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Spirulina platensis (SP) is a filamentous cyanobacterium widely cultivated as a sustainable source
of protein and bioactive compounds. Selenium (Se), an essential trace element with critical roles in
antioxidant defense and immune regulation, is often deficient in human diets, including in regions
of Turkey. However, inorganic Se supplements have limited bioavailability and safety margins.
This study investigated the effects of different sodium selenite concentrations (0, 100, 200, and 500
pg L) on the growth, pigment content, and Se enrichment of SP under controlled culture
conditions, aiming to identify an optimal strategy for producing Se-biofortified biomass. Growth
performance was monitored via optical density, dry cell weight (DCW), specific growth rate (SGR),
and biomass productivity (BP). Pigment synthesis, including chlorophyll a (Chl-a) and total
phycobiliproteins, was quantified, while Se accumulation was measured in both biomass and culture
media by ICP-OES. Moderate Se supplementation (100-200 pg L) significantly enhanced growth
parameters and biomass yield compared to the control (p < 0.05). The Se-1 treatment (100 pg L")
yielded the highest SGR (0.0213 day ), while Se-2 (200 pg L") achieved the greatest BP (0.00032
g L' day™). Notably, Se-1 promoted the highest phycobiliprotein content (2.65 mg L' at day 30),
whereas Se-3 (500 pg L™) induced elevated Chl-a accumulation but suppressed overall growth,
reflecting stress-induced pigment overproduction. Se enrichment in biomass increased dose-
dependently, reaching 21, 33, and 102 mg kg™ in Se-1, Se-2, and Se-3 treatments, respectively.
Biomass grown in Se-2 contained ~33 g Se per gram, allowing a 2 g daily intake to safely deliver
120% of the recommended dietary allowance without exceeding toxicity thresholds. These results
demonstrate that SP efficiently converts inorganic Se into bioavailable organic forms while
maintaining growth and functional compound content. Cultivation at 200 pg L' Se represents an
optimal balance between productivity, safety, and enrichment, highlighting SP’s biotechnological
potential as a scalable platform for natural, Se-enriched functional foods and nutraceuticals.
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Introduction

Spirulina platensis (Arthrospira platensis) is a
filamentous, multicellular, photosynthetic cyanobacterium
that naturally inhabits alkaline lakes but is now widely
cultivated under controlled biotechnological conditions,
including photobioreactors and raceway ponds (Habib et
al., 2008). It is exceptionally rich in protein (55-70%) and
contains all essential amino acids, as well as notable levels
of vitamins (e.g., B12, B-carotene), minerals (such as iron
and calcium), polyphenols, phycocyanin, and gamma-
linolenic acid (GLA) (Karkos et al., 2011; Belay, 2002).
Owing to this unique composition, Spirulina platensis
(SP)is widely recognized as both a sustainable protein
source and a functional food, offering antioxidant, anti-
inflammatory, immunomodulatory, and detoxifying effects
(Selmi et al., 2011). Spirulina platensis is widely

This work is licensed under Creative Commons Attribution 4.0 International License

recognized as a high-protein functional microalga used in
food and feed applications due to its rich nutrient profile
and bioactive compounds (Tufan & Kutlu, 2021). Its
dietary inclusion has also been shown to improve growth
performance, nutrient utilization, and enzymatic activity,
particularly in animal production systems (Harmantepe &
Yilmaz, 2025). Consequently, both the World Health
Organization (WHO) and the Food and Agriculture
Organization (FAO) have endorsed SP as a key dietary
candidate for future food security (FAO, 2008). The
recommended daily intake typically ranges from 1 to 5
grams depending on age, health status, and intended use
(Finamore et al., 2017). SP’s rapid growth, scalability, and
low environmental footprint make it highly valuable for
innovative food and nutraceutical applications.
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Selenium (Se) is an essential trace element that plays
critical roles in human health, particularly in antioxidant
defense, immune response, and thyroid function, via its
incorporation into various selenoproteins (Rayman, 2012;
Efe et al., 2023). Although overt selenium deficiency is
uncommon in developed nations, suboptimal selenium
status remains widespread in populations living in
selenium-poor regions (Fairweather-Tait et al., 2011). The
recommended dietary allowance (RDA) for selenium is 55
g day* for adults, with an upper safe limit of 400 pg day
! (Institute of Medicine, 2000). In Turkey, Se deficiency
has been identified as a regional concern, particularly
among children and women. For instance, children in
endemic goiter areas have shown serum selenium levels as
low as 30.8 pg L, markedly below optimal ranges and
associated with thyroid enlargement (Aydin et al., 2002).
Recent studies and systematic reviews have indicated that
selenium status in pediatric populations varies
geographically and may be suboptimal in regions with low
soil selenium availability, including parts of Europe and
the Mediterranean basin, suggesting that marginal
selenium deficiency may still be a relevant nutritional
concern in children (Dobrzynska, 2023; Hisbiyah 2023).
National intake assessments estimate that daily Se
consumption in Turkey averages 44-51 pg day™, below the
RDA (Giray and Hincal, 2004). While Se supplementation
is on the rise globally, concerns persist over the form used:
inorganic Se compounds such as sodium selenite and
selenate are widely available but suffer from lower
bioavailability and narrower safety margins compared to
organic forms like selenomethionine (Schrauzer, 2000).
Organic Se is better absorbed, more effectively retained in
tissues, and poses lower toxicity risks.

Importantly, SP is known for its ability to tolerate and
interact with metal ions, including both essential elements
like Se and potentially toxic heavy metals such as cadmium
and lead. This property underpins its growing use in
bioremediation and micronutrient enrichment (Gharib et
al., 2023). The mechanisms involved in metal interaction
include passive biosorption to cell surface functional
groups (e.g., carboxyl, hydroxyl, sulfate) and active
intracellular uptake, where metals may be metabolized into
organic forms or sequestered safely within vacuoles
(Volesky, 2007; Gadd, 2009). SP also synthesizes thiol-
rich compounds like glutathione that can bind and detoxify
metals internally. In the case of Se, SP has been shown to
biotransform inorganic selenite into organic Se species,
including selenomethionine and selenocysteine, depending
on cultivation conditions (Zhou et al., 2009). Alternatively,

e

some metals may remain adsorbed at the cell surface via
electrostatic or covalent interactions with extracellular
polymeric  substances (EPS). These multifactorial
processes highlight SP’s potential not only in
environmental detoxification but also in the production of
functionally enriched biomass for human consumption.

Building upon these metabolic capabilities, recent
research suggests that microalgae such as SP can serve as
biofactories for converting inorganic Se into bioavailable
organic forms, offering a novel platform for functional
food development (Pires et al., 2024). When grown in Se-
supplemented media, SP assimilates and incorporates Se
into selenoproteins and selenoamino acids within its
biomass (Yang et al., 2024). This allows Se to be delivered
to the consumer in a biologically integrated, food-based
matrix -potentially safer and more effective than
conventional supplement formulations.

Considering these insights, the present study was designed
to investigate the influence of varying concentrations of
inorganic Se on the growth dynamics, biomass yield, and Se
enrichment capacity of SP under controlled culture
conditions. The main objective was to determine the optimal
Se concentration and culture conditions that allow for
effective biological conversion of inorganic Se into organic
forms, without compromising cell viability or productivity. It
is hypothesized that SP not only tolerates a defined range of
Se exposure but also actively transforms it into bioavailable
organic compounds via metabolic pathways. Ultimately, this
study aims to provide a scientific basis for the commercial
production of Se-enriched SP, addressing regional Se
deficiencies and contributing to the development of
sustainable, algae-based functional food products.

Material and Methods

Microalgae, Culture Conditions and Selenium
Modifications of Culture Media

Spirulina platensis (SP) stock culture was obtained from
the MAKU Microalgae Culture Collection (MAKUMACC),
strain number MAKUMACC-093 (Figure 1). The strain was
maintained and propagated in Zarrouk medium as described
by Zarrouk (1966). For cultivation, 4 L of sterile Zarrouk
medium was dispensed into 5 L Erlenmeyer flasks and
autoclaved at 121 °C for 30 minutes. After cooling to room
temperature, the medium was inoculated with SP stock culture
under aseptic conditions. Cultures were incubated at 30°C
with a 12:12-hour light-dark photoperiod. Aeration was
supplied at a constant flow rate of 1 L/min to maintain mixing
and gas exchange.
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Figure 1. Light micrographs of Spirulina platensis in the culture media (A: 4X, Scale bar: 200.0 um; B: 10X, Scale bar: 80.0 um).
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The culture pH was maintained between 8.7 and 9.0, and
illumination was provided by fluorescent lamps at an intensity
of 200 umol photons-m™=-s™". All procedures were conducted
under sterile conditions to prevent contamination.

In this study, Zarrouk medium without Se
supplementation was used as the control, and three
additional media were prepared with different Se
concentrations: Se-1 (100 ug/L), Se-2 (200 pg/L), and Se-
3 (500 pg/L). Se enrichment of modified media was done
by using sodium selenite (Na,SeOs) (Sigma-Aldrich, UK).
Thus, a total of four culture media were established:
Control (0 pg/L), Se-1, Se-2, and Se-3. SP was inoculated
into each medium with closely matched initial optical
density values (Table 1). Cultures were maintained under
the previously described conditions for 37 days, and
growth parameters were monitored every other day
throughout the cultivation period.

Table 1. Selenium amounts and initial optical density
values of modified culture media.

Media Se amounts (pg/L) Initial ODyso
Control 0 0.608
Se-1 100 0.609
Se-2 200 0.571
Se-3 500 0.503

Measurement of Culture Growth Parameters

To monitor culture growth and biomass accumulation,
Optical Density (OD), Dry Cell Weight (DCW),
Chlorophyll a (Chl-a) and Phycobiliprotein Content values
were evaluated throughout the cultivation period.

Cell density was assessed by measuring optical density
(OD) 750 nm using a UV-VIS spectrophotometer (Shimadzu
UV-1650, Japan). For each culture, 1 mL samples were
collected under homogeneous mixing, and absorbance was
measured in triplicate using quartz cuvettes (Santos-Ballardo
et al., 2015). OD7s was primarily used for growth analysis,
minimizing the influence of pigments.

Biomass concentration (mg-L™') was determined
gravimetrically on the same days as OD measurements. A
40 mL aliquot from each culture was filtered through pre-
weighed glass fiber filters (Whatman GF/C, 1.2 um pore
size, UK), dried at 40 °C to constant weight, and calculated
using Equation (1) (Vonshak, 1986):

Dry weight = FFW- FIW(g L) @

FFW: Filter final weight
FIW : Filter initial weight

Growth Kinetics such as specific growth rate (SGR, ,
day™), doubling time (Dt, days), and biomass productivity
(BP, g-L'-day") were calculated according to standard
equations (Chia et al., 2013; Godoy-Hernandez et al., 2006;
Hempel et al., 2012):

Specific growth rate (SGR): p=In(Xa1/X2)/(t2 — t1) (2)

where X; and X: are the OD7sgvalues at times ¢ and £,
respectively.

Doubling time (Dt):

Dt =0.6931/ (3)
Biomass productivity:
BP (g Ltday™) = (Xo- X1) / (t2- ta) (4)

where X: and X> represent biomass dry weight at the
beginning and at the end of the cultivation period,
respectively.

Chl-a concentration was determined using the methanol
extraction method (Lichtenthaler, 1987; Wellburn, 1994).
One milliliter of culture was centrifuged, the pellet was
suspended in 2 mL of 99% methanol and incubated in a
water bath at 60 °C for 30 minutes, followed by cooling on
ice and centrifugation at 13.000 rpm for 5 minutes. If the
pellet retained any green color, extraction was repeated.
Methanol was used as a blank, and absorbance was
recorded at 665.2, 652.4, and 470 nm. Chl-a content was
calculated using the following equation:

ChIorophyII a (ChI-a)=16.72(A665_2)-9.16(A652,4) (5)

Phycobiliproteins, including phycocyanin  (PC),
allophycocyanin (APC), and phycoerythrin (PE), were
quantified according to the method of Arashiro et al.
(2020). Pigments were extracted using 10 mM sodium
phosphate buffer (pH 7.0). Absorbance was measured at
280, 562, 615, and 652 nm using a spectrophotometer
(Shimadzu UV-1280, Japan), and concentrations were
calculated using the following formulas:

PC (mgMI'1)=[A5157(0.474><A652)]/5.34 (6)
APC (mgmL1)=[Aesz—(0.208xAe15)]/5.09 7
PE(mgmL)=[Ass>—(2.41xPC)—(0.849xAPC)]/9.62 (8)

Determination of Selenium Concentration in Culture
Media and Biomass

To evaluate Se accumulation in both the culture
medium and SP biomass, samples were collected at two
distinct phases of the cultivation period: the logarithmic
growth phase (day 16) and the stationary phase (day 37).
At each point, both the liquid culture supernatant and the
harvested biomass were analyzed for Se content.

For biomass analysis, approximately 0.5 g of dried
algal powder was weighed and digested with a mixture of
nitric acid and hydrochloric acid in a 3:1 (v/v) ratio
(HNOB3/HCI). The samples were first pre-digested at room
temperature, then transferred to a closed-vessel microwave
digestion system (Milestone Start D, Italy) for complete
digestion. The digestion process was carried out at 110 °C
for 15 minutes. After cooling to room temperature, the
digested samples were filtered and diluted appropriately
for analysis. Se concentrations in both biomass and filtered
culture media were determined using an Inductively
Coupled Plasma Optical Emission Spectrometer (ICP-
OES) (Perkin Elmer Optima 8000, USA). Calibration was
performed using certified Se standards, and all
measurements were carried out in triplicate to ensure
analytical accuracy and reproducibility (EPA, 2007; Tlzen
et al., 2008).
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Statistical Analysis

All experimental data were expressed as mean *
standard deviation (SD) of at least three independent
replicates. Statistical differences among groups were
evaluated using one-way analysis of variance (ANOVA),
followed by post-hoc comparison using the Least
Significant Difference (LSD) test. The significance level of
p < 0.05 was considered statistically significant.

Results

Culture Growth Parameters and Pigments

The effects of different Se concentrations on the growth
of SP were evaluated by monitoring optical density at 750
nm (ODyzsp) and dry cell weight (DCW) throughout the 37-
day cultivation period (Figure 2 and Figure 3).

As shown in Figure 2, all cultures demonstrated a
gradual increase in ODsp values during the first 16 days,
indicating logarithmic growth. The Se-1 (100 pg L)
exhibited the highest OD7s5p values across most of the
cultivation period, reaching a peak at day 8, followed
closely by Se-2 (200 pg L1). In contrast, the Se-3 (500
ug/L™) consistently showed lower OD7sp values compared
to the Se-1 and Se-2 groups, and displayed a noticeable
decline around day 6, suggesting possible growth
inhibition at higher Se levels. The control group (0 pg L)
showed moderate growth, with ODysy values remaining
slightly below those of Se-1 and Se-2. These results
suggest that moderate Se enrichment (100-200 pg L?)
supports optimal cell proliferation, while excessive Se may
impair growth performance.

OD 750 nm
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Figure 2. ODyso of Spirulina platensis in four different culture media during the cultivation period. Error bars
represent the standard deviation among the three replicates of each culture condition (n=3, p<0.05).
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Figure 3. Dry cell weight (DCW) of Spirulina platensis in four different culture media during the cultivation period.
Error bars represent the standard deviation among the three replicates of each culture condition (n=3, p<0.05).
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Trends in dry cell weights (Figure 3) were generally
consistent with ODyso data. The highest DCW values were
recorded in the Se-2 group at day 37, followed by Se-1 and
Se-3. Although Se-3 showed suppressed OD values, its
final biomass remained relatively comparable, possibly
due to stress-induced cellular adaptations. The lowest
biomass productivity was observed in the control group
during the stationary phase, suggesting a potential
stimulatory effect of Se at moderate concentrations on
biomass accumulation. Notably, the Se-1 and Se-2
treatments resulted in significantly higher biomass yields
(p < 0.05) compared to the control, while Se-3 did not
significantly differ from it.

Specific growth rates (SGR) and biomass productivity
(BP) were calculated to evaluate the effects of Se
supplementation on SP growth kinetics (Table 2). SGR
values, derived from ODzs; data between day 1 and day 37,
indicated that Se-1 (100 pg L) had the highest SGR
(0.0213 day™!), followed by Se-3 (0.0201 day ') and Se-2
(0.0193 day!'). The control group exhibited the lowest
SGR (0.0174 day™).

BP, calculated from DCW data, showed a similar trend.
The Se-2 vyielded the highest productivity (0.00032

g'L'-day™), closely followed by Se-1 (0.00031
gL '-day™"), while Se-3 had the lowest (0.00026
g-L'-day™). Although moderate selenium

supplementation (100-200 pug L™') generally supported
enhanced growth Kkinetics and biomass formation
compared to the control, the lack of a strictly parallel trend
between SGR and BP suggests that biomass accumulation

is not solely governed by specific growth rate under
selenium-induced stress conditions Correlation analysis
further confirmed this observation, revealing no
meaningful relationship between SGR and BP, as both
Pearson (r=0.09) and Spearman rank correlation (p=0.00)
indicated an absence of linear or monotonic association
between the two parameters. Chlorophyll a (Chl-a) content
was measured throughout the 37-day culture period to
assess the photosynthetic performance of SP under
different Se concentrations. As illustrated in Figure 4, Chl-
a levels increased steadily in all treatments, indicating
active pigment synthesis and photosynthetic growth.
Among all groups, Se-3 (500 ug L) consistently showed
the highest Chl-a concentration throughout the cultivation
period, reaching a peak value of approximately 12.5 mg-L-
! on day 30", This was followed closely by the Se-2 and
Se-1 treatments, with final concentrations ranging between
8.5-10 mg-L1. The control group exhibited the lowest Chl-
a levels at most points, peaking below 10 mg L™
Interestingly, despite the growth-suppressing effects
observed in Se-3 for OD and biomass, chlorophyll
synthesis appeared to be stimulated at higher Se levels.
This may indicate a stress-induced enhancement of
pigment production or a compensatory mechanism in
response to oxidative stress. Statistical analysis revealed
that Chl-a levels in Se-3 were significantly higher (p <
0.05) than those in the control group, particularly after day
15", suggesting that Se supplementation -especially at
higher doses- can promote pigment accumulation even
under suboptimal growth conditions.

Table 2. The results of Spesific Growth Rate (SGR), Doubling Time (DT) and Biomass Productivity (BP) values of all
culture mediaData are presented as mean + standard error (SE) of triplicate measurements.

Media SGR (p) (day™) BP (gL 'day?)
Control 0.0174+ 0.0008 0.00029+ 0.00001
Se-1 0.02132 0.0010 0.00031+ 0.00002
Se-2 0.01932 0.0009 0.00032+ 0.00002
Se-3 0.0201+ 0.0010 0.000264+ 0.00001
Chl-a Concentration
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Figure 4. Chlorophyll-a (Chl-a) values of Spirulina platensis in four different culture media during the cultivation
period. Error bars represent the standard deviation among the three replicates of each culture condition (n=3, p<0.05).
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Figure 5. Total phycobiliprotein values of Spirulina platensis in four different culture media during the cultivation
period. Error bars represent the standard deviation among the three replicates of each culture condition (n=3, p<0.05).

Table 3. Selenium contents of Spirulina platensis biomass and filtrated culture media were obtained from four different

culture media.

Modified media

Se content (mg kg?)

Se-Control (Biomass)

Se-1 (Biomass)

Se-2 (Biomass)

Se-3 (Biomass)

Se-Control (Filtrated culture medium)
Se-1 (Filtrated culture medium)

Se-2 (Filtrated culture medium)

Se-3 (Filtrated culture medium)

21.0
33.0
102.0

0.099
0.185
0.421

The total phycobiliprotein content of SP cultures
showed a clear variation depending on Se supplementation
levels and culture duration (Figure 5). In all conditions,
total phycobiliprotein contents increased during the
exponential growth phase and peaked at day 30", followed
by a slight decline on day 37™, consistent with the onset of
the stationary phase. Among the tested groups, the Se-1
(100 pg L) yielded the highest total phycobiliprotein
content, reaching a peak value of 2.65 mg-L™' on day 30",
This was significantly higher than the control and other Se-
treated cultures (p < 0.05). The control group and Se-2 (200
ug L) followed a similar trend, with maximum values of
approximately 1.95-2.0 mg-mL™" at the same time point.
Interestingly, while Se-3 (500 pg L) showed comparable
early-stage increases, its final total phycobiliprotein levels
plateaued and slightly declined, suggesting possible
inhibitory effects of high Se concentrations on
phycobiliprotein synthesis.

Selenium Accumulation in Biomass and Filtrated
Culture Media

To evaluate the Se uptake capacity of SP, Se
concentrations were measured both in the biomass and in
the filtrated culture medium at the end of the cultivation
period (day 37). As shown in Table 3, the Se content of the
biomass increased significantly with rising Se
concentrations in the culture medium. In the control group,
no detectable Se was found in either the biomass or the

culture medium. In contrast, the Se-1 (100 pg L) and Se-
2 (200 pg L) treatments resulted in Se accumulation of 21
mg kg and 33 mg kg in dry biomass, respectively. The
Se-3 group (500 pg L) showed the highest Se enrichment,
with a final concentration of 102 mg kg* in the biomass.

Correspondingly, residual Se levels in the filtrated
culture medium increased proportionally with the
supplemented concentration. Se-1, Se-2, and Se-3 showed
0.099, 0.185, and 0.421 mg L, respectively, indicating
that a significant portion of the added Se was assimilated
by the cells, particularly at lower concentrations.

Discussion

Culture Growth Parameters and Pigments

This study investigated the effects of varying Se
concentrations on the growth parameters, pigment content,
and Se amounts of SP biomass and filtrated culture media,
revealing a dose-dependent relationship consistent with
previously reported findings in other microalgal systems.

The enhanced optical density (OD7so) and dry cell
weight (DCW) observed in the Se-1 (100 pg L) and Se-2
(200 pg L) groups indicate that moderate Se enrichment
promotes algal proliferation and biomass accumulation.
Similar stimulatory effects of low-to-moderate Se
concentrations have been reported in Chlorella vulgaris
and Scenedesmus obliquus, where Se at <200 pg/L
improved growth and photosynthetic efficiency (Zhou et
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al., 2009; Sun et al., 2014). In our study, the specific
growth rate (SGR) was highest in the Se-1 group (0.0213
day™), corroborating the view that Se, when supplied
within a non-toxic range, acts as a cofactor in enzymatic
activities that promote cell division and protein synthesis
(Rayman, 2012).

However, excessive Se supplementation (Se-3, 500 pg
L) resulted in a decrease in biomass productivity and a
slight stagnation in OD values, despite elevated Chl-a
levels. This phenomenon reflects a classic hormetic
response, where low Se doses are beneficial, but high doses
impair physiological function (El-Baz et al., 2002).
Elevated Chl-a in Se-3 may represent a stress response,
potentially due to oxidative stress or disrupted electron
transport, as documented in other cyanobacteria exposed to
metal-induced stress (Pinto et al., 2003). The disconnection
between pigment accumulation and biomass growth in the
Se-3 group suggests that pigment biosynthesis may not
always reflect productive photosynthetic output under
elemental stress.

The results of Chl-a concentration revealed a notable
influence of Se supplementation on the pigment
accumulation in SP. Particularly, cultures grown in the Se-
3 group showed significantly higher Chl-a levels compared
to the control throughout most of the cultivation period,
peaking around day 30. This enhancement may be
attributed to Se's role in protecting the photosynthetic
apparatus by reducing oxidative stress through its
incorporation into selenoenzymes like glutathione
peroxidase, which scavenge reactive oxygen species
(Rayman, 2012). Similar findings were reported by Shirazi
(2025) where moderate Se concentrations promoted
chlorophyll synthesis in SP and other cyanobacteria.
However, it is noteworthy that excessively high Se levels
can become toxic, potentially impairing pigment
biosynthesis and cell metabolism (Gao et al., 2017). In our
study, the stimulatory effect observed in Se-3 did not
appear to reach a toxicity threshold, suggesting that SP is
relatively tolerant to Se stress and capable of modulating
its pigment production adaptively. These findings support
the biotechnological relevance of Se enrichment not only
for nutritional enhancement but also for boosting bioactive
pigment yield in large-scale SP production.

Our findings indicate that Se supplementation exerts a
dose-dependent effect on phycobiliprotein biosynthesis in SP.
The Se-1 group produced the highest total phycobiliprotein
(TPBP) levels (~2.65mg-mL™" at day 30), significantly
outperforming both control and higher Se treatments (p <
0.05). In contrast, Se-2 (200 ug/L) and Se-3 (500 pg/L)
displayed lower TPBP accumulation, with Se-3 showing the
least yield, suggesting that excessive Se inhibits pigment
synthesis. These observations align with previous research by
Chen et al. (2008), who reported that moderate Se exposure
increased photosynthetic pigments and antioxidant enzyme
activities in SP, while higher levels induced oxidative stress
and pigment degradation. Similarly, in cyanobacteria such as
Anabaena PCC 7120, low-moderate Se doses improved
photosystem performance, while high doses suppressed key
photosynthetic ~ proteins  -including  phycobilisome
components- due to oxidative damage.

Moreover, studies in other microalgae support this
hormetic response: for instance, Scenedesmus quadricauda
cultured with low doses of selenomethionine showed

enhanced chlorophyll but suffered toxicity at >250 mg/L,
and Chlorella vulgaris displayed optimal pigment content
at <200 pg L Se. Thus, our data place SP within this well-
documented paradigm: benefit at moderate Se, stress at
high Se.

Mechanistically, moderate Se may stimulate pigment
synthesis via upregulation of antioxidant defenses (e.g.,
SOD, CAT, GPx) that protect phycobiliprotein complexes
from degradation-a hypothesis supported by findings in SP
and other cyanobacteria. By contrast, excessive Se can
induce lipid peroxidation and protein oxidation, impairing
pigment stability. This suggests that Se-1 to Se-2 doses
(~100-200 ng LY) optimize TPBP vyield by enhancing
metabolic balance, whereas Se-3 levels overwhelm
detoxification capacity. The moderate decline in
phycobiliprotein levels in the Se-3 group may be linked to
Se-induced protein oxidation or impaired nitrogen
metabolism, as previously observed in Spirulina maxima
under heavy metal stress (Rodriguez-Sanchez et al., 2012).
These findings suggest that moderate Se supplementation
(Se-1) may stimulate phycobiliprotein biosynthesis-possibly
due to enhanced metabolic activity and antioxidant defense
mechanisms induced by Se. However, excessive Se may
impose oxidative stress, negatively impacting pigment
production, in line with previous reports indicating reduced
phycobiliprotein levels at higher Se concentrations (EI-Baky
etal., 2009; Huang et al., 2014).

In conclusion, Se enrichment up to 100 ug L-*promotes
phycobiliprotein synthesis in SP, with moderate yields
maintained at 200 pg L, but high doses (500 ug L?) are
counterproductive. These findings are critical for tailoring
Se-enriched SP for high-value pigment production-
offering applications in natural food colorants,
nutraceuticals, and antioxidant-rich supplements. Overall,
the Se-1 group demonstrated the most favorable conditions
for maximizing phycobiliprotein yield, indicating its
potential utility in producing high-value SP biomass
enriched in both Se and bioactive pigments for functional
food or nutraceutical applications.

Selenium Accumulation in Biomass and Filtrated
Culture Medium

The analysis of Se accumulation revealed that SP
effectively absorbed and retained Se in a dose-dependent
manner. In dry biomass, Se content (Table 3) increased from
0 mg kg™' in the control group to 21 mg kg™ in Se-1 (100 pg
L), 33 mg kg™ in Se-2 (200 pg L), and 102 mg kg™ in
Se-3 (500 pg L. These results indicate that SP possesses a
considerable capacity for Se bioaccumulation, particularly at
higher supplementation levels, although uptake efficiency
appears to decrease at the highest concentration. Residual Se
(Table 3) in the culture medium followed a similar trend,
with measured values of 0.099, 0.185, and 0.421 mg L' in
Se-1, Se-2, and Se-3, respectively, suggesting that the uptake
mechanisms may approach saturation under elevated Se
exposure (Gao et al., 2017).

The intracellular Se content observed in this study
aligns well with previously reported data, confirming the
ability of SP to biotransform inorganic Se into organic
forms, primarily seleno-amino acids such as
selenomethionine and selenocysteine (Sica et al, 2025).
Notably, the high accumulation in Se-3 demonstrates that
assimilation pathways remain functional even under
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relatively high Se stress, likely through combined
mechanisms of active uptake and intracellular
compartmentalization. In contrast, the lower residual Se in
Se-1 and Se-2 groups reflects highly efficient
bioassimilation, which may involve initial adsorption to
negatively charged cell wall structures followed by
incorporation into metabolic pathways (Zhou et al., 2009;
Viriens et al., 2016; Schiavon et al., 2017) This two-phase
mechanism provides a plausible explanation for both the
rapid initial Se removal from the medium and the sustained
accumulation within the biomass over the cultivation
period.

From a nutritional and functional food perspective, the
Se concentrations achieved in SP biomass are within safe
limits for human consumption, with daily intake
recommendations ranging from 55 to 200 pg (Institute of
Medicine, 2000). Among the tested conditions, Se-2 (200
pg L") emerged as the optimal supplementation level,
providing a balance between biomass productivity, growth
rate, and safe Se accumulation. Biomass produced under
Se-2 conditions contained 33 mg kg™ Se, allowing a 2 g
daily dose to deliver approximately 66 pg Se, fulfilling
120% of the adult recommended daily allowance without
exceeding the upper tolerable intake. Conversely, the Se-3
condition (500 pg L") resulted in excessive Se
accumulation (102 mg kg™' DW), which may pose long-
term toxicity risks and concurrently reduced biomass yield.

Overall, these findings indicate that moderate Se
supplementation can enhance both the nutritional quality
and growth efficiency of SP cultures. The Se-2 condition
represents a practical and scalable approach for producing
Se-enriched SP supplements, offering an integrated
functional food matrix that combines protein, antioxidants,
pigments, and bioavailable Se. This formulation not only
addresses dietary Se deficiencies but also maximizes the
potential of SP as a nutritionally enriched and safe dietary
supplement.

Conclusion

This study highlights the promising potential of SP as a
biological vehicle to produce organically enriched Se
supplements through controlled cultivation processes. The
findings demonstrate that SP not only tolerates Se
supplementation at specific concentrations, but also
efficiently accumulates and transforms inorganic Se into
organic forms, particularly at 100-200 pg L‘levels,
without compromising biomass productivity or functional
compound content. This dual enrichment of biomass with
both SP’s own bioactive compounds and organically bound
Se offers a synergistic nutritional profile that aligns with
modern consumer demands for natural, safe, and effective
functional foods.

As the global nutraceutical market expands rapidly,
driven by increasing health awareness, aging populations,
and the shift toward plant-based dietary supplements, the
need for eco-sustainable, clean-label and bioavailable
micronutrient sources is more urgent than ever. Se, an
essential micronutrient with antioxidant and immune-
supporting roles, remains deficient in many populations
due to soil variability and dietary insufficiencies. Current
synthetic Se supplements often suffer from poor
bioavailability and narrow safety margins, which make

biologically enriched food-based alternatives

attractive.

From a biotechnological standpoint, the use of SP for
Se biofortification presents a scalable, sustainable, and
low-waste strategy with wide-ranging applications-from
dietary supplements and fortified foods to clinical nutrition
and preventive healthcare. Furthermore, SP’s innate
tolerance to metal stress, its high growth rate, and its ability
to biosorb and bio-transform micronutrients underscore its
value as a chassis organism in future algal biotechnology.
From a sustainability perspective, the use of moderate Se
concentrations (e.g., 200 ug L) appears feasible for large-
scale applications, as it ensures efficient Se incorporation
without excessive residual accumulation in the culture
medium. This may reduce both environmental discharge
risks and production costs, supporting the scalability of Se-
enriched microalgal biomass production.

Importantly, this research lays the groundwork for the
development of Se-enriched SP products that meet both
nutritional and regulatory standards, particularly in regions
such as Turkey where Se deficiency remains a moderate
public health concern.

Future studies should focus on:

e Elucidating the exact biochemical pathways and
genetic regulation involved in Se assimilation and
conversion in SP,

o ldentifying the specific organic Se species (e.g.,
selenomethionine vs. selenocysteine) present in
enriched biomass through metabolomic profiling,

e Conducting bioavailability and toxicity assessments
through in vivo studies to confirm the health benefits
and safety of Se-enriched SP supplements,

e Exploring encapsulation, formulation, and shelf-life
optimization for product development in the
nutraceutical and food industries.

In  conclusion, Se-biofortified SP represents a
scientifically  sound, biologically efficient, and
commercially viable solution to address micronutrient
deficiencies naturally bridging the gap between algal
biotechnology and the growing demand for functional,
organic, and consumer-trusted health solutions.

more
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