commission
EPA Eicosapentaenoic acid
GSH-Px  Glutathione peroxidase
H,Se Hydrogen selenide
MeSeCys Methylselenocysteine
NF New food
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NPs Nanoparticles

PUFAs Polyunsaturated fatty acids
ROS Reactive oxygen species
Se-AAs Selenium amino acids
SeCys Selenocysteine

SeCys2 Selenocystine

SeMet Selenomethionine

SeNPs Selenium nanoparticles
SeO, Selenium oxide

Se-PSs Selenium polysaccharides
SIR Sulphite reductase

SMT Selenomethyltransferase
SOD Superoxide dismutase

1 Introduction

Selenium (Se) is crucial for the organism’s antioxidant defence mechanism: it triggers the production of selenoproteins
and contributes to the protection of cells against ROS (reactive oxygen species) and modulates the immune and repro-
ductive system activities [1].

Soils used in European agriculture are commonly identified as having low Se levels [2]. As a result, meeting daily Se
requirements through diet can be difficult [3]. Supplementation of food and feed has primarily involved the use of inor-
ganic Se salts. However, this supplementation method with sodium selenite or selenate is associated with drawbacks,
such as toxicity and low absorption rates within the body [4, 5. In this context, biofortified food and feedstuffs, like
crop products cultivated in Se-fertilised soils or Se fortified supplements, have been addressing Se insufficiency-related
conditions [6, 7]. More recently, to address this problem, organic Se-enriched foods have been widely developed. These
foods mainly include Se-enriched plants, animals, and microorganisms [3]. The primary forms present are selenomethio-
nine (SeMet) and selenocysteine (SeCys). Organisms assimilate organic compounds at a rate of approximately 85-95%,
whereas the assimilation rate for inorganic forms is around 40-50% [8-10].

The narrow margin between Se deficiency and toxicity underscores the importance of conducting comprehensive
studies of Se-vehicle organisms, such as microalgae [4, 9, 11]. Recently, Se-enriched microalgae biomass has emerged
as a potential source of organically bound Se that is highly accessible and bioavailable [3, 7]. Microalgae demonstrate
efficient incorporation of Se, converting it into less hazardous organic forms, including Se-proteins, Se-amino acids (Se-
AAs), Se-polysaccharides (Se-PSs), and Se-volatile compounds. Some studies have shown that the organically bonded
Se is more suitable for human consumption compared to Se salts [3, 7, 9-11]. Therefore, the striking ability of microalgae
to metabolise inorganic Se into low toxic reduced molecules offers a great Se-supplementation alternative, highlighting
their potential to serve as a biological vehicle for Se-AAs [4, 9].

This review addresses microalgae-driven Se supplementation for food and feed with an overview of commercial appli-
cations and other alternative sources under the European Union (EU). This article provides a comprehensive overview of
the latest literature on Se supplementation for dietary use in both humans and animals.

2 Importance of microalgae in food and feed

Microalgae are abundant in protein (~40-50%) and lipids (~ 15-30%) [12, 13] (Table 1). Regarding their fatty acid profile,
microalgae can be a potential source of polyunsaturated fatty acids (PUFAs), which humans usually consume through fish,
like docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA). Interestingly, European infant milk formulas already
contain microalgae purified, DHASCO® [14].

Microalgae proteins can provide a complete profile of essential amino acids (in contrast with most plant-derived
proteins), which is crucial for the immune system [15]. These organisms also provide carbohydrates (~ 10-30%, Table 1)
(starch, glycogen, and cellulose) and pigments (chlorophylls, f-carotene, lutein, and astaxanthin), which are high-value
compounds [16]. Most extracts also have probiotic activity and a positive influence on the composition of gastrointes-
tinal microflora [17, 18].
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Table 1 Proximate

o Nutritional Content Chlorella vulgaris Haematococcus Nannochloro- Arthrospira
cqmp05|t|on of fpur pluvialis psis sp. platensis
microalgae species already
accepted for food and feed Proteins (% d.m.) 51-58 48 28-43 46-63
(15,19-22] Carbohydrates (% d.m.) 12-17 27 9-30 8-14

Lipids (%d.m.) 14-22 15 18-30 4-9
Ash (%d.m.) 6.3 - 9-11 7-10
Macrominerals (g kg™") Ca 464 1.73 0.96 27
Mg 0.560 0.61 3.91 3.2
P 25.7 - 12.6 9.7
8.50 0.93 19.1 17
Na 0.500 0.095 37.8 -
Microminerals (mg kg™") Cu 25.4 2.2 13.6 0.9
Fe 644 225 300 539
Mn 163 10.22 35.2 24
Se 0.170 - 1.36 -
Zn 357 7.2 52.5 17.6

d.m.: dry matter

The ash content of microalgae depends on the concentration of minerals in the environment (growth conditions),
which is why marine species like Nannochloropsis sp. show higher content of sodium compared to the freshwater Chlo-
rella vulgaris. The literature reports slightly different values as well as for the nutrients [20]. Microalgae biomass also
presents some minerals such as calcium (Ca), magnesium (Mg), phosphorus (P), potassium (K), sodium (Na), and iron
(Fe) (Table 1) [15, 19-22]. These minerals are crucial for human body functions, making microalgae a valuable candidate
for dietary supplements. The mineral absorption is related to the protein content, especially Fe which is a cofactor in
protein metabolism, as well as Cu [23, 24]. Mg and P are also needed for protein formation, as well as Se and Zn which
are important parts of the structure of many enzymes [24]. In a recently published study [25], the relationship between
algal protein content and Se accumulation was evaluated for the microalgae, Parachlorella kessleri, Chlorella vulgaris, and
Raphidocelis subcapitata. The algae were exposed to selenate and analysed for total protein and Se content during both
exponential and stationary growth phases. No relationship was found between protein content and Se accumulation dur-
ing the exponential phase, but a strong relationship was observed during the stationary phase across the species. From
the obtained results, the authors suggested that cellular protein content in microalgae influences Se bioconcentration.

These microorganisms can produce the same amount of energy in smaller areas compared to higher plants [16].
Microalgae also allow the utilization of wastewater, or industrial side streams and exhaust gases, without competing for
arable land [16]. Therefore, they might decrease the pressure on terrestrial food crops and water resources [15]. Neverthe-
less, its cultivation can be expensive, and algal biomass must be analysed for its composition and toxic compounds [26].
Chlorella sp. (e.g., C. pyrenoidosa, C. vulgaris, and C. luteoviridis) and Arthrospira platensis were commercially available and
consumed as food ingredients prior to 1997 [10]. The EU list of novel foods includes Haematococcus pluvialis, Odontella
aurita, Schizochytrium sp., Tetraselmis chui, and Ulkenia sp., among others [16, 17, 27]. Microalgae biomass is Generally
Regarded As Safe (GRAS) for human consumption and shows no adverse effects on human health [16]. For instance,
Chlorella is widely used as food supplements in several countries [17].

3 Selenium in human and animal nutrition: essentiality and toxicity

The content of Se in food products in each geographical region is proportional to its amount in the soil [28]. The amount
of Se in the soil is primarily affected by the type of parent material and the climate: soils in humid and irrigated areas
typically have lower Se levels because this mineral is washed away [2]. This could be why nearly all European nations
are categorized as regions with low Se levels due to the scarcity of this mineral in agricultural lands [2]. Agricultural
soils often suffer from Se deficiency, a condition likely to intensify with prolonged drought periods [2]. Depending on
the dose, Se can be considered an essential micronutrient or toxic mineral. Essentiality has not yet been established for
plants; however, this element is indispensable for many organisms, including mammals, bacteria, and archaea [29]. It
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has antioxidant and chemoprotective functions. Its deficiency may reduce growth and cause severe diseases in humans
and livestock. Se nutritional functions are achieved by 25 Se-proteins in humans [1].

The element Se can exist in four oxidative states: selenium (0), selenide (- 2), selenite (+4), and selenate (+6) [9, 11].
In water, inorganic Se can be present as selenate (Se0,%") and selenite (SeO5%") [30]. Microorganisms’ biomethylation
of Se, along with the decomposition of Se-rich organic matter, generates volatile Se compounds like dimethylselenium
(DMSe), hydrogen selenide (H,Se), and selenium oxide (SeO,) [28].

Inorganic forms can be converted to organic forms like Se-AAs, Se-proteins, Se-PSs, Se-enzymes, and methyl-selenides)
[30]. The most common Se-AAs are selenocysteine (SeCys-C3H¢NO,Se), a derivative of cysteine, and selenomethionine
(SeMet- C;H,,NO,Se) [31]. Se-proteins are not fully characterized, among them the following can be identified: W, likely
involved in muscle metabolism; S, regulates redox balance and R that has likely functions as an antioxidant [31].

Se plays a very important role in maintaining various physiological processes in the human body [32]. It shields cells
from damage by oxidative stress and affects how the immune system operates [28] Its intake at low levels has been
associated with beneficial effects, offering protection against various chronic diseases [7, 33, 34]. This trace mineral is
relevant for viral infections since the immune system relies on a set of specific Se-proteins containing SeCys necessary
for their expression and enzymatic processes, such as superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px)
[34-36]. Related to immune system, Se enhances the production of antibodies (IgG and IgM) and elevates the activity
of T cells and macrophages. It helps slow down the aging process and accelerates cell regeneration [31, 32]. Several
antioxidant enzymes rely on Se, like thioredoxin reductase which is involved in regulating the redox state of cells. This
enzyme reduces thioredoxin which shows activity as growth factors, apoptosis inhibitors, and enzymes that catalyse
hydroperoxide reduction. Se is also a component of iodotyronine deiodinase, which catalyzes the main biologically active
thyroid hormone, triiodothyronine [31]. lodothyronine deiodinase is an enzyme that needs Se and plays an important
role in the regulation of thyroid hormones, responsible for proper development, growth, and cell metabolism [31].

SeMet exhibits greater bioavailability for metabolic functions due to its facile integration into proteins, and makes Se
bioavailable for humans serving as a precursor to methylselenol, a potent anticarcinogen that restrains tumour invasion
[35, 371. Se inhibits tumor cell proliferation via the p53 tumor suppressor gene and Bcl-2 apoptosis-supressor gene. In
fact, the anticancer properties of Se are primarily linked to its well-known antioxidant activity, the stabilizing effect on
DNA, and the enhancement of cellularimmune response. While the role of antioxidant mechanisms in cancer defense is
crucial, it's important to emphasize the significant effect of Se on the cell-killing activity of natural killer cells [31].

Nutrition represents the primary source of Se, essential for Se-enzymes activity [3, 38]. Furthermore, the intake of Se
depends mainly on the type of food/feed consumed [3, 71. Eggs, fish, corn, meat, vegetables (especially garlic) and Brazil
nuts are Se-rich food sources [5].

The significance of dietary Se for health is not only dependent on the total intake of this mineral, but also the differ-
ent Se species ingested [3]. Se is present in food in various forms: SeMet, the most common (plant sources, Se yeast, and
other Se supplements), is also a predominant form of Se in feed ingredients [39, 40]; SeCys (feed); selenoneine (major
Se compound in fish); selenomethylcysteine (MeSeCys) (plant sources, Se yeast); sodium selenite and selenate (dietary
supplements, water supplies, fish, and plant sources) [3, 71.

Animal protein is the principal dietary source of Se for humans (~70%) [41]. Se intake from fruits and vegetables is
notably lower as estimated in Table 2 [7, 41-43].

Vegetables contribute less than 8% of Se total intake [42, 44]. Therefore, there is a need to look for vegan alternatives.

The concentration and availability of Se in the food items are relatively low, necessitating consumption in larger
quantities to meet Se intake requirements [45]. Se uptake of 5 ug kg™' day™' is the maximum recommended dose [9,
46]. The absolute daily Se requirement for an adult is approximately 40 pg, about 300 pg day™' reduces cancer risks; and

Table 2 Average selenium

! h : Food items Selenium
[c;ntze‘;]t in various food items content
h (Hgkg™)
Vegetables and fruits 1.7-24.9
Cereals and legumes 17.7-448
Dairy products 18.4-163
Meat and fish 87.6-737
Eggs 173.3-331
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Table 3 Estimated Se intakes

from selected countries [42, Country Use of Se fertiliser? (Yes/No) Se intake (ug day™)
43,49, 50] China (Keshan area) No 3-11
Finland No 25
Yes 67-110
USA No 60-160
Portugal No 43+20and 32+13"

*Results from two small groups of the Portuguese population (11 women and 7 men; and 6 women
respectively, aged 8-55 years)

Selenium Decreased Incresead Myocardial Ventricular
. GSH-Px and oxidative o : Cardiomyopathy
deficiency SOD stress injury dysfunction

Fig. 1 Consecutive mechanisms in Keshan disease (from selenium deficiency to cardiomyopathy) [54, 55]

above 800 pg day‘1 is considered toxic [9, 39, 42, 46]. Feed items are regularly fortified with diverse Se supplements up
to the authorized threshold of 0.5 mg Se kg™ in the EU [39, 47]. Typically, diets providing Se levels ranging from 0.1 to
0.3 mg kg~' are generally sufficient to meet Se requirements for various animals [39]. Recommended daily intake of Se
for animals is listed in the Hosnedlova et al. [48] review: for instance, 0.15-0.30 mg kg™ for pigs and 0.30 mg kg™' of DM
for dairy cattle.

Table 3 shows China has the lowest Se intake in the Keshan area. Se levels for Portugal are below the recommended
values, although not as low as in Finland before the treatment with Se fertilizer. Compared to these countries, the USA
has a high daily Se intake [42, 43, 49, 50].

In various regions of China, recent research has indicated that individuals diagnosed with COVID-19 demonstrate
reduced Se blood levels [7, 51, 52]: most studies measured serum Se levels, and one measured urinary Se level, as well as
GSH-Px [53]. Nonetheless, there is a lack of information regarding the Se status of individual patients severely impacted
by this illness. Se might have a role in protection against COVID infection [52], and its deficiency could be considered an
indicator of the severity, mortality, and overall risk of COVID-19 [53].

Keshan disease is associated with necrotic lesions throughout the myocardium, and in 1935, an outbreak occurred in
China. It was verified that Chinese populations living in Se-rich soils did not develop Keshan disease, although this was
not the sole cause. This cardiomyopathy might be explained through a sequence of mechanisms presented in Fig. 1: Se
deficiency leads to decreased GSH-Px and SOD activity and, consequently, to oxidative stress followed by a myocardial
injury [54, 55].

Furthermore, some studies have shown a relationship between Se deficiency and heart diseases [54, 55]. Thus, Se-
deficiency seems to be directly linked with at least one severe human iliness; therefore, it appears prudent to avoid this
deficiency [1, 52, 56]. This can be achieved by consumer awareness and seeking products that might complement this
gap in regular food choices, like supplemented foods.

Lately, Se has been supplied to animals and humans through inorganic Se salt supplements [4]. However, these come
with some drawbacks, including toxicity and poor absorption. Se-enriched supplements have been used to address or
prevent diseases associated with Se deficiency-related affecting populations living in areas with low Se in soils [7, 54].
Biofortified foodstuffs, like Se-enriched plants, are commonly obtained through methods such as soil fertilization, foliar
fertilization, and hydroponic fertilization [3]. Meat, dairy, and eggs can also be enriched with Se. A higher hen growth
and Se content on Se-enriched eggs was achieved by feeding animals with Se-enriched insect protein, compared with
Na,SeO; or Se-yeast administration [3, 57]. Findings demonstrated that dietary supplementation with 2 mg Se kg™
increased egg weight and improved its antioxidant capacity [3, 57]. Inorganic Se can also be incorporated to microor-
ganism’s culture medium. Through interactions with proteins or polysaccharides, enriched Se foods such as yeast and
fungi are produced [58] SeMet is the predominant dietary form of Se and is widely accepted as a supplement for both
humans and animals [34]. Se-rich yeast used as a nutritional food additive is as safe as Se from other dietary sources, with
the safety standards outlined in the Commission Implementing Regulation (EU) 2020/1993 of 4 December 2020 [7, 59].
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For animal nutrition, several studies have reported that Se, at low levels, leads to deficient protection against oxidative
stress, and consequently syndromes and diseases in animals [43, 54]. Various feeding techniques for different animals
have been developed to elevate the Se concentration in animal products, with the goal of mitigating Se deficiency and
potentially serve as a nutritional approach to manage diseases associated with free radicals [60].

Se has shown to protect against heavy metal poison, it plays a key role as a chelating agent for heavy metals by form-
ing nontoxic Se-metal complexes. In animals exposed to the harmful effects of mercury (Hg), the Se compounds reduced
the formation of necrotic lesions in kidneys [28]. Seafood with high Se levels could be a health benefit because Se levels
could prevent oxidative damage related to Hg [61].

This micronutrient is frequently employed as a supplement to larvae to increase nutritional quality, enhancing anti-
oxidant capacity and preventing diseases [5, 62], muscle atrophy, and skeletal deformations [5, 63]. The European Com-
mission (EC) set upper threshold of 0.2 mg kg‘1 Se-enriched yeast in aquaculture feeds ((EU) No 427/2013) [64].

Although Se deficiency is usually linked to poor nutrition, it could also be related to genetically disturbed Se-protein
synthesis and abnormal transport of Se [31].

Se can cause depletion of the intracellular glutathione pool when consumed at high concentrations, resulting in ROS
accumulation, which could induce cellular mortality [3, 29]. If the Se is not directly incorporated or bound by proteins,
any excess in the organism is converted into methylated metabolites (like 1-B-methylseleno-N-acetyl-p galactosamine)
and urea. H,Se, an intermediary product generated during various selenium compounds within cells, can be utilized
for the synthesis of Se-proteins or undergo additional metabolism in the methylation pathway [31]. Given the narrow
margin between Se deficiency and toxicity, in-depth research on organisms like microalgae is essential. Microalgae can
serve as a primary source of Se for various organisms [4, 9, 29].

4 Selenium metabolism in microalgae

Microalgae have metabolic requirements for Se and therefore possess mechanisms for incorporating Se-AAs in essential
Se-proteins. Thus, their capability to uptake and store Se varies based on the strain, growth conditions, and provided Se
chemical form [4, 45]. The selection of the Se source is not clear, as for many microalgal species, selenate might present
a greater toxicity risk compared to selenite, while the opposite may be true for others [7, 45].

Selenate exhibits high solubility, and thus more bioavailable to aquatic organisms than selenite, indicating that
selenate may dissolve as the primary chemical species in an aqueous solution [7]. However, the interconversion of
selenate and selenite is influenced by the chemical and physical characteristics of the water [2, 11, 65]. Studies on uptake
suggest that microalgal cells can assimilate both selenite and selenate, influencing growth on a dose-dependent basis
[4, 65].

The first algae in which Se-proteins were identified was Chlamydomonas reinhardtii and subsequently in other unicel-
lular species [45, 66].

Microalgae exhibit efficient uptake of Se and convert it into less toxic organic forms (Se-AAs acids, Se-proteins, Se-PSs,
and volatile compounds) [9]. Selenate, Se (VI), and selenite, Se (IV), are the primary forms of Se in aquatic environments,
absorbed by microalgae [45] (Fig. 2, route 1). In general, Se (V) is typically absorbed and accumulated more rapidly by
microalgae when compared to Se (VI). This is because Se (IV) is carried through specific saturated transport system at
low concentrations, and by a non-selective transport system at elevated concentrations (ATP-dependent) [9]. Upon inter-
nalization into microalgal cells, Se translocates to the chloroplasts and initiates the Se metabolic cascade, transforming
into Se?™, the precursor for synthesizing SeCys and SeMet (Fig. 2, routes 1-4) [9, 45].

In aquatic environments where Se (VI) predominates as the primary form of available Se for uptake, it undergoes
reduction to Se (IV) through a series of enzymatic reactions. Initially, adenosine triphosphate sulfurylase (ATPS) mediates
the activation of Se (VI) by coupling it with ATP, resulting in the formation of adenosine phosphoselenate (APSe) [45].
The APSe is then further reduced to Se (IV) by APR (Fig. 2, route 2). However, the previous steps are unnecessary if Se (IV)
is the primary substrate (Fig. 2, route 3) [9, 45].

Reduction of Se (IV) to Se®~ can occur through enzymatic reactions involving the activity of sulphite reductase (SIR), or
by non-enzymatic reactions in the presence of glutathione (GSH) (Fig. 2, route 4). SeCys can be directly synthesized from
Se (IV) via the catalytic activity of selenomethyltransferase (SMT) (Fig. 2, route 5). SeCys serves as the initial substrate for
synthesizing other seleno-compounds (Fig. 2, route 6) [45].

When the intracellular Se concentration exceeds a certain threshold, Se-AAs may lead to the production of aberrant
proteins via non-specific incorporation. Thus, microalgae employ detoxification mechanisms to convert Se into volatile
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Fig.2 Diagram illustrating the metabolic pathways of selenite (Se (IV)) and selenate (Se (VI)) in microalgae. Adapted from Gojkovic et al. [9]
and Ponton et al. [45] (created with BioRender)

forms under such conditions. Specifically, SeCys is transformed into dimethyldiselenide (DMDSe) via the intermediate
methylselenocysteine (MeSeCys-C,HyNO,Se) (Fig. 2, route 7), while SeMet undergoes methylation to yield DMSe [4]
(Fig. 2, route 8). MeSeCys, also known as Se-methylselenocysteine is the result of SeCys methylation for accumulation [9].
Some microalgae, such as Chlorella sp., exhibit a high capacity to synthesise the Se volatile compounds DMDSe and/or
DMSe upon selenate or selenite supply (Fig. 2, route 9); however further studies are required to elucidate this metabolic
pathway [4, 29].

5 Microalgae enriched with selenium

Se content in terrestrial plants depends on the concentrations found in agricultural soils. Thus, Se plant content can be
increased, at the expense of releasing it into the environment [3, 43]. In contrast, microalgae cultivation can be achieved
in closed systems, and these organisms are much more efficient in capturing nutrients from the medium than terrestrial
plants [16, 67]. Recently, there has been considerable interest in Se-enriched microalgae as a convenient method for
generating readily accessible and bioavailable source of organically-bound Se [10, 11].

5.1 Selenium sources
5.1.1 Inorganic Se-Selenite and Selenate sodium salts

Both sodium selenate and selenite can be used as Se sources for enriching microalgae [68]. Sodium selenate (Na,SeQ,) is
a water-soluble compound, offering microalgae an easily accessible Se source. It is often used in Se-enrichment studies
due to its stability and ease of handling. Sodium selenite (Na,SeO;) is another commonly used Se compound for micro-
algae enrichment. Like sodium selenate, sodium selenite is water-soluble and provides a source of bioavailable Se. Both
are generally added to the microalgae culture medium in a controlled concentration. Sodium selenite is often preferred
over sodium selenate due to its higher bioavailability [9, 68, 69], but the choice between both chemical compounds for
microalgae enrichment depends on factors such as the specific microalgae species, growth conditions, and the desired
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Se content in the enriched microalgae biomass. Guimaraes et al. [68] assessed the suitability of two Se species (Na,SeO,
and Na2SeO,) in producing Se-fortified Nannochloropsis oceanica biomass for aquafeed at various concentrations dur-
ing a twelve-day cultivation period [68]. The values for 50% growth inhibition (ECs) for selenate (EC5;,=32.93 uM) had
a more detrimental effect on microalgal growth than selenite (EC5,=163.82 uM) [68].

The total intracellular Se content analysis revealed that N. oceanica exhibited a higher accumulation of selenite than
selenate. Guimaraes et al's [68] study summarises the inorganic Se sources applied to different microalgae species in
different cultivation systems.

Se toxicity manifests as a decline in the exponential growth rate of microalgae [9]. Gojkovic et al. [38] noted that C.
sorokiniana could adapt to selenate concentrations below 50 mg L™". Their study revealed a 50% reduction in biomass
concentration with the addition of 50 mg Se L' compared to the control. Additionally, Zhong and Cheng [33] illustrated
a growth rate inhibition in C. pyrenoidosa at Na,SeO; concentrations exceeding 40 mg L.

5.1.2 Se nanoparticles

Metal nanoparticles (NPs) have gained considerable interest owing to their remarkable characteristics, including high
potential attributes, enhanced interfacial energy and ratio of surface area to volume, reduced fusion temperature, excep-
tional efficacy and specificity, quantum confinement effects, plasmonic resonance activation, and remarkable mechani-
cal resilience [70-72]. The application of metallic nanoparticles covers various fields, namely related to environmental,
agricultural, biomedical and electronics applications [73].

Given their nanoscale size and specific surface characteristics, metal NPs can easily penetrate cell walls and engage
with internal biomolecules [74, 75]. Limited literature exists on studies investigating the impact of metal NPs on the
development and metabolic output of microalgae. Some of these studies report that applying trace or low concentra-
tions of NPs has been found to stimulate algal biomass and pigment content and enhance lipid production [73, 75-77].
Nevertheless, NPs biomedical applications are growing. Table 4 summarises potential health benefits of microalgae
containing Se NPs [73].

Due to its redox properties, Se is biologically inactive and remains insoluble in water. However, Se nanoparticles
(SeNPs) exhibit remarkable bioactivity and biosafety characteristics. SeNPs have gained significant attention due to
their benefits, including the incorporation of Se in antioxidant defence systems and structure of numerous metabolic
enzymes [35, 70, 78]. SeNPs have been acknowledged as a promising supplement to improve immune function and
antioxidant potential [35, 71].

There are recent studies in which SeNPs were applied to the cultivation of Chlorella vulgaris [70, 73], but the authors’
focus was not on the Se enrichment potential but on features such as the ability to promote the enhancement of algal
biomass and lipids production, as well as the protective effect over oxidative stress generated by UV radiation. Further
studies are needed on the evaluation of Se absorption by microalgae.

5.2 Se-enriched microalgae cultivation
Microalgae can be cultivated through three modes: autotrophic, heterotrophic, and mixotrophic.

e Autotrophic cultivation: Requires light energy, an inorganic carbon source, water, and inorganic salts [26]. The photo-
synthetic microorganisms can be cultivated either in open (e.g., open raceway ponds) or closed systems (e.g., air-lift
bioreactors, tubular photobioreactors, and flat-panel bioreactors) [26]. Most research on Se-enriched Chlorella focuses
on optimizing small-scale phototrophic lab cultivation to maximize Se content, with fewer studies on large-scale
production [4]. To the best of the authors’knowledge, the study with the biggest scale-up cultivation for Se-enriched
microalgae (2200 L) showed that cooler days with lower irradiation in photoautotrophic conditions can increase
volatile Se compound production, although active growing cells reduce this [4].

e Heterotrophic cultivation: Uses organic carbon such as glucose as a carbon and energy source, and grows without
light, making it suitable for regions with insufficient sunlight [79]. Chlorella sp. grows faster and reaches higher cell
densities under these conditions, tolerating higher Se concentrations. Se accumulation in biomass is proportional to
Se dosage and increases linearly over time, similar to phototrophic cultures. The cultivation in a 9L column fermenter
produced fewer volatile Se compounds compared to photoautotrophic cultivation in 2200 L raceway ponds [4].

e Mixotrophic cultivation: Combines features of both auto- and heterotrophic methods, using light and organic
carbon sources. This mode is underexplored, but shows potential for enriching Spirulina platensis. The lab-scale
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Table 4 Potential health benefits of microalgae containing nanoparticles of selenium summarised [73]

NPs advantages

Better bioavailability and low toxicity com-  Can be incorporated into Se-proteins  Present antibacterial activity and have larvicidal
pared to Se ionized forms or directly exposed (oral or intrave- potential
nous)

(250 mL Erlenmeyer’s growth) presented high Se-enriched biomass with the production of the important pigment,
phycocyanin that is not available in the dark [80].

Each cultivation mode offers unique advantages for growth rates, Se enrichment, and production of specific
compounds.

There are several strategies for improving biomass composition through modifications to the culture media [81].
Enriching microalgae with Se typically involve cultivating them in a controlled environment while supplying a Se
source. It's worth mentioning that the specific protocol for Se enrichment of microalgae may vary depending on the
species and the desired Se content. A general approach to enriching microalgae with Se usually comprises:

i) The selection of microalgae species that are suitable for Se enrichment and have a high growth rate. Some widely
studied microalgae species for Se enrichment include Chlorella sp., Spirulina sp., and Dunaliella salina;

ii) Culture medium provides essential nutrients for microalgae growth, including a Se source. The specific composition
of the culture medium will depend on the selected microalgae species. A medium with high levels of sulphur should
be avoided because Se competes for the same cell transporters, and its availability decreases [4, 10]. Generally, it
should contain macronutrients (nitrogen, phosphorus, potassium), micronutrients (iron, magnesium, sulphur, zinc,
copper, sodium, etc.) [71], and a Se source such as sodium selenite or selenate.

iii) The microalgae inoculation into the prepared culture medium [71];

iv) Control over the environmental conditions;

v) Regular microalgae growth monitoring, cell density, and Se content, as well as temperature, pH, light intensity, and
photoperiod, shall be monitored. Optimal conditions vary depending on the microalgae species. To optimise growth
and Se accumulation, the adjustment of the culture conditions, including nutrient concentrations and Se supple-
mentation, may be necessary. Se toxicity can manifest as a reduction in the exponential growth rate of microalgae
[4, 9], a yellowish color, and a garlic-like smell [4, 7];

vi) Harvesting and processing of the enriched microalgae: once the microalgae have reached the desired Se enrichment
level, they must be harvested. Depending on the intended application, the microalgae can be processed further,
such as drying, cell disruption, or extraction, to obtain the Se-enriched biomass or extract [4, 69].

The action of Se salts on microalgae growth was tested in some species, especially Dunaliela salina and the genus
Chlorella sp. [4]. Nevertheless, to the best of the authors’ knowledge, a comparison between the trophic media and
Se absorption was only done by Mylenko et al. [4] and Pires et al. [7].

The literature reports that Chlorella sp. tolerates higher selenite concentrations than selenate under both auto- and
heterotrophic conditions [4, 6, 33]. In contrast to phototrophic growth, heterotrophic Chlorella sp. cultures exhibit
greater tolerance to elevated Se concentrations [4]. Therefore, heterotrophic Chlorella sp. cultures offer an option to
produce Se-enriched biomass with a higher content of organically bound Se [82]. Other studies have reported that
some microalgae species could be exposed to high doses of Se at the exponential phase [69, 83].

SeMet was the main Se form bioaccumulated, followed by SeCys and MeSeCys in the phototrophic regime. The
cumulative Se content within the biomass demonstrated a direct correlation with the Se dosage and exhibit linear
growth over time. Notably, in heterotrophic cultivation, the concentrations of SeMet and SeCys were twice as abun-
dant as those detected in the phototrophic cultures [4]. In the study by Pires et al. [7], higher Se absorption was
obtained during autotrophic cultivation. The heterotrophic medium had higher phosphate and sulphate concen-
trations that competed for Se [7]. Se in the form of Se0,%~ inhibits membrane transporters for phosphates and sup-
presses the production of various phosphates and pyrophosphates essential for 3-carotene synthesis [84]. Therefore,
B-carotene levels could indirectly indicate the presence of Se in the medium [84].

@ Discover



Review Discover Food (2024) 4:84 | https://doi.org/10.1007/s44187-024-00157-w

According to Guimaraes et al. [68], 30 uM of selenite in the growth medium led to Se bioaccumulation with minimal
impact on cell growth. After 12 days, the intracellular Se content reached 0.131 g Se kg™' biomass. Se application
below 20 pM moderately boosted the photosynthetic activity and growth of C. vulgaris cultures. This was coupled
with a notable Se assimilation into microalgae biomass (~ 0.5 mg Se g~ DW) [85]. In the Goméz-Jacinto et al’s [86]
study, algal Se-enrichment of 3 ug g~' was done within 100 h.

5.2.1 Impact of Se enrichment on the growth and metabolites production by microalgae

By examining the effects of Se supplementation on microalgae growth and chemical composition, we can pave the way
for future research will explore the potential of microalgal biotechnology [9]. Microalgae Se enrichment is expected to
influence the synthesis and accumulation of various metabolites in microalgae. For instance, Se-enrichment has been
observed to enhance the production of different compounds such as proteins, fatty acids, carbohydrates, and carotenoids
in certain microalgae species [37, 87-89].

Gojkovic et al. [88] explored how selenate influenced survival, cell structure, and SeMet accumulation in batch cultures
of the green alga C. sorokiniana. The authors observed that comparing to the control, the supplementation with 40 mg
Se L™ decreased the growth rates by about 25% [90]. However, pigment levels were not affected by Se addition [74]. Gan
et al. [91] have demonstrated that C. vulgaris can efficiently eliminate Se and generate saturated fatty acids, especially
when Se is in the form of selenite. A higher percentage of saturated fatty acids, particularly palmitic acid, was noted in
the sulphur (S) deprived algae exposed to either selenate or selenite. However, the highest lipid content (21.9%) was
found in the algae treated with selenite [74].

Zheng et al. [34] investigated the effects of Se on both the growth rate and chlorophyll content of the unicellular green
alga Haematococcus pluvialis. Their study found that elevated Se levels induced ROS formation, leading to the upregula-
tion of antioxidant enzymes and increased production of astaxanthin. The findings shed new light on the toxic pathways
of Se on microalgae, highlighting the correlation between tolerance to inorganic selenite, intracellular Se accumulation,
the high ratio of organic Se, and astaxanthin content.

In Pires et al. [7], C. vulgaris was cultivated under two trophic regimes: autotrophic and heterotrophic. The cultivation
media in both cases were supplemented with 20 mg L™' sodium selenate. The biochemical composition of the Se-
enriched biomass was comparable to the non-supplemented biomass, with slight differences observed in carbohydrate
content (0.64% vs. 2.6%, respectively). The proportions of proteins (41% vs. 42%, respectively) and lipids (5.3% vs. 6.2%,
respectively) were similar between the two conditions. However, variations were observed in the fatty acid profiles, with
C18:1 and C18:0 being the major fatty acids present in Se-enriched microalgae. Similarly, different profiles of monosac-
charides were observed, with glucose being the predominant monosaccharide on Se-enriched microalgae. The pigment
content, including chlorophyll g, b, and total carotenoids, remained similar under both cultivation conditions relative to
their non-enriched microalgae respective controls. Shangguan et al. [36] showed that C. pyrenoidosa supplementation
with 20 mg L™" sodium selenite improved not only the growth, but also the content of protein and soluble sugars, as
well as antioxidant features, mainly SOD, GSH-Px and catalase.

Mylenko et al. [4] studied the assimilation of Se to amino acids in Chlorella sp. cultivated under both phototrophic
and heterotrophic conditions. They examined the Se-AAs content, substitution rates of Se/S, and Se accumulation bal-
ance were examined in both growth modes of Chlorella sp. In large-scale experiments, both cultivation methods yielded
comparable Se-AAs content. Outdoor phototrophic cultures achieved Se-AAs content of up to 400 ug g~' and displayed
a high Se/S substitution rate of 5-10%, with 30-60% of the organic/total Se incorporated into the biomass. Heterotrophic
cultures in pilot-scale fermenters exhibited a higher Se-AAs content and Se/S substitution ratio. SeMet was the pre-
dominant form in both regimes: ~ 275 ug g~' DW and ~ 430 ug g~' DW for phototrophy and heterotrophy, respectively.
Additionally, in phototrophic biomass, MeSeCys was the second most abundant, with ~ 215 ug g~' DW, while SeCys
dominated in heterotrophic cultures, with ~ 115 ug g~' DW. In a recent study, C. vulgaris K-01 incorporated a maximum
organic Se of 150 ug g~' DW, with an EC. value for the strain of 38.08 mg L™' [92].

Se-polysaccharides derived from Se-enriched biomass refer to the combination of Se and polysaccharides obtained
from biomass cultivated or modified to accumulate higher levels of Se. These polysaccharides serve as a carrier for Se,
allowing for enhanced stability and bioavailability of the Se compound. Moreover, the combination of Se and polysac-
charides provides a synergistic approach to harnessing the potential health benefits of both components: the antioxidant
properties and Se role in various physiological processes in the human body and the diverse biological activities and
health benefits of polysaccharides, including immune modulation, anti-inflammatory effects, and prebiotic properties
[93, 94].
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Natural Se polysaccharides are relatively rare and limited to a selected few plants and microorganisms capable of
producing them in sufficient quantities [94]. Therefore, there is a need for research to focus on identifying Se-enriched
polysaccharides and exploring methods to enhance the production of polysaccharides with higher Se content [94].
Currently, there are two primary approaches for synthetic Se polysaccharides. Firstly, one can enhance the Se content of
polysaccharides within organisms by employing Se-enriched methods, such as subjecting them to stress in Se-enriched
cultures. Alternatively, the Se content of polysaccharides can be elevated through selenation or chemical synthesis
techniques [93].

Zhou et al’s [30] study expanded the possibilities of utilizing S. platensis as a functional food source, revealing that the
Se-containing polysaccharide effectively protected against cadmium-induced toxicity. This protective effect was superior
to polysaccharide alone or sodium selenite alone [30]. Studies using enriched algal biomass are scarce, consequently,
in-depth research both on the extraction processes and alternative chemical synthesis, as well as on structure, activity,
pharmacological effects, structure-activity relationship, mechanisms, and clinical applications of Se polysaccharides
holds significant value [30].

Whenever SeNPs were applied to microalgae cultivation, variations in the chemical composition of the algal biomass
were also reported [70, 73]. Dinc et al. [70] confirmed that SeNPs under UV stress improved the antioxidant defence sys-
tem in C. vulgaris via increased growth rate and biomass. In cultures containing SeNPs and UV-C exposed, the amount
of H,0, and malondialdehyde (oxidative stress biomarkers) decreased. The authors predicted that the performed study
would facilitate a more effective extraction of valuable compounds like lipids and carotenoids. Nada et al. [73] demon-
strated that biosynthesised NPs could effectively enhance microalgal biomass and lipid production, serving as a valuable
resource for diverse applications. Lower concentrations of the synthesized NPs boosted both biomass and lipid output,
with 50 mg L™" of ZnONPs demonstrating the greatest capacity to improve both aspects. Saturated and polyunsaturated
FA contents of C. vulgaris rose by 16% and 59%, respectively, while unsaturated FA content declined by 20% compared
to the control [73].

Overall, these findings not only expand our knowledge of Se-microalgae interactions but also suggest that micro-
algae could become valuable resources with a broad spectrum of uses, including the development of feedstock and
functional foods.

6 Se supplementation
6.1 Commercially available supplements

Commercial fertilisers may be a Se supplementation method that is too wasteful for widespread application due to
environmental dispersion, while the food industry can directly add Se compounds into food products through fortifica-
tion [3, 43, 95].

Some dietary supplements contain Se, for instance, SelenoPrecise and Se-ACE tablets. The former has L-selenomethio-
nine, which is easily absorbed and utilised by the body, but no other seleno-amino acids. The latter combines vitamins A,
C, and E [96]. Nevertheless, using multivitamins can be ineffective and counterproductive. For instance, vitamin B, may
degrade when exposed to vitamin C and copper, resulting in formation of inactive by-products [97]. L-selenomethionine
has been approved as a Se source incorporated into food supplements for nutritional aims, at a dosage level under
250 ug day™ for adults [98, 99].

A scientific opinion on the safety of selenite triglycerides as a source of Se included in food supplements, concluded
that although the New Food (NF) is absorbed and supplies Se, the specific form in which it is absorbed remains unknown,
and its bioavailability has not been determined yet [99]. The EFSA Panel on Nutrition, Novel Foods, and Food Allergens
concluded that the NF’s safety under the intended use conditions could not be established [99].

At present, Sel-Plex® (selenised yeast) is the sole product authorized as a nutritional feed additive in the EU [39, 100].
Under EU regulations (Regulation (EC) 1170/2009) governing the production of supplements containing Se, L-sele-
nomethionine, and yeast enriched with Se can be employed in dietary supplements. Se-enriched yeast is produced by
cultivating Saccharomyces cerevisiae supplemented with sodium selenate, as the source of Se, with its dry form contain-
ing no more than 2.5 mg Se g~' [8, 101]. The main organic form of Se in yeast is SeMet (60-80% of total Se content in a
preparation) [8, 59]. Greater bioaccessibility was found in Se-Chlorella sp. (~ 49%) as compared to Se-yeast (~ 21%), Se-
supplement (~32%), and Se-foods [10]. In fact, the bioaccessibility of Se-AAs from disintegrated spray-dried Se-Chlorella
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(~50%) was significantly higher than Se-yeast (~20%) and Se supplement (~ 30%; the Se form of the supplement is not
described). The study suggests that processing Se-Chlorella to break down its rigid cell wall enhances its digestibility
in the gastrointestinal tract. This is evident because Se-AAs from non-disintegrated Se-Chlorella are less bioaccessible
compared to those from Se-yeast [10]. Another study showed that the bioavailability of Se increases when this element is
supplemented by the algae instead of the basal diet of mice [90]. Furthermore, Castel et al. [102] study showed that sup-
plementation of sodium selenite improved GSH-Px activities and selenoprotein expression, while a Se-enriched Spirulina
was more effective in restoring selenium concentration, especially in the liver and kidney. Therefore, Se-microalgae could
offer a great organic Se supplementation alternative. Few studies examine the impact of Se in both axenic cultures and
co-cultures to enhance Se bioaccumulation, which could also serve as a method for Se-enrichment [103].

6.2 Microalgae biomass enriched with Se as a potential food and feed supplements

Se-enriched microalgae can be used across different industries and sectors, ranging from aquaculture and animal feed
to human nutrition. Besides being able to convert inorganic into organic Se, microalgae present some advantages
over the forms used for Se supplementation: the high content in EPA and DHA; the unique pigments (e.g., astaxanthin,
B-carotene) and antioxidants, which have health benefits and commercial values. Besides, microalgae can convert CO,
and sunlight into biomass, making them more sustainable and environmentally friendly [16, 17]. Many works have shown
that C. vulgaris is a suitable carrier for Se accumulation [4, 7,9, 92, 104]. Table 5 summarises numerous studies conducted
between 2010 and 2023 on the enrichment of microalgae with Se. These studies include microalgae species listed in the
EU novel foods catalogue, as well as newly proposed algal species for introduction in the EU [16, 105]. Growth conditions,
optimised Se concentrations, and Se supplementation in microalgal biomass are summarised. The table highlights numer-
ous studies exploring Se supplementation in autotrophic microalgae across various cultivation systems, predominantly
employing Erlenmeyer flasks. Most biomass was collected during the lag phase, and some studies proved that Se addi-
tion at the exponential phase might lead to higher Se accumulation in biomass [69, 90, 106]. Exposure duration and Se
concentration varied, ranging from 0.5 to 50 mg.L™' Na,SeO; or Na,SeO,, with Na,SeO; being the most frequently used
compound. Due to its lower toxicity, Na,SeO; has been used in a larger number of studies (Table 5). This might be the
preferred salt for industrial use because it is a key ingredient in the formulation of Se-enriched yeast [13, 101].

From some studies, it is possible to conclude that inorganic Se was converted to organic species, and the most com-
mon form was SeMet [90].

The work of Mylenko et al. [4] demonstrated that, for Se daily requirements, humans would only need to consume
0.61 g day™' of autotrophically Se-enriched C. vulgaris, which is a much smaller intake compared to other food products
(7.2 g for broccoli, 1300 g for rice, and 300 g for potatoes) and with sodium selenite supplement (5.1 g) [7]. Se, primar-
ily present as SeMet in C. sorokiniana, demonstrated favorable bioavailability in both in vitro and in vivo models [107].
Dolganyuk et al. [81] reported that a Se-chrome-lipid complex from C. vulgaris improved energy metabolism in rats and
has the potential to regulate it in people with diabetes.

The evaluation of Se bioaccessibility in Se-enriched Chlorella sorokiniana, through in vitro gastrointestinal digestion
of the selenised microalgae, revealed an 81% bioaccessibility (with 79% of Se present as SeMet). The bioavailability of
Se, ranging from 3 to 15% depending on the diet, was 1.13-fold higher in mice fed with Se-enriched microalgae com-
pared to those on a basal diet [90]. However, the authors determined that bioavailability decreased with higher levels
of Se intake. The findings demonstrated that Se-enriched algae could be a viable option for selenised food for human
consumption due to their high bioavailability of Se [90]. Other studies demonstrated that feed supplementation with
Chlorella (0.5-1% of the diet) positively affected the growth performance of broilers [108] and, also thatadding small
doses of Se-enriched Chlorella biomass to feedstock significantly enhanced the physiological characteristics of farmed
animals [4, 109]. Kouba et al. [37] tested Se-enriched microalgae biomass in a fish diet, studying its storage in the mus-
cle and liver, as well as different enzyme activities. Se concentrations suggested that Se from Se-enriched Chlorella sp.
was more readily accumulated and exhibit greater biological activity, while being less toxic than sodium selenite [37].
Gilthead seabream larvae (Sparus aurata) supplemented with Se-fortified feed (11.65 mg kg™ DW) showed enhanced
survival rates and stress resilience [62]. Li et al. [110] explored the production of Se-enriched microalgae as a potential
dietary supplement while simultaneously treating domestic wastewater. They concluded that inorganic Se absorbed
by the microalgae was converted into Se-AAs (91%), and 49-63% of Se in the Se-enriched microalgae was bioavailable
for animals [110]. In another research, in vivo studies on bioavailability, toxicity, and antioxidant defense of organic
Se-enriched microalga biomass in Wistar rats were performed [111]. The study showed that organic Se-enriched Nan-
nochloropsis oceanica CASA CC201 was not toxic to animals and significantly promoted their growth. It helped reduce
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cholesterol and low-density lipoprotein compared to the control. The organic Se-fed group had significant selenium
accumulation in serum and tissues and lower oxidative stress marker malondialdehyde levels compared to the oxidative
stress-induced group fed with a known antioxidant (silymarin). The study concluded that organic Se-enriched N. oceanica
CASA CC201 could be an effective dietary selenium supplement [111].

Notably, these investigations demonstrate the efficacy of Se-enriched microalgae as a source of bioavailable Se, with
SeMet being a common organic species detected. Se-enriched microalgae show potential as effective feed supplements
for livestock and aquaculture, positively impacting growth performance and stress resistance in various species, also
offering benefits for human consumption. Genetic engineering offers the potential to produce Se-enriched biomass.
Nevertheless, when compared to bacteria, fungi, and yeast, this technique has not been explored [103]. There is still a
lack of understanding of microalgae metabolism and regulation, as well as a lack of consistent transformation methods
for a wide variety of species [112]. The Chlorophycae family exhibits limited gene consistency across different species,
suggesting a highly variable capacity for environmental adaptation to Se. This diversity offers significant potential for
genetic modifications and the development of new Se-based products. Three of the most mentioned genes SelD, SelB,
and SEPSeCS are involved in the synthesis and targeted incorporation of SeCys into proteins [103]. Based on genetic
engineering applied to other microorganisms, changes in the Se biosynthesis pathway could boost the production of
a particular SeAA, also the upregulation of the mentioned genes could further promote the organic Se present in the
cells [113].

7 Conclusions and future challenges

Applying Se-enriched microalgae as food and feed holds great promise and potential. Various research studies and
experiments have established that microalgae can effectively accumulate and incorporate Se into their biomass in the
more readily available organoselenium compounds. Nevertheless, its scalability, most possibly autotrophic, offers some
challenges like optimizing growth conditions, and bioreactor design, but the main challenge is related to Se residues
from harvesting. From the Se added into the culture media, only a part would be absorbed by microalgae, therefore some
inorganic Se remains in the supernatant. This supernatant should undergo a treatment process to remove or neutralize
the remaining inorganic residues to ensure they are not released into the environment. Alternatively, it can be used in
another cycle of Se-enriched microalgae cultivation, maximizing the Se use. Larger production facilities could reduce the
per-unit cost of Se-enriched microalgae, as well as the efficient use of nutrients. Utilizing microalgae for Se biofortifica-
tion is environmentally friendly, as it can be produced with minimal land use and can help mitigate carbon emissions,
which can enhance the product’s appeal in markets that prioritize eco-friendly solutions.

Se-enriched microalgae have the potential to address Se deficiencies in both humans and animals, offering numer-
ous health benefits. Moreover, microalgae cultivation for Se enrichment can be environmentally sustainable, as it can
be carried out using low-cost and readily available resources. Adding Se to microalgae enhances its nutritional value
and economic potential as a nutritional supplement. Overall, applying Se-enriched microalgae as food and feed holds
immense potential to address nutritional deficiencies, improve animal health, promote sustainable aquaculture, develop
functional foods, and contribute to environmental sustainability.

Continued research and development in microalgae biotechnology can significantly advance Se-enriched microal-
gae production. This can include genetic engineering approaches to enhance Se accumulation, optimizing growth and
supplementation conditions, and developing efficient harvesting and processing techniques. The chemical forms and
concentrations of Se in microalgae biomass play a vital role in determining their biological properties. Understanding
the accumulation and speciation of Se compounds in this biomass can offer valuable insights into the mechanisms
behind the bioactivities of Se-enriched microalgae. These bioactivities encompass a range of beneficial effects, such as
antioxidant and anticancer properties.

Future studies should contemplate extensive research activities to fully explore the potential of Se-enriched micro-
algae. These include determining the Se content and identifying its chemical forms, focusing on Se speciation in Se-
enriched microalgae biomass. Additionally, conducting in vitro assays and in vivo animal studies to screen the biological
effects of these enriched microalgae and validating the findings through human clinical trials will provide robust evidence
and knowledge in this field, and facilitate its regulatory approval. Achieving regulatory acceptance for Se-enriched micro-
algae is relatively straightforward, particularly if the microalgae species used are already approved for food and feed
applications, and the form of Se supplemented is also pre-approved, making it easier to meet regulatory requirements.
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The culmination of such research efforts can motivate the food and feed industries to develop and produce Se-
enriched microalgae biomass. By addressing Se deficiency and improving the quality of life for the global population,
these nutritional products can significantly impact human and animal health and well-being.
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