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ARTICLE INFO ABSTRACT

Keywords: Fermentation has emerged as a promising strategy to modify aroma profile of Spirulina platensis, yet the appli-
Spirulina platensis cation of Basidiomycota for aroma improvement remains largely unexplored. In this study, a
Basidiomycota Basidiomycota-S. platensis fermentation system was established using edible mushroom strains to improve its
Aroma-active compounds . . ,

Bioactivity sensory properties. Among twelve tested strains, Stropharia rugosoannulata showed the most pronounced aroma
Cytotoxicity improvement after 56 h fermentation at 24 °C under shaking conditions. Sensory evaluation indicated that

fermentation effectively reduced undesirable fishy and earthy odors and introduced floral, fruity, and sweetish
notes. Further aroma profiling attributed these changes to a marked decrease in lipid-derived aldehydes and the
formation of fruity ethyl esters. Ethyl 2-methylbutanoate, ethyl 2-methylpropanoate, and ethyl 3-methylbuta-
noate were identified as key contributors to the fruity aroma. Precursor supplementation experiments sug-
gested that involvement of branched-chain amino acid metabolism in the formation of the fruity ethyl esters via
the Ehrlich pathway. In addition to aroma improvement, fermented S. platensis significantly reduced TNF-
a-induced COX-2 expression and intracellular reactive oxygen species levels in EA.hy926 cells compared with the
unfermented sample. Cytotoxicity assays using HepG2 cells showed no significant cytotoxic effects after
fermentation. Overall, this study establishes a novel Basidiomycota-S. platensis fermentation system that im-
proves aroma quality and enhances its anti-inflammatory and antioxidant potential under the present experi-
mental conditions. The findings also provide supporting evidence for the proposed involvement of branched-
chain amino acid metabolism in fruity ethyl ester formation and provide a basis for developing aroma-
improved microalgal ingredients.

Ehrlich pathway
Molecular docking

1. Introduction

Increasing pressure on global food systems has led to growing in-
terest in alternative protein sources, including plant, microbial, insect,
and algae based proteins, as complements or substitutes for conven-
tional livestock-derived proteins (Carrillo-Huerta et al., 2025). Among
these, microalgae represent a particularly promising option. Compared
with other protein sources, such as soybean with a yield of approxi-
mately 0.6-1.2 t protein ha™! year™!, microalgae require no arable land
and less water while achieving higher productivity of 4-15 t protein

ha ! year™! (Gupta et al., 2026). Spirulina platensis is a widely utilized
microalga with a protein content reaching approximately 70% (Ragaza
et al., 2020), providing all essential amino acids required by humans,
with essential amino acids accounting for approximately 47% of total
protein (Begum et al., 2024). Besides its high protein level, S. platensis
also contains considerable amounts of polyunsaturated fatty acids
(PUFAs, 1.7-3.8%), with o-3 fatty acids accounting for up to 49% of the
total fatty acids (Uzlasir et al., 2024), as well as carotenoids and other
bioactive compounds, including phycocyanin, chlorophyll a, flavonoids,
and phenolic compounds (Lestingi, 2024).
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Despite its nutritional value and sustainable production, the wider
application of S. platensis in food products is limited by its unfavorable
sensory properties, which reduce consumer acceptance (Xiang et al.,
2026). Its characteristic off-flavors are commonly described as fishy,
marine-like, grassy, green, roasted, and seaweed-like, and are mainly
attributed to chemical and enzymatic lipid oxidation during processing
(Jia et al., 2024; Xiang et al., 2026).

Fermentation has long been used to improve the sensory properties
of foods, primarily using fungi from Ascomycota (e.g., Aspergillus,
Penicillium, and yeasts) and Mucoromycota (e.g., Mucor and Rhizopus)
(Campbell-Platt, 1994). In contrast, Basidiomycota have received
comparatively less attention, despite their diverse enzymatic systems
involved in lignocellulose degradation and secondary metabolite pro-
duction. These metabolic capabilities enable Basidiomycota to trans-
form a wide range of precursors into aroma-active compounds. For
example, Pleurotus spp. can synthesize and secrete commercially rele-
vant flavor compounds, such as anisaldehyde and vanillin, under
nitrogen-limited conditions (Gutiérrez et al., 1994). Pleurotus ostreatus
can biotransform the terpene p-myrcene, naturally present in citrus
peels, into aroma-active compounds with floral and citrus notes (Krings
et al., 2008). Basidiomycota fermentation has been reported to reduce
off-flavors while generating desirable aroma compounds. For instance,
Wolfiporia cocos decreased hexanal and (Z)-6-nonenal associated with
green off-notes in okara, while increasing floral compounds such as
phenethyl alcohol and linalool (Wang et al., 2022). Similarly, Cyclocybe
aegerita reduced aldehydes responsible for grassy off-flavors in soymilk,
while enhancing cheese-like notes through the formation of short-chain
fatty acids (Nedele et al., 2022). These studies demonstrate that Basi-
diomycota fermentation can substantially alter food aroma profiles.

For S. platensis, previous studies have explored the use of bacteria
and yeasts to improve its sensory properties. Fermentation with lactic
acid bacteria (LAB) and yeast strains has been shown to reduce pyrazines
and carotenoid-derived compounds, while LAB, Bacillus, and yeasts
decreased undesirable notes such as cardboard-like, marine, and earthy
flavors. Among three yeast strains evaluated by Kurt et al. (2023),
Kluyveromyces marxianus showed the most pronounced effects, with
reduced marine and umami notes and increased fermented and rose-like
aromas. However, the potential of Basidiomycota fermentation to
modify the sensory properties of S. platensis remains largely unexplored.

In this study, edible Basidiomycota were explored as a fermentation
strategy to improve the sensory quality of commercial S. platensis.
Twelve strains were initially screened, and S. rugosoannulata was
selected for further investigation based on its desirable aroma-modifying
effects. Changes in aroma-active compounds were subsequently char-
acterized to clarify the chemical basis of aroma remodeling during
fermentation, while precursor supplementation experiments combined
with molecular docking analysis were conducted to elucidate the for-
mation mechanism of key fruity esters. In addition, the anti-
inflammatory and antioxidant potential, as well as cytotoxicity, of fer-
mented S. platensis were evaluated to further assess the biological effects
of Basidiomycota fermentation.

2. Materials and methods
2.1. Materials and reagents

Commercial dried S. platensis powder was obtained from myvial GbR
(Nattheim, Germany). Edible Basidiomycota strains were sourced from
the German Collection of Microorganisms and Cell Cultures and the
Institute of Food Chemistry and Biotechnology, Justus Liebig University
Giessen (Giessen, Germany). Agar, malt extract, and peptone used for
culture media preparation were purchased from Carl Roth (Karlsruhe,
Germany).

Authentic standards (purity >95%) were used for the identification
and semi-quantitative analysis of aroma-active compounds. Ethyl 2-
methylpropanoate, 1-octen-3-ol, (E)-2-nonenal, and (E,E)-2,4-
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decadienal were obtained from Thermo Fisher Scientific (Sindelfingen,
Germany). 2-Pentylfuran, 6-methyl-5-hepten-2-one, decanal, and
a-ionone were purchased from Alfa Aesar (Karlsruhe, Germany).
Hexanal, (E)-2-octenal, and saturated alkanes (C7-C40) were sourced
from Merck (Darmstadt, Germany). Benzaldehyde, linalool, thymol, and
B-ionone were obtained from Carl Roth (Karlsruhe, Germany). Ethyl 2-
methylbutanoate, ethyl 3-methylbutanoate, and y-nonalactone were
obtained from J&K Scientific LLC (California, USA). 1-Octen-3-one was
obtained from BLD Pharmatech GmbH (Reinbek, Germany). Analytical-
grade solvents, including methanol, diethyl ether, and n-pentane, were
obtained from VWR International (Darmstadt, Germany) and Fisher
Scientific (Schwerte, Germany). Sodium chloride was purchased from
VWR International (Darmstadt, Germany). L-Leucine, L-isoleucine, and
L-valine (> 98% purity) were obtained from Merck, (Darmstadt,
Germany).

Reagents used for cell-based assays were obtained as follows. Dul-
becco's modified Eagle's medium (DMEM), fetal bovine serum (FBS), and
penicillin-streptomycin were purchased from Gibco Invitrogen (Bur-
lington, ON, Canada). Secondary antibodies (goat anti-rabbit IRDye
680RD and donkey anti-rabbit IRDye 800CW) were obtained from LI-
COR Biosciences (Lincoln, NE, USA). Dihydroethidium (DHE), diges-
tive enzymes (a-amylase, pepsin, lipase, pancreatin), bile extract, Triton
X-100, trypsin-EDTA, MTT, and dimethyl sulfoxide (DMSO) were
sourced from Merck (Darmstadt, Germany). RPMI 1640 medium was
obtained from Thermo Fisher Scientific (Sindelfingen, Germany). Hy-
drochloric acid was purchased from Carl Roth (Karlsruhe, Germany).
Sodium hydroxide, phosphate salts, and other inorganic salts (NaCl, KCl,
MgClp, CaCly) were obtained from VWR International (Darmstadt,
Germany) and AppliChem (Darmstadt, Germany).

2.2. Sample preparation

2.2.1. Fermentation

Fermentation experiments were performed following a previously
established protocol with modifications adapted to the current system
(Rigling et al., 2024). Edible Basidiomycota strains were cultivated on
agar plates at 24 °C in darkness until sufficient mycelial growth
(approximately 80% surface coverage) was achieved and subsequently
stored at 4 °C prior to use. For preculture preparation, agar plugs (~1
cm?) containing actively growing mycelia were transferred into 100 mL
sterilized liquid medium and dispersed by homogenization. The pre-
cultures were incubated at 24 °C under shaking conditions (150 rpm) for
7 days in darkness.

To minimize the influence of residual nutrients, mycelial biomass
was collected by centrifugation (2150 xg, 10 min, 20 °C) and washed
repeatedly with sterile ultrapure water. The washed biomass was then
resuspended and used as inoculum (10%, v/v) for fermentation. The
fermentation substrate consisted of a sterilized suspension of S. platensis
(10 g/L in ultrapure water). Fermentation was carried out at 24 °C with
shaking (150 rpm) in darkness for up to 100 h. Samples were collected at
4-6 h intervals to monitor the evolution of aroma characteristics.

2.2.2. Separation of mycelia and freeze-drying

At the end of fermentation, fungal biomass was removed from the
culture by filtration. The resulting liquid fraction was frozen and sub-
sequently subjected to lyophilization using a freeze dryer (LIO-3 S,
FreezeDry GmbH, Germany) under reduced pressure (0.5 mbar) with a
condenser temperature of —55 °C for 72 h. The obtained freeze-dried
samples were collected and stored at —25 °C until further sensory and
analytical evaluation.

2.3. Aroma analysis
2.3.1. Sensory evaluation

The aroma characteristics of S. platensis suspensions (20 g/L) before
and after fermentation were evaluated by a trained descriptive sensory
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panel. The panelists were trained and selected according to DIN EN ISO
8586:2014-05 (Liang et al., 2022). During the training sessions, aroma
reference standards in the form of sniffing sticks were used to familiarize
the panelists with the selected sensory descriptors (Table S1). The panel
consisted of ten members (six females and four males, aged 25-32
years), all non-smokers with prior experience in sensory analysis. Ten
descriptors, including grassy, fruity, fishy, mushroom-like, green,
sweetish, floral, citrus-like, earthy, and musty notes, were used to
describe the samples. Samples were presented under blind conditions in
a randomized order using three-digit codes. The sensory evaluation was
conducted in a single session, and each sample was evaluated in dupli-
cate. The intensity of each attribute was rated on a scale from 0 to 5,
where 0 indicated that the odor was not perceived and 5 indicated a
strong intensity. The evaluation procedure followed our previously re-
ported method (Xiang et al., 2026).

2.3.2. Qualitative and semi-quantitative analysis of aroma-active
compounds

Aroma-active compounds were extracted by headspace solid-phase
microextraction (HS-SPME) and analyzed using Gas Chromatogra-
phy-Mass Spectrometry—Olfactometry (GC-MS-O) and GC-MS.
GC-MS-O was applied to screen aroma-active compounds, while GC-MS
was used for semi-quantitative analysis. The HS-SPME extraction pro-
cedure and GC-MS-O conditions were performed according to our
previous study (Xiang et al., 2026) with slight modifications. GC-MS-O
analysis was carried out on an Agilent 7890B gas chromatograph
coupled with a 5977B mass spectrometer (Agilent Technologies, Wald-
bronn, Germany) and equipped with an olfactory detection port (ODP,
Gerstel, Germany). GC-MS analysis for semi-quantification was per-
formed on an Agilent 8890 gas chromatograph coupled with a 5977B
mass spectrometer (Agilent Technologies, Waldbronn, Germany). To
improve compound identification, two capillary columns with different
polarities, a DB-WAX column (30 m x 0.25 mm i.d., 0.25 pm film
thickness) and an HP-5MS column (30 m x 0.25 mm i.d., 0.25 pm film
thickness) (Agilent Technologies, Waldbronn, Germany), were
employed.

For semi-quantitative analysis, a matrix-matched calibration
approach was used to minimize interference from endogenous aroma
compounds. Briefly, the sample matrix was treated with a mixture of
methanol, diethyl ether, and n-pentane (2,1:1, v/v/v) and allowed to
stand for 8 h. The solvent was then removed, and the extraction pro-
cedure was repeated three times. Subsequently, a series of standard
solutions at different concentrations were spiked into the treated matrix
to construct calibration curves, and semi-quantification was performed
using the external standard method. Each calibration level was analyzed
in triplicate. The calibration ranges, regression equations, coefficients of
determination (R?), repeatability expressed as relative standard devia-
tion (RSD), limits of detection (LOD), and limits of quantification (LOQ)
are summarized in Table S3. The odor activity value (OAV) of each
compound was calculated as the ratio of its concentration to its odor
threshold (OT) in water, with OT values obtained from literature.

2.4. Amino acid feeding experiment

To investigate the contribution of branched-chain amino acids to
ester formation during fermentation, precursor feeding experiments
were performed using valine, leucine, and isoleucine. Individual amino
acids were dissolved in sterile water, filtered through 0.22 pm mem-
branes, and added to the sterilized S. platensis suspension at a final
concentration of 1 g/L prior to inoculation. A control without amino
acid supplementation was prepared in parallel. Fermentation with
S. rugosoannulata was conducted for 56 h under the same conditions
described in Section 2.2. Samples were collected and analyzed for aroma
compounds. Aroma compounds were determined using GC-MS equip-
ped with a DB-WAX capillary column. Changes in aroma-related com-
pounds were evaluated based on peak area responses. All experiments
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were performed in triplicate, with two parallel measurements for each
replicate.

2.5. Molecular docking of alcohol acyltransferase (AAT)

Molecular docking was performed using AutoDock Vina (version
1.2.7) to investigate the interaction between the target protein AAT and
branched-chain acyl-CoA intermediates involved in ester biosynthesis.
As no experimentally validated AAT sequence from S. rugosoannulata is
currently available, the amino acid sequence of the functionally related
yeast AAT (UniProt ID: P40353, ATF1_YEAST) was retrieved from the
UniProt database. The three branched-chain acyl-CoA intermediates,
namely isobutyryl-CoA, isovaleryl-CoA, and (S)-2-methylbutanoyl-CoA,
were obtained from the PubChem database in SDF format and converted
into MOL2 format. The binding site was defined based on the predicted
active pocket obtained from the Prank Web server (https://prankweb.
cz/), with the grid center set at coordinates (—7.22, 4.86, 11.01). The
grid box size was set to 36 x 36 x 36 A to ensure sufficient coverage of
the binding region. Prior to docking, the protein structure was prepared
using AutoDock Tools (version 1.5.7). Protein-ligand complexes were
visualized using PyMOL (version 3.2), and intermolecular interactions,
including hydrogen bonds and hydrophobic interactions, were analyzed
using Discovery Studio Visualizer 2025.

2.6. Bioactivity assays

2.6.1. EA.hy926 cell culture

EA.hy926 cells were maintained in DMEM containing 10% FBS, 1%
penicillin-streptomycin, and 25 mM HEPES at 37 °C in a humidified
incubator with 5% CO:. Cells reaching 80-90% confluence were de-
tached using trypsin—-EDTA and seeded into 12-well plates. To minimize
basal activity, cells were incubated for 12 h in medium supplemented
with 1% FBS prior to treatment. Fermented and unfermented S. platensis
samples were dispersed in culture medium at the indicated concentra-
tions based on the dry weight of the original powder before being
applied to the cells as described below.

2.6.2. Measurement of reactive oxygen species (ROS)

Intracellular ROS production was evaluated using DHE staining with
slight modifications (Wang et al., 2026). Following sample pretreatment
(2.5 mg/mlL, 1 h), cells were exposed to tumor necrosis factor-a (TNF-a,
10 ng/mL) for 6 h. Thereafter, DHE (20 pM) was applied and incubation
continued for 30 min at 37 °C. After washing with phenol red-free
DMEM, fluorescence images were obtained using an Olympus IX81
microscope, and signal intensity was quantified with ImageJ.

2.6.3. Measurement of cyclooxygenase-2 (COX-2) expression

To evaluate inflammation-related protein expression, EA.hy926 cells
seeded in 12-well plates were treated with samples (100 pg/mL) for 18
h, followed by stimulation with TNF-a (10 ng/mL) for 6 h. Protein
expression was analyzed by Western blot with slight modifications based
on a previously reported method (Wang et al., 2023). Briefly, cells were
lysed in Laemmli buffer containing 2% DTT and denatured by heating.
The protein samples were separated by 9% SDS-PAGE and subsequently
transferred onto nitrocellulose membranes. Membranes were blocked
with 5% bovine serum albumin in TPBS and subsequently incubated
overnight at 4 °C with primary antibodies against COX-2 and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) at a dilution of
1:1000. After incubation with the corresponding secondary antibodies
for 1 h at room temperature, protein signals were visualized using a LI-
COR Odyssey imaging system and quantified with Image Studio Lite 5.2.
The expression level of COX-2 was normalized to GAPDH.

2.6.4. Assessment of EA.hy926 cell viability
Cell viability was evaluated using the MTT assay under the same
treatment conditions as those used for the COX-2 assays. EA.hy926 cells
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were seeded into 96-well plates and cultured as described in Section
2.6.1. Untreated cells served as the negative control, whereas cells
treated with TNF-a were included as the inflammatory control. Subse-
quently, 5 puL of MTT solution (0.5 mg/mL) was added to each well, and
the plates were incubated for 2 h at 37 °C. The culture medium was then
removed, and 100 pL of solubilization solution (10 g SDS in 99.4 mL
DMSO containing 0.6 mL acetic acid) was added to dissolve the for-
mazan crystals. After incubation for 5 min at room temperature,
absorbance was measured at 570 nm using an Agilent Technologies
BioTek Epoch microplate spectrophotometer. Cell viability was
expressed as a percentage relative to untreated control. All experiments
were performed in triplicate with three parallel wells for each treatment.

2.7. Cytotoxicity assay

2.7.1. Simulated gastrointestinal digestion

The gastrointestinal digestion of fermented and non-fermented
S. platensis was simulated using a standardized static model adapted
from the INFOGEST protocol without major modifications (Brodkorb
et al., 2019). For the oral phase, samples (0.5 g) were mixed with
simulated salivary fluid (2 mL), and the pH was adjusted to 7.0 prior to
the addition of a-amylase (150 U/mL). The system was incubated briefly
at 37 °C under continuous agitation. Gastric digestion was initiated by
adding simulated gastric fluid (2 mL) and adjusting the pH to 3.0, fol-
lowed by the addition of pepsin (2000 U/mL) and lipase (60 U/mL). The
mixture was maintained at 37 °C for 2 h. For the intestinal phase,
simulated intestinal fluid (4 mL) was introduced, and the pH was
readjusted to 7.0. Bile extract (40 mg/mL) and pancreatin (100 U/mL)
were added, and digestion proceeded for an additional 2 h. Following
digestion, samples were centrifuged (2150 xg, 10 min), and the super-
natants were collected, filtered (0.22 pm), and stored at —25 °C for
subsequent experiments.

2.7.2. HepG2 cell culture

HepG2 cells were maintained in RPMI 1640 medium containing 10%
FBS and 1% penicillin-streptomycin at 37 °C in a humidified incubator
with 5% CO,. Cells were propagated in 25 cm? culture flasks and
passaged at 80-90% confluence using 0.25% trypsin-EDTA at a ratio of
1:6, typically twice weekly. Fresh culture medium was supplied every
two days.

2.7.3. Assessment of HepG2 cell viability

Cell viability was evaluated using the MTT assay as described in
Section 2.6.4 with slight modifications. Briefly, HepG2 cells were seeded
in 96-well plates at a density of 1.8 x 10% cells per well and allowed to
attach for 24 h. The medium was then replaced with 200 pL of fresh
culture medium containing in vitro digested samples at different con-
centrations (0.2, 0.5, 1, 2, 5, 8, and 10%, v/v), followed by incubation
for another 24 h. Cells cultured in standard medium served as the
negative control, while 0.1% Triton X-100 was used as the positive
control. Absorbance was measured at 590 nm with a reference wave-
length of 660 nm using an Agilent Technologies BioTek Epoch micro-
plate spectrophotometer. Cell viability was expressed as a percentage
relative to the untreated control.

2.8. Statistical analysis

All experiments were carried out with a minimum of three inde-
pendent replicates, and the results are expressed as mean + standard
error of mean (SEM). Statistical analysis was performed using SPSS
Statistics 29.0 (IBM Corp., Armonk, NY, USA). Differences among
groups for bioactivity and cytotoxicity were evaluated by one-way
analysis of variance (ANOVA). Differences in sensory descriptor in-
tensities between unfermented and fermented S. platensis were analyzed
using paired-samples t-tests. For the cytotoxicity assays, technical
replicate values that deviated by more than 20% from the corresponding
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sample mean were treated as outliers and excluded prior to analysis.
Based on this criterion, one data point was removed from the unfer-
mented sample, while three data points were excluded from the fer-
mented sample. Data visualization, including radar plots and bar graphs,
was conducted using Origin 2025 (OriginLab, MA, USA) and GraphPad
Prism 9.0 (GraphPad Software, San Diego, CA, USA). Statistical signif-
icance was defined as p < 0.05, and highly significant differences were
considered at p < 0.01.

3. Results and discussion

3.1. Establishment of a Basidiomycota-S. platensis fermentation system
for aroma improvement

Previous studies have shown that co-fermentation of S. platensis with
Lactobacillus plantarum and Bacillus subtilis can reduce undesirable algal
off-flavors and generate aroma compounds such as acetoin, thereby
imparting creamy notes (Bao et al., 2018). In contrast, the potential of
Basidiomycota fermentation, despite its diverse enzymatic capabilities,
has not yet been explored for improving the aroma of S. platensis.

In this study, twelve edible Basidiomycota strains were used to
ferment S. platensis suspension to evaluate their effects on sensory
properties and to establish a Basidiomycota-S. platensis fermentation
system capable of improving its aroma. The initial odor of S. platensis
was characterized by fishy and earthy notes, consistent with previous
reports (Sahin et al., 2022; Xiang et al., 2026). Fermentation was carried
out at 24 °C under shaking conditions (150 rpm) in the dark for up to 98
h. Samples were collected every 4-6 h for sensory evaluation to deter-
mine the fermentation time point showing the most pronounced aroma
changes. The odor attributes and their intensities at the selected
fermentation time points for each strain were summarized in Table S2.
Strain selection was based on the sensory characteristics observed at
these time points, with particular consideration given to the reduction of
the original fishy and earthy off-odor attributes together with the
development of desirable aroma notes. Distinct aroma profiles were
generated depending on the strain. For example, Pleurotus sapidus pro-
duced lemony and mushroom-like notes after 80 h of fermentation,
whereas Lentinula edodes generated a slight sweet aroma after 61 h.
Fermentation with Polyporus umbellatus resulted in paper-like and
lemony notes. Among all strains, fermentation with Stropharia rugo-
soannulata resulted in a favorable sensory profile. After 56 h of
fermentation, the original fishy and earthy attributes of S. platensis were
no longer perceived during sensory evaluation, while sweetish and
lemony notes were observed. Repeated fermentation experiments
showed that fermentation of sterilized S. platensis suspension (10 g/L,
121 °C for 15 min) with S. rugosoannulata at 24 °C and 150 rpm under
dark conditions reproducibly improved the aroma profile of S. platensis
after 56 h of fermentation. Based on these results, S. rugosoannulata was
selected for subsequent experiments, and a stable
Basidiomycota-S. platensis fermentation system (Fig. 1A) was
established.

3.2. Effects of fermentation on aroma profile

3.2.1. Changes in sensory attributes after fermentation

To validate the preliminary strain screening results, ten trained
panelists were recruited to evaluate sensory changes after fermentation.
As shown in Fig. 1B, the dominant odor attributes of unfermented
S. platensis were musty (2.2), fishy (2.0), and green (1.8), consistent with
previous reports (Xiang et al., 2026). After fermentation, the aroma
profile shifted markedly, with floral (2.2), fruity (1.9), and sweetish
(1.6) notes becoming predominant. Concurrently, the intensities of un-
desirable attributes, including musty, fishy, grassy, green, and earthy,
decreased to 1.1, 0.3, 0.6, 0.7, and 0.9, respectively. Similar improve-
ments in algal off-flavors have been reported for fermentations involving
lactic acid bacteria and other microorganisms (Kurt et al., 2023). In
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Fig. 1. Illustration of the established Basidiomycota-Spirulina platensis fermentation system (A) and radar plot of sensory attributes of unfermented and fermented
Spirulina platensis (B). Asterisks indicate significant differences between the two samples for individual sensory descriptors, as determined by paired-samples t-tests

(*p < 0.05, **p < 0.01).

addition, yeast fermentation of S. platensis has been shown to reduce
“seaweed” and “earthy” notes while introducing floral and fruity attri-
butes (Zhao et al., 2025). The reduction of undesirable odor attributes
and the emergence of floral and fruity notes observed in the present
study suggest that fermentation with S. rugosoannulata substantially
altered the aroma profile of S. platensis. The underlying molecular basis
of these sensory changes is further discussed below.

3.2.2. Aroma-active compounds and their contribution to aroma changes

To elucidate the chemical basis underlying the observed sensory
changes, aroma-active compounds were qualitatively analyzed. As
shown in Table 1, a total of 24 odor-active compounds were sniffed
across both samples, including 20 in unfermented S. platensis and 16 in
fermented S. platensis. Several compounds associated with fishy, floral,
and waxy notes were no longer detected after fermentation, whereas
fruity ethyl esters and benzaldehyde, which imparts an almond-like
aroma, were detected exclusively in the fermented sample. These
changes are consistent with the sensory evaluation results, showing a
reduction in fishy and green odor and the emergence of fruity notes after
fermentation.

To further characterize the odor differences, 17 aroma-active com-
pounds that were detected on both columns and identified using four
complementary approaches were selected for semi-quantitative anal-
ysis. Their OAVs were subsequently calculated. As shown in Table 2,
nine compounds in unfermented S. platensis exhibited OAVs greater than
1. Among these, (E)-2-nonenal (fatty, green; OAV = 2085) showed the
highest contribution, followed by p-ionone (floral, woody; OAV = 382),
(E,E)-2,4-decadienal (fatty, deep-fried; OAV = 231), and a-ionone (flo-
ral, raspberry-like; OAV = 76). Additional contributors included hexanal
(green, grassy; OAV = 61), 1-octen-3-ol (mushroom-like; OAV = 40),
(E)-2-octenal (fatty, nutty; OAV = 35), decanal (OAV = 35), and
y-nonalactone (caramel-like; OAV = 1). Sixteen compounds with OAVs

>1 were identified in fermented S. platensis. Fruity ethyl esters became
dominant contributors, including ethyl 2-methylbutanoate (OAV =
2699), ethyl 2-methylpropanoate (OAV = 1011), and ethyl 3-methylbu-
tanoate (OAV = 227). In addition, 1-octen-3-one (mushroom-like; OAV
= 400), and linalool (citrus-like, floral; OAV = 236) showed a high
contribution. Several compounds present in the unfermented sample
were also detected after fermentation, including (E,E)-2,4-decadienal
(OAV = 1128), (E)-2-nonenal (OAV = 960), hexanal (OAV = 58), (E)-2-
octenal (OAV = 211), 1-octen-3-0l (OAV = 51), a-ionone (OAV = 8),
B-ionone (OAV = 89), and decanal (OAV = 22). Benzaldehyde (almond-
like; OAV = 1), 2-pentylfuran (herbal-like; OAV = 4), and y-nonalactone
(OAV = 1) were also detected.

In unfermented S. platensis, the highest OAVs were observed for the
lipid-derived aldehydes (E)-2-nonenal, (E,E)-2,4-decadienal, and hexa-
nal, which was consistent with the sensory evaluation showing pro-
nounced green and fishy odor attributes (Du et al., 2021). After
fermentation, the highest OAVs were observed for the newly formed
ethyl esters, particularly ethyl 2-methylbutanoate and ethyl 2-methyl-
propanoate, which was in agreement with the increased fruity aroma
detected during sensory evaluation. However, several lipid-derived al-
dehydes, including (E)-2-nonenal, (E)-2-octenal, and (E,E)-2,4-deca-
dienal, still exhibited OAVs greater than 1 after fermentation, whereas
the intensities of the green and fishy odor attributes were reduced. This
observation suggests that OAVs estimate the potential contribution of
individual odorants but do not fully reflect aroma perception in complex
volatile mixtures. The high OAVs of the newly formed ethyl esters may
have reduced the perceptual impact of the remaining aldehydes through
odor interactions such as masking (An et al., 2024). In addition, the
concentrations of several aldehydes associated with green and fatty
odors decreased after fermentation, which may also have contributed to
the reduced perception of these odor attributes.

Fermentation led to substantial changes in the aroma profile of
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Table 1
Aroma-active compounds identified in unfermented and fermented Spirulina platensis.
No.  Aroma-active compound CAS number  Odor impression Samples RI (DB-Wax) RI (HP-5MS) Identification
thod
S. platensis ~ fermented calculated  literature  calculated  literature O
S. platensis
1 ethyl 2-methylpropanoate 97-62-1 fruity, sweetish + 981 975 758 755 0, MS, RI, S
2 ethyl 2-methylbutanoate 7452-79-1 fruity, sweetish + 1051 1051 852 850 O, MS, Rl S
3 ethyl 3-methylbutanoate 108-64-5 fruity + 1072 1072 856 859 O, MS, Rl S
4 hexanal 66-25-1 green, grassy + + 1077 1077 798 800 0, MS, RI, S
bl
5  2-pentylfuran 3777-69-3 EZfES & + + 1230 1231 991 990 0, MS, RI, S
6 6-methyl-2-heptanone 928-68-7 fruity + 1238 1237 937 932 O, MS, RI
7 octanal 124-13-0 green, fruity + + 1289 1291 — — 0, MS, RI
8 1-octen-3-one 4312-99-6 mushroom-like + + 1297 1297 980 979 O, MS, RL, S
9 6-methyl-5-hepten-2-one 110-93-0 fresh + + 1333 1333 987 987 0, MS, RI, S
10 (E)-2-octenal 2548-87-0 fatty, nutty + + 1421 1421 1056 1056 O, MS, RL, S
11 1-octen-3-ol 3391-86-4 mushroom-like + + 1448 1448 991 990 O, MS, RL, S
12 decanal 112-31-2 soapy, citrus-like + + 1496 1497 1195 1195 0, MS, RI, S
13 unknown - floral, sweetish + 1509 - - - —
14 benzaldehyde 100-52-7 almond-like + 1522 1522 966 966 O, MS, RL, S
15 (E)-2-nonenal 28’829_56_ fatty, green + 1530 1530 1176 1172 O, MS,RI, S
16 linalool 78-70-6 citrus-like, floral + + 1546 1546 1095 1097 0, MS, RI, S
17 2-pentylpyridine 2294-76-0 sweat-like + 1575 1572 - - RI
18 unknown - fishy + 1717 - - - -
2,5-dimethyl
19 benzaldehyde 5779-94-2 fresh, waxy + 1731 1705 - - MS, RI
20 unknown - citrus + 1754 - - - -
. 25,152-84-
21 (E,E)-2,4-decadienal 5 cooked fishy + + 1807 1807 1318 1318 0, MS, RI, S
22 a-ionone 127-41-3 floral + 1854 1854 1435 1430 O, MS, RI, S
23 p-ionone 24’901707_ wood-like, floral + + 1939 1937 1492 1488 0, MS, RI, S
24 y-nonalactone 104-61-0 caramel, + + 2020 2020 1362 1361 0, MS, RI,
sweetish

Note: -: not available. +: detected by olfactometry. Compounds were identified based on odor description (O), mass spectrometry (MS), retention index (RI), and

comparison with authentic standards (S).

Table 2
Concentrations and odor activity values (OAVs) of aroma-active compounds in unfermented and fermented Spirulina platensis.
No. Aroma-active compounds Concentration (pg/L) Odor threshold OAV
unfermented fermented (hg/L) S. platensis Fermented
S. platensis
1 ethyl 2-methylpropanoate ND. 89.96 + 9.56 0.089 * ND. 1011
2 ethyl 2-methylbutanoate ND. 21.59 + 1.45 0.008 # ND. 2699
3 ethyl 3-methylbutanoate ND. 5.22 + 0.53 0.023 % ND. 227
4 hexanal 272.93 +£9.07 259.61 £ 6.04 45° 61 58
5 2-pentylfuran 2.88 £ 0.21 25.54 + 4.48 6° <1 4
6 1-octen-3-one ND. 20.00 +1.12 0.005 ° ND. 400
7 6-methyl-5-hepten-2-one 1.51 £ 0.05 2.72 £ 0.43 509 <1 <1
8 (E)-2-octenal 106.15 £+ 1.37 634.45 + 26.64 3P 35 211
9 1-octen-3-ol 40.19 + 1.09 51.23 + 5.29 1° 40 51
10 decanal 70.14 £1.77 44.55 + 3.38 2P 35 22
11 benzaldehyde 16.52 + 0.52 466.81 £ 17.7 350 ° <1 1
12 (E)-2-nonenal 208.49 + 7.34 96.04 + 6.51 01° 2085 960
13 linalool ND. 51.98 + 7.74 0.22° ND. 236
14 (E,E)-2,4-decadienal 16.17 + 0.48 78.94 + 3.78 0.07 ¢ 231 1128
15 a-ionone 30.56 + 2.99 3.34 £0.31 0.4° 76 8
16 f-ionone 2671.45 + 95.43 624.58 + 15.9 7° 382 89
17 y-nonalactone 37.58 £1.13 29.66 + 1.99 27 ¢ 1 1

Note: ND: not detected. Odor threshold in water values were obtained from ® Munafo JR. et al. (2016), ®: Xiang et al. (2026), % Liang et al. (2023), % Yang et al. (2022)

S. platensis, including both the accumulation and reduction of specific
odor-active compounds. Specifically, the levels of (E)-2-nonenal and
decanal decreased significantly after fermentation, indicating that these
aldehydes were further transformed or degraded during the process. (E)-
2-Nonenal is generally formed via oxidative cleavage of unsaturated
fatty acids such as oleic acid or linoleic acid, whereas decanal is asso-
ciated with fatty acid p-oxidation or oxidative degradation (Shahidi &
Hossain, 2022). During fermentation, microbial metabolism can
convert these aldehydes into the corresponding alcohols or acids

through redox reactions (Hazelwood et al., 2008). In addition, reactions
with amino compounds, such as Schiff base formation, may also
contribute to their decline (Matsuo, 1954). A similar trend was observed
for a-ionone and f-ionone, whose concentrations also decreased after
fermentation. These compounds originate from the oxidative cleavage of
carotenoids such as p-carotene (Paparella et al., 2021), but are chemi-
cally reactive and can undergo further oxidation, reduction, or struc-
tural rearrangements. Microbial activity, together with changes in
fermentation conditions such as pH and redox state, may further affect
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their stability (Luo et al., 2013).

In contrast to the decreasing compounds described above, several
odor-active compounds accumulated during fermentation. Although
(E)-2-octenal, (E,E)-2,4-decadienal, and benzaldehyde were already
identified in unfermented S. platensis, their levels increased significantly
after fermentation, suggesting further accumulation or enhanced for-
mation during this process. This increase appears to be associated with
intensified lipid oxidation and amino acid metabolism. (E)-2-octenal and
(E,E)-2,4-decadienal are typically formed through the oxidative degra-
dation of PUFAs such as linoleic acid. During fermentation, microbial
activity may promote both lipoxygenase-mediated reactions and non-
enzymatic oxidation, thereby accelerating the formation of these alde-
hydes (Shahidi & Hossain, 2022). Benzaldehyde, on the other hand, is
likely derived from phenylalanine metabolism, potentially via the Ehr-
lich pathway or related oxidative reactions. In addition, the disruption
of cellular structures during fermentation may facilitate the release of
lipid and protein substrates, providing increased availability of pre-
cursors for the formation of these volatile compounds (Huang et al.,
2024). The elevated levels of these aldehydes point to a concurrent
enhancement of lipid oxidation and amino acid metabolism during
fermentation.

Besides the compounds showing increased abundance, several
aroma-active compounds were detected exclusively in fermented
S. platensis, suggesting that they were newly formed during fermenta-
tion. Among them, 1-octen-3-one and linalool were detected exclusively
in fermented S. platensis. 1-Octen-3-one is widely recognized as a key
mushroom-like aroma compound reported in the fruiting bodies of
Basidiomycota (Wu et al., 2005), as well as during Basidiomycota
fermentation processes (Ibrahimi et al., 2020). Its formation is generally
associated with lipid oxidation of linoleic acid (Su et al., 2022) and
arachidonic acid. However, arachidonic acid was not detected in
S. platensis (Senila et al., 2025), suggesting that 1-octen-3-one is more
likely derived from linoleic acid oxidation in this system. Linalool,
which imparts a citrus-like aroma, may be formed via multiple path-
ways, including enzymatic release from glycosidically bound precursors,
de novo biosynthesis via the methylerythritol phosphate or mevalonate
pathways, or microbial biotransformation of terpenoid precursors such
as geraniol and nerol (Demyttenaere et al., 2000; Zhang et al., 2024). In
the present study, geraniol and nerol were not detected in either un-
fermented or fermented samples, and no evidence was found for
glycosidically bound precursors in S. platensis. Therefore, linalool for-
mation is more likely associated with de novo biosynthesis from geranyl
pyrophosphate via microbial terpenoid metabolism.

Among the newly generated compounds, fruity ethyl esters were
particularly prominent after fermentation, including ethyl 2-methylpro-
panoate, ethyl 2-methylbutanoate, and ethyl 3-methylbutanoate, which
are likely key contributors to the fruity aroma of fermented S. platensis.
These esters are widely recognized as important aroma compounds in
wine and various fermented foods (Chung, 2000; Pino & Queris, 2011).
The formation of ethyl esters requires ethanol as an ethyl donor. Ethanol
was detected in both unfermented and fermented S. platensis, and the
ratio of the ethanol peak area to that of the internal standard (thymol)
decreased significantly after fermentation, from 1.11 + 0.20 to 0.67 +
0.02. This observation is consistent with the proposed involvement of
ethanol in ethyl ester formation during fermentation.

Besides ethanol availability, the acids required for ester formation
were likely derived from branched-chain amino acid metabolism. In
S. cerevisiae, branched-chain amino acids such as valine, leucine, and
isoleucine can be metabolized through the Ehrlich pathway to generate
higher alcohols and their corresponding acids (Hazelwood et al., 2008).
Briefly, these amino acids undergo transamination and decarboxylation
to form the corresponding aldehydes, namely 2-methylpropanal, 3-
methylbutanal, and 2-methylbutanal. These aldehydes can subsequently
be reduced to higher alcohols or oxidized into the corresponding
branched-chain acids. The resulting acids are then converted into acyl-
CoA intermediates by acyl-CoA synthetase, after which AAT catalyzes
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esterification with ethanol (Liu et al., 2023), leading to the formation of
ethyl 2-methylpropanoate, ethyl 3-methylbutanoate, and ethyl 2-meth-
ylbutanoate. In the present fermentation system, S. platensis provides
these branched-chain amino acids (Da Fontoura Prates et al., 2020),
while Basidiomycota have been reported to possess both acyl-CoA syn-
thetase (Oghenekaro et al., 2016) and AAT (Sun et al., 2021), supporting
the feasibility of this pathway during fermentation. These results suggest
that fruity ester formation was linked to ethanol production and
branched-chain amino acid catabolism during fermentation. Precursor
supplementation experiments were subsequently performed to further
assess the proposed pathway.

3.2.3. Role of branched-chain amino acids in ester formation

Supplementation with isoleucine, leucine, and valine increased the
levels of ethyl 2-methylbutanoate, ethyl 3-methylbutanoate, and ethyl
2-methylpropanoate to 23-, 79-, and 7-fold of the control group,
respectively (Fig. 2A-C). These results are consistent with the proposed
conversion of branched-chain amino acids into the corresponding fruity
esters in the present fermentation system. In the isoleucine supple-
mentation group, 2-methylbutanal and 2-methylbutanoic acid, which
were not detected in the control, became detectable after supplemen-
tation, whereas 2-methylbutanol remained undetected. This product
distribution suggests that the aldehyde intermediate may have been
preferentially oxidized to the corresponding acid rather than reduced to
the alcohol (Hazelwood et al., 2008). In contrast, supplementation with
leucine or valine increased the levels of the corresponding branched-
chain aldehydes, alcohols, and acids simultaneously, suggesting that
both the oxidative and reductive conversions of the aldehyde in-
termediates may have occurred during fermentation. In addition, sup-
plementation with one branched-chain amino acid partially suppressed
the formation of esters derived from the other two amino acids, sug-
gesting potential competition among branched-chain amino acid meta-
bolic pathways. Ethanol levels also decreased significantly after amino
acid supplementation. These findings suggest that the formation of
fruity ethyl esters in the S. platensis-S. rugosoannulata fermentation
system is likely associated with the branched-chain amino acid meta-
bolism and subsequent esterification reactions involving ethanol.

Comparison of the relative peak areas showed that the three corre-
sponding ethyl esters reached comparable final levels after amino acid
supplementation, despite their markedly different fold increases relative
to the respective controls. In contrast, the branched-chain acids
exhibited substantially different accumulation levels, with 3-methylbu-
tanoic acid showing the highest relative peak area, followed by 2-meth-
ylbutanoic acid and 2-methylpropanoic acid (Table S4). The
accumulation of branched-chain acids was not fully consistent with the
formation of the corresponding ethyl esters, suggesting that precursor
availability alone is insufficient to explain the observed ester profiles
and that downstream enzymatic steps involved in ester biosynthesis may
also contribute. Among these steps, AAT catalyzes the final esterification
reaction using acyl-CoA derivatives rather than free acids as acyl donors.
Therefore, a preliminary molecular docking analysis was subsequently
performed to explore whether differences in substrate recognition by
AAT might contribute to the observed ester formation patterns.

3.2.4. Preliminary molecular docking using a reference yeast AAT model

As no functionally validated AAT from S. rugosoannulata has been
reported to date, a functionally related yeast AAT model was employed
as a reference model for the docking analysis. Isobutyryl-CoA, iso-
valeryl-CoA, and (S)-2-methylbutanoyl-CoA, representing the corre-
sponding acyl-CoA intermediates derived from valine, leucine, and
isoleucine metabolism, respectively, were selected as the putative acyl
donors. The docking analysis was intended to provide a preliminary and
indirect assessment of potential substrate recognition and should not be
interpreted as direct evidence of the substrate specificity or catalytic
properties of the native S. rugosoannulata enzyme.

All three branched-chain acyl-CoA intermediates were successfully
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docked into the predicted binding pocket of the AAT model. Isovaleryl-
CoA showed the lowest predicted binding energy (—9.345 kcal/mol),
followed by isobutyryl-CoA (—9.183 kcal/mol) and (S)-2-methyl-
butanoyl-CoA (—7.927 kcal/mol). Despite differences in binding affin-
ity, the three ligands occupied similar regions within the predicted
binding pocket (Fig. 2D-F). The three ligands adopted broadly similar
binding orientations within the predicted binding pocket. Several
conserved hydrogen-bonding interactions involving Arg267, Asn419,
and His479, together with a conserved n-anion interaction with Asp375,
were predicted for all three ligands. Additional hydrogen bonds with
Tyr36, Gly196, Arg197, GIn473 or Gln480 were observed depending on
the substrate.

The docking results indicate that the three branched-chain acyl-CoA
intermediates could be accommodated within the predicted binding
pocket of the surrogate yeast AAT model. However, the predicted
binding scores did not correspond directly to the final abundances of the
respective ethyl esters. This lack of correspondence suggests that the
observed ester profiles cannot be explained by the docking scores alone
and may also depend on factors such as precursor conversion, acyl-CoA
availability, ethanol availability, and enzyme abundance. Therefore,
evidence for the involvement of branched-chain amino acid metabolism
in ester formation was derived primarily from the precursor-
supplementation experiments, whereas the docking analysis provided
only complementary and indirect structural information.
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3.3. Effects of fermentation on anti-inflammatory and antioxidant
potential in TNF-a stimulated EA.hy926 cells

Besides its desirable aroma characteristics, the bioactive properties
of fermented S. platensis were studied in endothelial cells. As a key
enzyme in vascular inflammation, COX-2 catalyzes the production of
various bioactive lipids that act as mediators regulating vascular tone
through vasoconstrictive and vasodilatory signaling, thereby contrib-
uting to the pathophysiology of hypertension (Chowdhury et al., 2010).
Under hypertensive conditions, COX-2 expression is typically upregu-
lated by pro-inflammatory cytokines such as TNF-a (Wang & DuBois,
2010). Therefore, COX-2 protein expression in TNF-o stimulated
vascular EA.hy926 cells was used as a representative inflammatory
biomarker to compare the effects of fermented and unfermented
S. platensis (Wang et al., 2026).

As shown in Fig. 3A and B, TNF-a stimulation markedly increased
COX-2 protein level compared with the untreated control, indicating an
inflammatory response. The COX-2 level in cells treated with unfer-
mented S. platensis was comparable to that in the TNF-a-treated group,
indicating that the unfermented sample did not exhibit inhibitory ef-
fects. This observation differs from previous reports, which may be
attributed to differences in extraction methods or sample preparation
(Abu-Taweel et al., 2019). In contrast, fermented S. platensis signifi-
cantly reduced (p < 0.05) COX-2 level compared with both the TNF-
a-treated group and the group treated with TNF-a in combination with
unfermented S. platensis. COX-2 levels in the fermented group were not
significantly different from those in untreated cells, suggesting that
fermentation reduced TNF-a-induced COX-2 expression under the
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Fig. 3. Effects of unfermented and fermented Spirulina platensis on TNF-a-induced inflammation and oxidative stress in EA.hy926 cells. (A) Relative COX-2
expression normalized to GAPDH and expressed as a percentage of the TNF-a-treated group. (B) Representative Western blot analysis of COX-2 and GAPDH. (C)
Intracellular superoxide levels expressed as fold change relative to the TNF-a-treated group. (D) Fluorescence images showing intracellular ROS levels under different
treatments. Statistical significance is indicated as *p < 0.05, **p < 0.01, ***p < 0.001.
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present experimental conditions. This enhancement may be associated
with fermentation-induced changes in bioactive compounds, such as
phenolics, bioactive peptides, or pigments including phycocyanin
(Elbandy, 2023). Consistent with this, previous studies have reported
that lactic acid bacteria fermentation of S. platensis increases the levels of
bioactive compounds and improves its anti-inflammatory properties
(Liu et al., 2011).

TNF-a is also known to induce the production of reactive oxygen
species (ROS) (Vlahopoulos et al., 1999). Therefore, assessing ROS
levels in TNF-a-treated cells provides insight into potential antioxidative
effects of S. platensis (Jahandideh et al., 2016). As shown in Fig. 3C and
D, both unfermented and fermented S. platensis significantly reduced (p
< 0.001) superoxide levels compared with the TNF-a-treated group,
indicating that S. platensis possesses intrinsic antioxidant potential
regardless of fermentation. Previous studies have also demonstrated that
S. platensis extracts exhibit antioxidant activity, which has been attrib-
uted to bioactive compounds such as flavonoids, f-carotene, phyco-
cyanobilin, vitamin A, and a-tocopherol (Hirata et al., 2000; Wang et al.,
2007). Treatment with fermented S. platensis resulted in a significantly
greater reduction in superoxide levels, suggesting that fermentation
further reduced intracellular ROS accumulation compared with the
unfermented sample. This enhancement may be related to metabolic
activities during fermentation that increase the availability or trans-
formation of antioxidant compounds. Consistent with this, previous
studies have shown that fermentation of S. platensis with Lactobacillus
plantarum increased DPPH radical scavenging activity by up to 60% after
24 h (Castro et al., 2019), and similar improvements have been reported
using lactic acid bacteria and Bacillus strains (Aboobacker et al., 2025;
Niccolai et al., 2019).

To assess whether the observed reductions in COX-2 expression and
intracellular ROS accumulation might have been influenced by cytotoxic
effects, the viability of EA.hy926 cells was evaluated under the same
treatment conditions. As shown in Fig. S1, no significant differences in
cell viability were observed among the treatment groups (p > 0.05),
indicating that none of the treatments significantly affected EA.hy926
cell viability under the experimental conditions. These findings support
the interpretation that the observed changes in COX-2 expression and
intracellular ROS accumulation were unlikely to be attributable to dif-
ferences in cell viability.

Overall, fermentation with S. rugosoannulata reduced TNF-a-induced
COX-2 expression and intracellular ROS accumulation in EA.hy926 cells
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compared with unfermented S. platensis. These observations indicate an
improvement in the anti-inflammatory and antioxidant potential of the
fermented product under the present experimental conditions. Since
only one inflammatory marker and one oxidative stress marker were
evaluated, further studies incorporating additional biomarkers and
positive controls are warranted to provide a more comprehensive
assessment of its biological activities. Furthermore, the biological ac-
tivities were compared on an equivalent dry-weight basis, which reflects
the practical use of the final product. Future studies normalizing specific
bioactive components, such as proteins, peptides, or phenolic com-
pounds, would help clarify their individual contributions to the
observed biological effects.

3.4. Effect of fermentation on cytotoxicity

In vitro cytotoxicity assays are commonly used to screen for com-
pounds that may impair basic cellular functions (Tolosa et al., 2015).
The HepG2 cell line is widely recognized as a useful model for early-
stage cytotoxicity evaluation (Westerink & Schoonen, 2007), and the
MTT assay is extensively applied for assessing cell viability (Ghasemi
et al., 2023; Hanelt et al., 1994). In the present study, the cytotoxicity
of digested S. platensis samples before and after fermentation was eval-
uated using HepG2 cells treated with different concentrations of the
digested samples, followed by MTT-based cell viability measurement. As
shown in Fig. 4, cell viability of untreated cells was set at 100%.
Treatment with DMSO alone significantly reduced cell viability, which
may be attributed to the inhibitory effect of high DMSO concentrations
(10%) on HepG2 cell proliferation (Nguyen et al., 2020). Cells treated
with S. platensis samples exhibited viability above 80% across all tested
concentrations, indicating the absence of significant cytotoxicity. These
results are consistent with previous reports showing that S. platensis
extracts do not induce cytotoxic effects in Vero and BJ cell lines, and
only slightly reduce viability in HepG2 cells while remaining above 50%
even at higher concentrations (Santiago-Cruz et al., 2025). Moreover, no
significant differences (p > 0.05) were observed between fermented and
unfermented samples at the same concentrations, suggesting that
fermentation did not adversely affect the cytocompatibility of S. platensis
after in vitro digestion.
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Fig. 4. Schematic diagram of the in vitro simulated digestion process (A) and cell viability of HepG2 cells treated with digested unfermented and fermented Spirulina

platensis (B).
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4. Conclusion

This study established a stable S. rugosoannulata-S. platensis
fermentation system capable of improving the sensory quality of
S. platensis. After 56 h of fermentation, the original musty and fishy
odors were substantially reduced and replaced by fruity and floral notes.
These sensory changes were associated with decreases in several off-
flavor aldehydes and ionones, together with the formation of 1-octen-
3-one, linalool, and branched-chain ethyl esters. Among them, ethyl 2-
methylbutanoate, ethyl 2-methylpropanoate, and ethyl 3-methylbuta-
noate were identified as the major contributors to the fruity aroma of
the fermented product. Precursor supplementation experiments pro-
vided supporting evidence for the proposed involvement of branched-
chain amino acid catabolism via the Ehrlich pathway in the formation
of these esters The differences in ester accumulation among the pre-
cursor groups further suggest that factors beyond precursor availability
may also have affected the final ester levels during fermentation. In
addition, fermentation reduced TNF-a-induced COX-2 expression and
intracellular ROS accumulation in EA.hy926 cells without introducing
significant cytotoxicity. These findings suggest that Basidiomycota
fermentation represents a promising strategy for improving the aroma of
S. platensis while enhancing its anti-inflammatory and antioxidant po-
tential under the present experimental conditions. Future work should
focus on optimizing fermentation conditions and evaluating its appli-
cability in other microalgal substrates and food systems.
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