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Abstract
The increasing global demand for sustainable protein sources calls for innovative 
biotechnological strategies to reduce reliance on animal-derived ingredients. In 
this context, the present study explored Pleurotus ostreatus as a promising fungal 
matrix for food and cellular agriculture applications. The objective was to assess 
its nutritional composition, antioxidant profile, and potential use as a functional 
component in cell culture media. Fungal biomass (FB) obtained through liquid 
submerged fermentation was characterised for its nutritional profile and functional 
activity after in vitro digestion (Infogest 2.0) in comparison with whey (WH) and 
yeast (YT); alternatives already used in food sector. Furthermore, a 100% aqueous 
extract of P. ostreatus (PL) submerged mycelium was tested on murine skeletal 
muscle cells (C2C12), as alternative to animal-origin ingredient in cell culture media, 
to evaluate its effects on viability, morphology, and gene expression. Results showed 
that fungal mycelium exhibited moderate protein content (21.33 ± 0.21 g/100 g), 
high fiber levels (19.05 ± 0.42 g/100 g), and notable antioxidant activity, with 
significantly higher phenolic content than YT. Despite lower digestibility than WH, FB 
demonstrated strong antioxidant potential after digestion, confirming the presence 
of bioactive compounds. In cell-based assays, PL enhanced C2C12 viability and 
proliferation at 48 h, particularly when combined with insulin–transferrin–selenium 
(ITS) and bovine serum albumin (BSA), resulting in improved morphology and 
upregulation of genes related to proliferation and differentiation (Cyclin D1, CDK4, 
MRF4). These findings indicate that FB can act as a sustainable, functional ingredient 
for both food systems and serum-reduced media in cultivated meat production, 
supporting a transition toward more ethical and circular protein production models.
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1  Introduction
The constant growth of the world population and the resulting pressure on food 
resources have highlighted the need to rethink protein production models with a view to 
sustainability and food security. By 2050, the global population will exceed 9 billion, and 
animal protein production, as currently conceived, is incompatible with the objectives 
of reducing environmental impact and mitigating climate change [1]. Consumption pat-
terns reflect significant socio-economic differences: in Asian countries, there has been 
an increase in the consumption of animal products associated with economic growth 
and urbanisation [2], while in Western countries there has been a gradual transition 
towards more sustainable, plant-based diets [3]. This transition has stimulated research 
into alternative protein sources with a reduced ecological footprint [4], including both 
traditional plant-based sources and novel foods obtained from unconventional sources 
or through innovative technologies, with the aim of developing proteins that are highly 
bioavailable, safe and functionally adequate [5].

Alternative sources used in food and nutraceuticals include whey proteins (WH) [6] 
and microbial proteins, including yeasts (YT), which are valued for their high fermenta-
tion yield and balanced composition of essential amino acids [7]. Alongside these, how-
ever, new fungal biomasses are emerging, which are still largely unexplored, including 
fungal mycelia [8].

Fungal mycelia represent a highly promising resource for sustainable protein produc-
tion. Mycelium, the vegetative portion of the fungus, consisting of filamentous hyphae, 
can be cultivated under controlled conditions to obtain a biomass rich in proteins with 
high biological value, essential amino acids, functional polysaccharides (β-glucans and 
chitin), vitamins and bioactive secondary metabolites [9]. In particular, mycelial biomass 
obtained through submerged liquid fermentation (LSF) offers advantages in terms of 
resource efficiency, reduced environmental impact and process standardisation, making 
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it a suitable platform for sustainable biotechnological and food applications [9]. Fur-
thermore, the ability to grow on lignocellulosic substrates allows for the valorisation of 
agro-industrial co-products, promoting production models based on the principles of 
the circular economy. Among edible fungal species, Pleurotus ostreatus stands out for its 
high biological yield, growth efficiency and favourable nutritional profile [8]. These char-
acteristics give to P. ostreatus mycelium a dual value: on the one hand, as an alternative 
protein source for the food and feed industry, and on the other, as a possible functional 
ingredient for the development of sustainable culture media for applications in cellular 
agriculture.

The concept of cellular agriculture describes the production of food, such as meat, 
fish, or milk, from individual cells rather than whole animal organisms, with the aim of 
obtaining products comparable, at the molecular and nutritional levels, to those derived 
from conventional techniques [10]. Within this field, cultivated meat (CM) is undoubt-
edly the best known and most discussed application. Although it is often proposed as 
an ethical, sustainable, and low environmental impact solution, its development on an 
industrial scale remains subject to several unresolved technological and scientific chal-
lenges [11].

One of the main bottlenecks is the culture medium, the nutrient solution that ensures 
cell viability, proliferation and differentiation [12]. Current formulations are largely 
based on components of animal origin, in particular fetal bovine serum (FBS) [13], 
which is characterised by high costs and ethical and sustainability issues [10]. For this 
reason, research is increasingly focusing on identifying alternative or complementary 
ingredients, preferably free of animal-derived components, that can support cell growth 
while ensuring the principles of circular economy and environmental sustainability, in 
line with the European Green Deal and One Health strategies [14, 15, 16].

In this context, P. ostreatus mycelium represents a promising candidate as a sustain-
able source of nutrients and bioactive molecules for the enrichment of cell culture 
media, although experimental evidence is still limited.

Therefore, the aim of this study was to evaluate and corroborate the use of P. osteauts 
fruiting body biomass (FB) as an innovative resource for the food sector and food-tech 
applications. In the first case, in addition to characterizing its nutritional profile, in vitro 
digestion (Infogest 2.0) was performed to determine the digestibility of the dry matter 
and protein fractions, together with its functional profile, including total phenolic con-
tent (TPC) and antioxidant activity, compared to alternative matrices (WH and YT). 
Finally, a 100% aqueous extract of FB (PL) was tested as an ingredient in the culture 
medium for murine muscle cells (C2C12), with the aim of evaluating its ability to sup-
port cell viability and proliferation at 24 and 48 h, thereby contributing to the develop-
ment of innovative substrates for CM production.

2  Materials and methods
2.1  Materials

2.1.1  Samples

Pleurotus ostreatus DEF630 mycelium (FB) (produced as described in “Pleurotus ostrea-
tus isolation and cultivation”). Whey protein (WH) and yeast flakes (YT) (Saccharomy-
ces cerevisiae) were obtained commercially and used as reference matrices.
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2.1.2  Chemicals and reagents

Potato dextrose agar (PDA) and potato dextrose broth (PDB) were purchased from 
Difco (BD, USA). Miracloth, α-amylase (75 U mL⁻¹), pepsin (2000 U mL⁻¹), pancreatic 
enzymes (100 U mL⁻¹), bile salts (10 mM), Folin–Ciocalteu reagent, sodium carbon-
ate (1 M), ABTS (7 mM), potassium persulfate (140 mM), DPPH (0.2 mM), methanol 
(analytical grade), sodium acetate trihydrate, glacial acetic acid, TPTZ (2,4,6-tripyridyl-
s-triazine) (10 mM), ferric chloride hexahydrate (20 mM), were purchased from Sigma-
Aldrich (Milan, Italy) or Sigma Chemical Co. (St. Louis, MO, USA). BCA protein assay 
kit was purchased by Immunological Sciences (Rome, Italy).

2.1.3  Cell line and culture materials

Murine skeletal muscle cell line C2C12 (IZSLER code: BS CL 148, batch n. 3) supplied by 
Istituto Zooprofilattico Sperimentale della Lombardia e dell’Emilia-Romagna (IZSLER, 
Brescia, Italy).

Dulbecco’s Modified Eagle Medium (DMEM, high glucose), l-glutamine (2 mM), 
trypan blue, MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] 
and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich (Milan, Italy). 
Fetal bovine serum (FBS), Penicillin-streptomycin, Insulin-Transferrin-Selenium (ITS), 
Bovine serum albumin (BSA), trypsin-EDTA (1×), phosphate-buffered saline (PBS) 
where purchased from Immunological Sciences (Rome, Italy).

2.2  Methods

2.2.1  Pleurotus ostreatus isolation and cultivation 

Carpophores of Pleurotus ostreatus DEF630 naturally growing on an aspen tree were 
collected in a forest in Brescia province, north-west Italy (45°32′58.2″N, 10°17′07.8″E); 
only the fruiting body was sampled, and no plant material was taken. The fungus was 
isolated on PDA, morphologically characterized, and maintained in the collection of the 
Plant Pathology Laboratory, University of Milan, Italy. The fungus was cultured in 250 
mL of PDB. Inoculation was carried out using a mycelial slurry, prepared by homogeniz-
ing a fully grown culture on a 9 cm diameter PDA plate with 50 mL of sterile deionized 
water in a blender. Subsequently, 2 mL of this slurry were used to inoculate the liquid 
medium, which was then incubated in the dark under continuous shaking (230 rpm) at 
24 °C for 15 days. Following incubation, the culture was filtered through Miracloth. The 
mycelium was freeze-dried to preserve its bioactive components and facilitate subse-
quent experimental handling.

2.2.2  Nutritional profile

The samples were analyzed using standardized official methods to determine their con-
tent of dry matter (DM), ash, crude protein (CP), crude fiber (CF), and ether extract 
(EE). For DM determination only, fresh FB mycelium was used; all other analyses were 
performed on freeze-dried sample. DM was determined by oven-drying at 135  °C 
for 2  h, following AOAC 930.15 (2023). Crude protein was quantified using the Kjel-
dahl method (AOAC 2001.11, 2023), while ash content was measured by incineration 
at 550 °C according to AOAC 942.05 (2023). Crude fibre was assessed using the AOCS 
[17] Ba 6a-05 method, which involves sequential acid and alkaline digestion. The lipid 
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content was measured using ethyl ether in a Soxtec extractor (VELP Scientifica Srl, 
Usmate, Italy) [18].

2.2.3  In vitro digestion

In vitro digestion (Infogest 2.0) was conducted to simulate the oral, gastric, and intes-
tinal phases, following the protocols of Minekus et al. [19] and Brodkorb et al. [20]. All 
enzymes and reagents were obtained from Sigma Chemical Co. (St. Louis, MO, USA). 
Simulated digestive fluids for the oral (SSF), gastric (SGF), and intestinal (SIF) phases 
were prepared according to the formulations described by Brodkorb et al. [20].

For the oral phase, 0.5 ± 0.05 g of each ground sample was suspended in SSF and incu-
bated at 37  °C for 2 min with α-amylase (75 U mL⁻¹, pH 7.0) under constant stirring. 
The mixture was then combined with SGF containing pepsin (2000 U mL⁻¹, pH 3.0) and 
incubated at 37 °C for 2 h under agitation to mimic gastric digestion. The resulting gas-
tric fraction was subsequently diluted with SIF and treated with bile salts (10 mM, pH 
7.0) and pancreatic enzymes (100 U mL⁻¹, pH 7.0) for 2 h at 37 °C under continuous stir-
ring to replicate intestinal digestion.

At the end of the intestinal phase, aliquots (2 mL) of the supernatant, corresponding to 
the digested fraction, were collected for the determination of TPC and antioxidant activ-
ity, as described below.

In parallel, the undigested fraction (UF) was recovered to assess DM and CP digestibil-
ity. In particular, the UF was collected using a porcelain funnel fitted with pre-weighed 
Whatman 54 filter paper (Florham Park, NJ, USA), and the retained material together 
with the filter paper was dried at 65 °C overnight, following the procedure of Regmi et al. 
[21]. Digestibility values were then calculated using the following equation:

DM Digestibility(%) =
(

1 − UF

W0

)
× 100

where W0: Sample weight before digestion.
After determining DM digestibility, the filter was recovered and used to quantify the 

CP content by the Kjeldahl method (AOAC 2001.11). The calculation of CP digestibility 
was performed according to the following equation:

CP digestibility (%) =
(

1 − UFP

CP

)
× 100

where UFP: Undigested fraction protein content.

2.2.4  Functional activity
2.2.4.1  Total phenolic content  Total phenolic content was determined following the 
method of Attard [22]. The Folin–Ciocalteu (FC) reagent was diluted 1:10 with distilled 
water, and a 1 M sodium carbonate (Na₂CO₃) solution was prepared. 100 µL of sample 
were mixed in a cuvette with 500 µL of diluted FC reagent and 400 µL of Na₂CO₃, and 
the mixture was incubated for 20 min at room temperature (RT) in the dark. Absorbance 
was then measured at 630 nm using a spectrophotometer (BioTek Synergy HTX, Agilent 
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Technologies, Italy). Results were expressed as mg of tannic acid equivalents (TAE) per 
100 g of sample. All analyses were carried out in triplicate.

2.2.4.2  ABTS assay  The antioxidant capacity was assessed using the 2′-azinobis-(3-eth-
ylbenzothiazoline-6-sulfonic acid) (ABTS) assay, according to Re et al. [23], with modi-
fications as reported by Lanzoni et al. [24]. Briefly, a 7.0 mM ABTS solution was reacted 
with 140 mM potassium persulfate in distilled water to generate the ABTS radical cation 
(ABTS•+), which was allowed to stand in the dark at RT for 16 h. The resulting ABTS•+ 
solution was diluted with ethanol until reaching an absorbance of 0.700 ± 0.02 at 734 nm. 
For the assay, 20 µL of sample was added to 2 mL of the ABTS•+ working solution, incu-
bated in the dark at RT for 6 min, and the decrease in absorbance was recorded at 734 nm 
using a spectrophotometer (BioTek Synergy HTX, Agilent Technologies, Italy). Results 
were expressed as mg Trolox equivalent (TE)/100 g.

2.2.4.3  DPPH assay  The 1,1-diphenyl-2-picrylhydrazyl (DPPH) assay was performed 
following Prieto [25] to evaluate the antioxidant activity of the samples by measuring 
their free radical scavenging capacity. A 0.2 mM DPPH solution was prepared in metha-
nol. Samples were mixed with the DPPH solution in a 1:1 ratio in a 96-well plate and incu-
bated in the dark at RT for 30 min. Absorbance was measured at 515 nm using a spectro-
photometer (BioTek Synergy HTX, Agilent Technologies, Italy). Results were expressed 
as mg TE/100 g.

2.2.4.4  FRAP assay  The Ferric-Reducing Antioxidant Power (FRAP) assay was per-
formed following Abdelaleem and Elbassiony [26], with modifications described by Lan-
zoni et al. [24]. A 300 mM acetate buffer (pH 3.6) was prepared by dissolving 2.69 g of 
sodium acetate trihydrate in 16 mL of glacial acetic acid and bringing the volume to 1 L 
with distilled water. A 10 mM TPTZ solution was prepared in 40 mM HCl, and a 20 mM 
ferric chloride hexahydrate solution was prepared in distilled water. The FRAP working 
reagent was freshly prepared by mixing these solutions with the acetate buffer. For the 
assay, 300 µL of FRAP reagent was combined with 10 µL of each sample, incubated in the 
dark at RT for 20 min, and absorbance was recorded at 595 nm using a spectrophotom-
eter (BioTek Synergy HTX, Agilent Technologies, Italy). Results were expressed as mg 
ascorbic acid equivalents (AAE) per 100 g of sample.

2.2.5  Assessment of cellular response to Pleurotus ostreatus extract
2.2.5.1  H2O extraction  To evaluate the effect of FB on cells, an aqueous extraction was 
performed to recover water-soluble bioactive compounds. Briefly, 0.5 ± 0.05 g of FB were 
accurately weighed and mixed with 10 mL of distilled H₂O using a vortex mixer. The 
suspensions were centrifuged at 5000  rpm for 15  min, and the resulting supernatants 
were collected. Aliquots of the different extracts (PL, WH, YT) were immediately stored 
at − 20 °C for the determination of TPC and antioxidant activity, as previously described. 
All extractions were carried out in triplicate (n = 3).

The extract was considered to have a biomass-equivalent concentration of 50 mg/mL, 
based on the initial dry sample weight prior to extraction. The protein content of the 
aqueous PL extract was quantified using the bicinchoninic acid (BCA) assay.
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2.2.5.2  Cell viability and proliferation  The murine skeletal muscle cell line C2C12 was 
selected as a model of skeletal myocytes due to its well-characterized growth, differentia-
tion potential and widespread use in studies of nutrient and bioactive compound effects 
on muscle cell proliferation and viability. The murine skeletal muscle cell line C2C12 was 
cultured in 75 cm² flasks for 16–17 passages in complete growth medium (GM). The GM 
consisted of high-glucose DMEM supplemented with 10% FBS, 1% penicillin-streptomy-
cin and 1% L-glutamine. Cells were subcultured at approximately 70% confluence using 
5 mL of trypsin-EDTA, and viable cells were counted using the trypan blue exclusion 
method with a hemocytometer.

After trypsinization, cells were seeded into 96-well plates at a density of 1.5 × 10⁵ cells/
mL in GM. Following 24 h of incubation at 37 °C in a humidified atmosphere with 5% 
CO₂, the complete GM was removed and replaced with GM without FBS containing dif-
ferent concentrations of aqueous PL extract (3.13, 1.56, 0.78, 0.39, 0.20, 0.10, 0.05, and 
0.02 mg/mL). The concentrations expressed in mg/mL refer to the amount of initial dry 
material used for extraction and do not correspond to the actual concentration of bioac-
tive compounds present in the final extract. Appropriate negative (0% FBS) and positive 
(10% FBS) controls were included. Cells were incubated for an additional 24 and 48 h, 
and viability was assessed using the MTT assay, as described by Sundaram et al. [27].

Specifically, after the treatment period, the medium was replaced with 100 µL of 
MTT solution (0.25  mg/mL in 1× PBS) and incubated for 2  h. The supernatant was 
then removed, and the resulting formazan crystals were dissolved in an equal volume 
of DMSO. Absorbance was measured at 570 nm using a microplate reader to determine 
cell viability. The obtained values were normalized to the negative control (cells cultured 
in GM without FBS).

The MTT assay was subsequently repeated using the two most effective PL concentra-
tions and, in parallel, evaluating PL in combination with ITS and BSA together with the 
corresponding controls.

2.2.5.3  Cell morphology  Cell morphology was assessed during the proliferation stage 
(day 2) using an inverted light microscope equipped with a 10× objective lens (Optika, 
Bergamo, Italy). C2C12 cells were seeded in 6-well plates at a density of 1.5 × 10⁵ cells/
mL in GM, with a working volume of 3 mL per well. After 24 h of incubation, cells were 
exposed to the different experimental conditions described in Supplementary Tables 1 
and subsequently incubated for 48 h at 37 °C in a humidified atmosphere containing 5% 
CO₂. As reported in Supplementary Table 1, two PL concentrations were investigated 
based on their higher performance during the 48 h proliferation period. In parallel, ITS 
and BSA were included among the treatments, given their well-established positive role 
in supporting cellular metabolism [13, 28, 29]. Finally, different combinations of PL, ITS, 
and BSA were tested. At the end of the treatment, cells were washed twice with 1 mL of 
1× PBS. For each treatment group, four microscopic fields were examined, and the most 
representative images were selected and presented in the Results section.

2.2.5.4  RT-qPCR  For quantitative reverse transcription polymerase chain reaction (RT-
qPCR), cells were treated following the same procedure as for the morphological study. 
After the final PBS washes, cells were stored at − 80 °C until further processing. Total RNA 
was extracted and purified from each well using the GenElute™ Mammalian Total RNA 
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Miniprep Kit (Sigma-Aldrich, Milan, Italy), according to the manufacturer’s instructions. 
RNA was isolated from C2C12 cells seeded at 1.5 × 10⁵ cells per well in 6-well plates. RNA 
concentration and purity were assessed using a Nanodrop spectrophotometer (BioTek 
Synergy HTX Multimode Reader). Approximately 200 ng of total RNA were reverse tran-
scribed into complementary DNA (cDNA) using the SensiFAST cDNA Synthesis Kit 
(Meridian Bioscience). The reverse transcription reaction was carried out on a T100™ 
thermal cycler (Bio-Rad) under the following conditions: 25 °C for 10 min (annealing), 
42 °C for 15 min (reverse transcription), and 85 °C for 5 min (enzyme inactivation).

Quantitative PCR was performed using 1:4 diluted cDNA and the 2X SYBR Green Fast 
qPCR High ROX Mix (Fisher Molecular Biology), following the manufacturer’s proto-
col. Reactions were run on a 7300 Real-Time PCR System (Applied Biosystems) with the 
cycling conditions: 95 °C for 3 min (initial denaturation), followed by 40 cycles of 95 °C 
for 5 s and 60 °C for 31 s (annealing/extension), and a subsequent melt curve analysis. 
Relative gene expression was calculated using the 2⁻ΔΔCt method and normalized to 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene. Primer sequences are 
reported in Table 1.

3  Statistical analysis
All data were analyzed using one-way ANOVA followed by Tukey’s multiple comparison 
test, performed with GraphPad Prism version 9.3.1 (GraphPad Software Inc., San Diego, 
CA, USA). Results are expressed as mean ± standard error of the mean (SEM) from at 
least three independent experiments. Differences were considered statistically signifi-
cant at a 95% confidence (p < 0.05).

4  Results
4.1  Evaluation of nutritional profile

Table 2 shows the nutritional profile of FB compared to that of WH and YT.
As observed, FB showed a significantly lower DM content (10.79 ± 0.42  g/100 g, 

p < 0.05) than WH (92.61 ± 0.01 g/100 g) and YT (94.84 ± 0.03 g/100 g), between which 
no significant differences emerged. At the same time, CP content was significantly 
higher in WH (78.80 ± 0.18 g/100 g) than in YT (46.59 ± 0.43 g/100 g), with both values 
higher than that of PL (21.33 ± 0.21  g/100  g). An opposite trend was recorded for ash 
content: FB (4.93 ± 1.36 g/100 g) showed values comparable to WH (2.54 ± 0.22 g/100 g), 
both significantly lower than YT (6.61 ± 0.15 g/100 g). None of the matrices showed an 
appreciable EE content. A similar behaviour was observed for CF, except for FB, which 
showed a content of 19.05 ± 0.42 g/100 g.

Table 1  Forward (F) and reverse (R) primer sequences of Cyclin D1, CDK4, MRF4 and GAPDH gene
Gene Primer sequence
GAPDH F-GTGTTCCTACCCCCAATGTG

R-AGGAGACAACCTGGTCCTCA

Cyclin D1 F-TAGGCCCTCAGCCTCACTC

R-CCACCCCTGGGATAAAGCAC

CDK4 F-AGTTTCTAAGCGGCCTGGAT

R-AACTTCAGGAGCTCGGTACC

MRF4 F-ATTCTTGAGGGTGCGGATTTCCTG
R-AAGACTGCTGGAGGCTGAGGCATC

CDK4: Cyclin-Dependent Kinase; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; MRF4: Myogenic regulatory factor 
4
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The digestibility values of DM and CP confirmed the nutritional profile described 
above. WH showed significantly higher digestibility values (p < 0.05) for DM 
(96.48 ± 1.42%) and CP (98.38 ± 0.31%), compared to PL (69.35 ± 1.36%; 81.71 ± 0.40%, 
respectively for DM and CP digestibility) and YT (67.97 ± 3.08%; 73.83 ± 3.09%, respec-
tively for DM and CP digestibility). No significative difference emerged between PL and 
YT.

4.2  Evaluation of total phenolic content and antioxidant activity after in vitro digestion

As previously described, at the end of in vitro digestion, representative aliquots of the 
samples were taken to determine the TPC and antioxidant activity (Fig.  1). The TPC 
(Fig. 1a) showed significantly higher values for FB (325.03 ± 4.12 mg TAE/100 g) than for 
YT (266.69 ± 2.94 mg TAE/100 g) (p < 0.05). The TPC of WH was not determined due to 
interference between the nature of the sample and the method of analysis.

A similar trend was observed for antioxidant activity determined by the DPPH method 
(Fig. 1c), in which FB (515.28 ± 59.90 mg TE/100 g) showed significantly higher values 
(p < 0.05) than WH (93.62 ± 10.26  mg TE/100  g) and YT (57.51 ± 14.19  mg TE/100  g). 
Conversely, the results obtained using the ABTS and FRAP assays showed different 
trends.

In the ABTS test (Fig.  1b), YT (558.66 ± 19.72  mg TE/100  g) showed significantly 
higher values (p < 0.05) than WH (404.08 ± 40.45 mg TE/100 g), which in turn was sig-
nificantly higher than PL (243.97 ± 18.03  mg TE/100  g). A partially similar trend was 
observed in the FRAP assay (Fig. 1d), in which YT (94.48 mg AAE/100 g) reported sig-
nificantly (p < 0.05) higher values than FB (58.49 ± 2.39 mg AAE/100 g), while the latter 
showed significantly higher values than WH (41.39 ± 1.52 mg AAE/100 g).

Table 2  Chemical composition (nutritional profile), dry matter (DM) and crude protein (CP) 
digestibility of Pleurotus ostreatus biomass (FB) whey (WH) and yeast (YT)
Sample DM

(g/100 g)
CP
(g/100 g DM)

Ashes
(g/100 g DM)

CF
(g/100 g DM)

DM digestibility (%) CP digestibility
(%)

FB 10.79 ± 0.42a 21.33 ± 0.21a 4.93 ± 1.36a 19.05 ± 0.42 69.35 ± 1.36a 81.71 ± 0.40a

WH 92.61 ± 0.01b 78.80 ± 0.18b 2.54 ± 0.22a – 96.48 ± 1.42b 98.38 ± 0.31b

YT 94.84 ± 0.03b 46.59 ± 0.43c 6.61 ± 0.15b – 67.97 ± 3.08a 73.83 ± 3.09a

Results are expressed in g/100  g on DM for chemical composition and in % for digestibility. Data are presented as 
mean ± standard error of mean (SEM). (n = 3). Different superscript letters in columns indicate statistically significant 
differences (p < 0.05). CF: Crude fibre

Fig. 1  Total phenolic content (TPC) (a) and antioxidant activity [ABTS (b), DPPH (c) and FRAP (d)] of Pleurotus 
ostreatus biomass (FB), whey (WH) and yeast (YT) after in vitro digestion. TAE: tannic acid equivalent; TE: Trolox 
equivalent; AAE: ascorbic acid equivalent. Data are presented as mean ± standard error of mean (SEM). (n = 3). Dif-
ferent superscript letters in column indicate statistically significant differences (p < 0.05)

 



Page 10 of 21Petrosillo et al. Discover Food           (2026) 6:171 

4.3  Assessment of cellular response to Pleurotus ostreatus extract

To evaluate the effects of PL on C2C12 muscle cells, a 100% green H₂O extraction was 
performed to obtain a water-soluble FB fraction for use as a functional medium sup-
plement. As shown in Fig. 2, PL exhibited an interesting functional profile, even when 
compared to the reference matrices WH and YT. Following aqueous extraction, PL 
showed a TPC of 350.83 ± 2.95  mg TAE/100  g, significantly higher (p < 0.05) than YT 
(104.56 ± 1.22  mg TAE/100  g) (Fig.  2a). Again, for WH, due to interference with the 
assay, the TPC was not determined.

A similar trend was partially confirmed by the antioxidant activity measured using the 
ABTS assay (Fig. 2b), in which PL and YT showed comparable values (200.84 ± 3.96 mg 
TE/100 g and 231.64 ± 4.92 mg TE/100 g), while no positive value was recorded for WH.

The results of the DPPH (Fig. 2c) and FRAP (Fig. 2d) assays confirmed the same trend. 
PL showed significantly higher values (p < 0.05) in both cases (152.05 ± 7.60 mg TE/100 g 
for DPPH and 48.09 ± 2.40 mg AAE/100 g for FRAP) compared to WH (63.92 ± 5.51 mg 
TE/100 g; 25.94 ± 1.40 mg AAE/100 g) and YT (45.30 ± 4.45 mg TE/100 g; 31.18 ± 2.63 mg 
AAE/100  g). No significant differences were observed between WH and YT in both 
assays.

The soluble protein content of the aqueous PL extract was quantified by the BCA assay 
and resulted in 4.85 ± 0.08 mg/mL, reflecting the partial recovery of water-soluble pro-
teins from the starting biomass. Following aqueous extraction, different concentrations 
of PL (from 3.13 to 0.02 mg/mL) were tested as a supplement of the culture medium for 
24 h (Fig. 3a) and 48 h (Fig. 3b). After 24 h, none of the concentrations tested resulted 
in an increase in cell viability compared to the negative control (0% FBS), showing sig-
nificantly lower values (p < 0.05) than the positive control with 10% FBS (163.39 ± 9.82%). 
However, after 48  h (Fig.  3b), although all PL concentrations remained significantly 

Fig. 3  Effect of Pleurotus ostreatus aqueous extract (PL) on cell viability tested using the MTT method after 24 h 
(a) and 48 h (b). Values are expressed as % and normalised to the 0% FBS (fetal bovine serum) control. Different 
superscript letters in columns indicate statistically significant differences (p < 0.05)

 

Fig. 2  Total phenolic content (TPC) (a) and antioxidant activity [ABTS (b), DPPH (c) and FRAP (d)] of Pleurotus 
ostreatus (PL), whey (WH) and yeast (YT) after extraction with 100% H2O. TAE: tannic acid equivalent; TE: Trolox 
equivalent; AAE: ascorbic acid equivalent. Data are presented as mean ± standard error of mean (SEM). (n = 3). Dif-
ferent superscript letters in column indicate statistically significant differences (p < 0.05)
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lower (p < 0.05) than 10% FBS (185.89 ± 3.82%), a significant increase in cell viability 
(p < 0.05) was observed compared to the serum-free control (0% FBS).

Considering the results presented in Fig. 3, concentrations of 0.78 mg/mL (PL1) and 
0.10 mg/mL (PL2), which showed the highest absolute values compared to the other con-
centrations tested, were selected for follow-up experiments. The MTT assay was subse-
quently repeated using PL1 and PL2 and testing PL in combination with 1% ITS and 1% 
BSA, including the corresponding controls (Fig. 4). These conditions were then selected 
for further morphological and molecular analyses, illustrated in Figs.  5 and 6, respec-
tively. As indicated in Supplementary Table 1, treatments with 1% ITS and 1% BSA were 
also included to allow for more accurate and appropriate comparisons between the dif-
ferent experimental conditions.

After 24  h (Fig.  4a), both PL1 + ITS + BSA and PL2 + ITS + BSA showed increase in 
cell viability compared to the negative control (0% FBS), while remaining significantly 
lower (p < 0.05) than the positive control (10% FBS; 189.80 ± 10.40%). After 48 h (Fig. 4b), 
PL1 + ITS + BSA and PL2 + ITS + BSA remained significantly lower (p < 0.05) than 10% 

Fig. 5  Morphology of C2C12 cells cultured in media supplemented with Pleurotus ostreatus aqueous extract 
[PL1 (0.78 mg/mL) and PL2 (0.10 mg/mL)], Fetal Bovine Serum (0% and 10% FBS), 1% Insulin-Transferrin-Selenium 
(ITS), 1% Bovine serum albumin (BSA), PL1 + ITS + BSA and PL2 + ITS + BSA after 48 h. Images were acquired at 10× 
magnification

 

Fig. 4  Effect of Pleurotus ostreatus aqueous extract [PL1 (0.78 mg/mL) and PL2 (0.10 mg/mL)], Fetal Bovine Serum 
(0% and 10% FBS), 1% Insulin-Transferrin-Selenium (ITS), 1% Bovine serum albumin (BSA), PL1 + ITS + BSA and 
PL2 + ITS + BSA on cell viability tested using the MTT method after 24 h (a) and 48 h (b). Values are expressed as % 
and normalised to the 0% FBS (fetal bovine serum) control. Different superscript letters in columns indicate statisti-
cally significant differences (p < 0.05)
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FBS (171.50 ± 2.50%), but PL2 + ITS + BSA showed a significant increase in cell viability 
(p < 0.05) compared to the serum-free control (0% FBS). In contrast, PL1 + ITS + BSA did 
not differ significantly from the negative control.

After 48  h of cultivation, the morphology and cell density of C2C12 murine cells 
showed marked differences depending on the supplement used in the culture medium. 
In the serum-free control (0% FBS), the cells showed poor adhesion and reduced prolif-
eration, with large intercellular spaces. In the positive control (10% FBS), on the other 
hand, the cells showed high confluence, regular organization and a typically fusiform 
morphology, characteristics of an active proliferative state. Cells treated with ITS or BSA 
showed moderate proliferative activity. Treatment with ITS supported the cell growth, 
with a more compact morphology than the negative control, while BSA resulted in slight 
adhesion but a lower overall number of cells. Treatment with PL1 and PL2, derived from 
aqueous extraction, resulted in intermediate behaviour: the cells showed greater adhe-
sion than the serum-free control, but still reduced confluence and heterogeneous mor-
phology, with isolated or weakly connected cells. However, the combined addition of ITS 
and BSA to fractions PL1 and PL2 resulted in a marked improvement in cell proliferation 
and morphology. In particular, in the PL1 + ITS + BSA and especially PL2 + ITS + BSA 
treatments, the cells appeared more uniformly distributed, with high adhesion and regu-
lar morphology, comparable to that observed in the 10% FBS control.

To confirm the morphological results, an analysis of the gene expression of the main 
genes involved in cell proliferation was conducted, as shown in Fig.  6 and detailed in 
Supplementary Table 2. The results showed different trends depending on the gene con-
sidered. For CDK4 (Fig. 6b), the negative control (0% FBS) showed significantly lower 
expression levels (p < 0.05) than the positive control (10% FBS), which in turn was sig-
nificantly lower than all other treatments. In contrast, for Cyclin D1, treatment with 
10% FBS showed high expression values, highly comparable to those obtained with ITS, 
PL2, PL1 + ITS + BSA and PL2 + ITS + BSA. This trend was also partially confirmed by 
the expression of the MRF4 gene. Specifically, PL2 was significantly higher (p < 0.05) 
than PL1 and highly comparable to 10% FBS. Supplementing the culture medium with 
ITS + BSA in combination with PL1 resulted in a significant increase in MRF4 expres-
sion, reaching values highly comparable to PL2 + ITS + BSA. Once again, BSA alone was 
unable to stimulate MRF4 expression, and the same result was observed for ITS, sug-
gesting that both exert a positive effect only in combination with other components of 
the medium.

Fig. 6  Gene expression of Cyclin D1 (a), Cyclin-Dependent Kinase 4 (CDK4) (b) and Myogenic regulatory factor 
4 (MRF4) (c) in C2C12 cells after 48 h of treatment. Results are expressed as fold-change relative to the negative 
control (0% FBS) and presented as mean ± SEM. FBS: Fetal Bovine Serum; ITS: Insulin-Transferrin-Selenium; BSA: 
Bovine Serum Albumin; PL1: 0.78 mg/mL of Pleurotus ostreatus; PL2: 0.10 mg/mL of Pleurotus ostreatus. Different 
superscript letters in columns indicate statistically significant differences (p < 0.05)
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5  Discussion
5.1  Evaluation of nutritional profile

The growing attention toward more sustainable, ethical, and environmentally compatible 
dietary models—aligned with current environmental, economic, and social challenges—
has stimulated a profound reconsideration of traditional sources of nutrients and bio-
functional ingredients [1]. The need to reduce dependence on animal-derived resources, 
while ensuring an adequate and safe protein intake for consumers, has directed research 
toward the development of alternative high–biological-value protein sources [4]. In this 
context, edible fungi represent a category of biomass of biotechnological interest due 
to their balanced nutritional profile and abundance of bioactive compounds with well-
documented antioxidant, immunomodulatory, and protective activities [8]. Among the 
most extensively studied species, Pleurotus ostreatus stands out as a model of sustain-
ability and applicative versatility: it is characterized by a rapid growth cycle, can be cul-
tivated on lignocellulosic waste substrates, and does not exhibit relevant toxic factors 
[8]. A particularly promising aspect concerns the use of fungal mycelium—the vegetative 
portion of the organism—which consists of a network of filamentous hyphae capable, 
when grown under controlled conditions, of generating a biomass rich in high-quality 
proteins, essential amino acids, functional polysaccharides (such as β-glucans and chi-
tin), vitamins, and numerous bioactive secondary metabolites [9]. This combination 
of nutritional and functional attributes makes P. ostreatus mycelium (FB) a promising 
resource for the development of innovative and sustainable ingredients, potentially 
applicable not only in the food sector but also in advanced biotechnological fields such 
as the formulation of culture media for complex cellular systems.

The nutritional analysis conducted in the present study confirmed that the FB exhibits 
a distinctive compositional profile compared to YT and WH, characterized by a lower 
content of dry matter (DM) and crude protein (CP), but a significantly higher proportion 
of crude fiber (Table 2).

Specifically, the protein content observed for FB is consistent with previous reports: 
Koutrotsios et al. [30] and Aguilar-Rivera and De Jesús-Marales [31] described CP val-
ues ranging from 20 to 23% and 15.81–21.25%. However, it is essential to emphasize that 
these values are strongly influenced by the type of substrate and cultivation conditions 
used for mycelial growth, a factor capable of substantially modulating both production 
yield and final nutritional profile [32]. Although not directly investigated in the pres-
ent work, the literature indicates that the protein fraction of FB is characterized by high 
biological quality, owing to a balanced amino acid profile and a significant content of 
essential amino acids such as lysine, leucine, and valine — often limiting in plant-derived 
proteins [8]. These characteristics make this biomass particularly interesting in the con-
text of developing sustainable protein ingredients with high biological value.

The ash content of FB (4.93 ± 1.36%) was found to be slightly lower than the range 
reported by Aguilar-Rivera and De Jesús-Marales [31] , who described values between 
5.81% and 8.3%. From a mineral perspective, FB confirms itself as a valuable source of 
macro- and microelements: the high levels of potassium and phosphorus, together with 
appreciable amounts of magnesium, iron, zinc, copper, and selenium, give the biomass a 
balanced and nutritionally interesting mineral profile [8]. At the same time, FB showed 
a crude fiber content of 19.05 ± 0.42%, reflecting the complex architecture of the fun-
gal cell wall, which is mainly composed of chitin, β-glucans, and mannoproteins. These 
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structural components provide mechanical rigidity and protection but may also limit the 
bioavailability of intracellular nutrients [33].

However, the presence of these polysaccharides imparts important functional proper-
ties to FB: β-glucans and chitin, being non-digestible fibers, improve intestinal function-
ality, modulate lipid and carbohydrate metabolism, reduce cholesterol absorption, and 
attenuate postprandial glycemic response [34]. Moreover, chitin and its derivatives, such 
as chitosan, possess film-forming and antimicrobial properties with potential nutra-
ceutical and preservative applications, while β-glucans exert immunomodulatory and 
anti-inflammatory effects through interaction with specific cellular receptors, thereby 
stimulating the innate immune response [35].

Despite its high fiber content, FB exhibited an overall digestibility of 69.35 ± 1.36%, 
a value closely comparable to that of YT (67.97 ± 3.08%). In the latter case, the absence 
of fiber but the presence of a higher mineral fraction may have partially limited nutri-
ent availability. Although these values are lower than those observed for WH—a refer-
ence matrix well known for its high digestibility and nutritional quality [36]—they are 
particularly significant in the context of non-animal protein alternatives. Current plant-
based formulations used in the production of meat analogues are primarily derived from 
oilseed matrices, such as flaxseed, which are characterized by lower digestibility [24], or 
from hemp-based products that, as reported by Shaghaghian et al. [37], can enhance the 
biological value of plant-based foods, especially after targeted processing or isolation of 
the protein fraction. In this context, the digestibility of FB is comparable to that reported 
by Lanzoni et al. [24] (65.5 ± 0.67%), highlighting the potential of FB as an alternative 
ingredient with high bioavailability. Finally, the protein digestibility of FB showed higher 
values compared to YT, suggesting a greater availability of the protein fraction and the 
possible formation of bioactive peptides during digestion. These peptides may exert ben-
eficial effects on the organism, such as antioxidant, hypocholesterolemic, and immuno-
modulatory activities, outlining an additional added value for the use of FB in functional 
and sustainable food formulations [8].

5.2  Evaluation of total phenolic content and antioxidant activity after in vitro digestion

Figure 2a shows the TPC values obtained after the in vitro digestion process. As previ-
ously mentioned, values for WH are not reported due to the high content of aromatic 
amino acids, which can interfere with the accurate measurement of the assay [38]. Future 
work will include chromatographic profiling (HPLC-DAD and/or LC–MS) to separate 
and quantify individual phenolic compounds and minimize matrix-related interferences.

The simulated in vitro digestion provided significant information on the stability 
and bioavailability of phenolic compounds in FB, which were higher compared to YT. 
This behaviour is likely related to the fibrous component of the matrix. As reported by 
Angulo-Lopez et al. [39], phenolic compounds are largely bound to the dietary fiber of 
the cell wall through hydrophobic aromatic rings and hydrophilic hydroxyl groups. This 
interaction, mediated by ionic, covalent, or hydrogen bonds, is a key feature in defining 
“antioxidant dietary fibers”, allowing the benefits of antioxidant compounds to be associ-
ated with fiber properties.

The interaction between polyphenols and dietary fiber regulates the release of bio-
active compounds from their matrices and their subsequent availability along the gas-
trointestinal tract. It is therefore plausible that both free phenolic compounds and 
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those bound to macromolecules in the FB are progressively released during digestion. 
Although the oral phase contributes only marginally to phenol availability due to its 
short duration, the gastric phase, under acidic conditions, facilitates the breakdown of 
the polysaccharide fraction and the release of phenols. These compounds, while under-
going structural modifications during the intestinal phase [24, 40, 41], maintain high 
antioxidant activity, as shown in Fig. 2a.

The free form of these compounds increases their solubility and effectiveness as radi-
cal scavengers, explaining the observed enhancement of antioxidant activity in post-
digestive assays [42].

The comparison of antioxidant activity among the three matrices revealed distinct 
trends depending on the assay employed. As expected, WH and YT, both well-docu-
mented for their strong antioxidant potential due to the presence of bioactive peptides, 
reducing amino acids, and redox cofactors [36, 43], exhibited marked radical-scavenging 
capacity. Nevertheless, FB, although still relatively underexplored in this context, dem-
onstrated a noteworthy antioxidant activity, highlighting its potential as a natural source 
of redox-active compounds (Fig. 2b–d). A high response in the DPPH assay indicates the 
presence of lipophilic molecules capable of donating hydrogen, such as tocopherols and 
sterol derivatives, whereas consistent values in the FRAP and ABTS assays suggest the 
presence of water-soluble compounds with reducing or metal-chelating capacity toward 
Fe²⁺ and Cu²⁺ ions [44]. These findings confirm the complexity of the antioxidant system 
in PL, where compounds of different polarity and mechanisms of action coexist [45]. 
Moreover, FB contains a functional protein fraction whose hydrolysis generates pep-
tides with high biological value and antioxidant activity [45]. These peptide fragments 
neutralize free radicals, chelate pro-oxidant metal ions, and inhibit lipid peroxidation. 
Low-molecular-weight peptides derived from fungal proteins exhibit antioxidant activ-
ity comparable to or greater than that of free phenols, suggesting a functional synergy 
between these two classes of compounds [42, 45]. These findings are further supported 
by de Carvalho Cavenaghi et al. [46], who highlighted not only the importance of FB 
as an antioxidant matrix but also the high stability of peptides during gastrointestinal 
digestion.

Post-digestive antioxidant activity results from the combination of intrinsic phenols 
and metabolites generated by protein hydrolysis, including peptides, free amino acids, 
and products of reductive oxidation. This synergy enhances the overall protective effect 
of the fungal matrix, demonstrating that digestion does not reduce but rather reshapes 
the total antioxidant potential.

A key aspect to highlight is that the antioxidant activity, as well as the nutritional pro-
file of the matrix, can be modulated depending on the growth substrate used [32]. This 
approach has also been demonstrated in previous studies on different microbial pro-
teins, such as microalgae [47]. The authors showed that the addition of trace elements to 
the culture medium can increase both TPC and antioxidant activity. This strategy allows 
the optimization of the fungal matrix properties, providing the opportunity to design 
final products with tailored bioactive features, suitable for specific nutritional or func-
tional requirements of consumers.
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5.3  Assessment of cellular response to Pleurotus ostreatus

In recent years, scientific research has devoted increasing attention to nutraceuti-
cal products and formulations, whose efficacy is strongly influenced by the extraction 
method employed [47]. Among the various techniques available, solvent-based extrac-
tions remain one of the most widely used strategies, due to their rapid execution and 
cost-effectiveness [48]. As highlighted by Rotta et al. [48], the efficiency of an extraction 
process largely depends on the nature of the solvent, since its polarity and physicochem-
ical properties determine which classes of compounds are effectively solubilized [48]. 
In this context, Schmid [49] reported that water-based extraction allows the selective 
isolation of polar molecules, given the high polarity of the solvent itself. This approach, 
applied in the present study, most likely facilitated the recovery of phenolic and antioxi-
dant compounds from FB, as suggested by the high TPC values and the significant anti-
oxidant activities observed compared with WH and YT (Fig. 2).

The adoption of a food-grade extraction process was driven by the aim of valorizing 
this biomass as a functional co-product for biotechnological applications, particularly as 
a sustainable supporting component of culture media, rather than as a complete replace-
ment for serum-derived supplements. The interest in this matrix arises from the need to 
employ an extraction method that is safe for human use, environmentally compatible, 
and easily scalable, in line with current circular economy principles. This aspect is par-
ticularly relevant considering that the culture medium still represents one of the main 
bottlenecks in terms of sustainability and cost in the production of CM [50].

The interest in the FB extract was driven by its functional profile, previously discussed, 
characterized by the presence of bioactive compounds potentially capable of modulating 
cell proliferation and viability up to 48 h. A plausible mechanistic hypothesis is that the 
observed effects derive from the synergistic action of hydrophilic bioactives recovered 
by aqueous extraction, including phenolic compounds and potentially protein-derived 
components (e.g., small peptides/amino acids), which can influence redox homeostasis 
and redox-sensitive cell-cycle signaling. PL should be interpreted as a mixture of mul-
tiple components, where interactions between them are likely to be either additive or 
synergistic [42, 45]. Consistently, the measurable protein content detected in the aque-
ous PL extract supports the presence of a soluble protein fraction in addition to phenolic 
compounds, which may contribute to the observed cellular effects. Nevertheless, further 
protein/peptide profiling would be required to link these fractions to specific biological 
responses.

However, the results shown in Fig. 3 revealed higher viability values in the positive 
control with FBS at both 24 and 48 h, confirming the importance of FBS as a complex 
source of growth factors, hormones, and carrier proteins, whose variable composition 
plays a critical role in maintaining cellular metabolic activity [51]. At 24 h, PL1 and PL2 
did not show significant differences compared to the negative control (0% FBS), whereas 
at 48 h almost all concentrations led to an increase in cell viability. Better results could 
have been achieved using an alternative extraction method or by integrating multi-phase 
extractions. The extraction method employed, as reported by Zhang et al. [52] is effec-
tive in recovering phenolic compounds and other water-soluble or partially water-solu-
ble secondary metabolites. However, it is less suitable for extracting nutrients essential 
for cell viability, such as proteins, bioactive peptides, complex carbohydrates, structural 
and essential lipids, and inorganic micronutrients which may remain trapped in the 
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solid matrix or require different extraction conditions [13]. The absence of these com-
ponents likely limits the extract’s effectiveness as a complete supplement in cell culture 
systems. The results obtained with PL1 and PL2 are comparable to those observed with 
1% ITS and 1% BSA, highlighting a significant effect on supporting cell viability. ITS is 
a commercially available medium supplement widely used in cell culture, as it provides 
essential factors for cell growth and survival: insulin stimulates glucose uptake and pro-
liferation, transferrin transports iron required for numerous metabolic processes, and 
selenium acts as a cofactor for antioxidant enzymes, contributing to redox homeostasis 
[53]. BSA, on the other hand, acts as a carrier protein, stabilizing growth factors, lipids, 
and micronutrients, and protecting cells from oxidative stress or potential metabolite 
toxicity [54].

The integration of ITS and BSA in cell culture thus supports both cell morphology and 
viability, creating an environment closer to physiological conditions compared to unsup-
plemented media. This is consistent with serum-reduction strategies in cultured meat 
research, where defined supplements (including insulin–transferrin–selenium formula-
tions and carrier proteins) are commonly used to partially compensate for the removal of 
serum and support myogenic cell performance [55]. Notably, the combined supplemen-
tation of ITS, BSA, and PL, particularly PL2, further enhanced cell viability, resulting in 
higher cell density and elongated, regular morphology, comparable to or even exceeding 
that observed with 10% FBS. This effect should not be interpreted as a direct substitu-
tion of FBS, but rather as evidence that PL extract can contribute functionally to the 
cellular microenvironment when combined with minimal supplementation, in line with 
recent studies showing that extracts derived from edible mushrooms can support myo-
genic cells under reduced serum conditions in cultivated meat field [56]. This also sug-
gests that the combined use of PL extract with minimal animal-derived supplementation 
(1% BSA) can partially recapitulate some of the functional roles typically provided by 
10% FBS, particularly in terms of short-term cell viability and morphology. These results 
highlight that a multi-phase extraction of PL, aimed at recovering proteins, carbohy-
drates, and other essential nutrients, could further enhance cell viability while reducing 
or even eliminating the need for additional supplements. Interest in fungal mycelium is 
growing in the field of cultured meat, where it has also been explored as a functional bio-
material to support muscle cell growth and differentiation, strengthening the relevance 
of Pleurotus-derived matrices for cellular agriculture applications [57]. This approach 
warrants further investigation.

In parallel, gene expression analysis provides a complex and informative picture of the 
effects of the aqueous extract of PL on muscle cells.

Treatments with PL, either alone or in combination with ITS and BSA, coordinately 
modulate genes involved in both cell cycle progression (Cyclin D1, CDK4) and myogenic 
differentiation (MRF4). In general, the marked increase in CDK4 expression compared 
to the serum-free control, and in some cases even exceeding that observed with 10% 
FBS, suggests a strong activation of the G1→S transition and thus of cell proliferation. At 
the same time, MRF4 is upregulated under almost all PL-containing conditions, indicat-
ing the onset of a “priming” program for differentiation that coexists with the prolifera-
tive state [58].

The behaviour of Cyclin D1 exhibits a peculiar pattern: while under PL2 conditions 
(0.10 mg/mL) and in combination with ITS and BSA its expression is comparable to or 
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higher than that observed with 10% FBS, treatment with PL1 (0.78 mg/mL) results in a 
significant reduction. This difference suggests a dose-dependent effect of the extract. At 
high concentrations (PL1), elevated levels of phenolic compounds and other bioactive 
constituents can induce mild cellular stress or cytostatic effects, leading to transient cell 
cycle arrest rather than an active, functionally driven commitment to differentiation. In 
this context, the concomitant increase in MRF4 expression under PL1 conditions may 
reflect an early alteration in myogenic gene expression associated with changes in cell 
cycle dynamics, rather than a definitive differentiation-triggering effect. This appar-
ent discrepancy with the morphological observations may be explained by the fact that 
MTT primarily reflects mitochondrial metabolic activity rather than cell number. Thus, 
PL1 in combination with ITS and BSA may promote changes in metabolic state (e.g., 
altered redox balance or a shift toward a less proliferative phenotype) that reduce MTT 
signal without necessarily reducing cell adhesion or apparent confluence.

At moderate concentrations (PL2), the antioxidant balance appears optimal: intracel-
lular redox status improves, leading to a coordinated increase in Cyclin D1 and CDK4. 
Although this effect is not observed in the MTT viability assay, typical for many food 
matrices [59, 60], the overall pattern remains compatible with a hormesis-like response, 
where low doses support proliferative signalling while higher doses predominantly elicit 
adaptive stress responses [61].

The stabilizing effect of the PL + ITS+BSA combinations confirms the crucial role of 
the microenvironment. ITS, through the supply of insulin, transferrin, and selenium, 
reactivates anabolic and mitogenic signalling and enhances antioxidant defences, while 
BSA acts as a carrier for hydrophobic compounds and binds excess phenolic molecules, 
reducing their reactivity [53, 54]. Consequently, Cyclin D1 levels realign with those 
observed under PL2 and 10% FBS conditions. Morphologically, these conditions display 
cells that are more adherent, elongated, and confluent, consistent with a state of high 
metabolic activity and well-organized cytoskeleton.

6  Conclusion
This study revealed that Pleurotus ostreatus DEF630 is a matrix with interesting nutri-
tional and biotechnological potential. Chemical and nutritional analysis demonstrated 
a relevant protein content. The results of aqueous extraction confirmed the presence of 
phenolic compounds and bioactive molecules able to support the viability and prolif-
eration-related responses of C2C12 muscle cells, especially when supplemented with 
essential factors such as ITS and BSA. These effects should be interpreted as supportive 
and compatible with serum-reduction strategies, rather than as a replacement for the 
full activity of 10% FBS. Overall, the combined effect showed an improvement in cell 
morphology and gene expression associated with cell cycle progression and myogenic 
differentiation, suggesting an influence on the cellular microenvironment under serum-
reduced conditions. These results support the potential of Pleurotus ostreatus biomass 
as multifunctional resource for the formulation of sustainable food ingredients and, in 
the future, as a promising food-grade supportive component of culture media for cul-
tivated meat production. However, further studies are needed to optimise extraction 
methods and maximise nutrient availability for industrial-scale use.
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