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Abstract

Fetal bovine serum (FBS) is the primary supplement in cell culture practice, although
its use raises both ethical and biomedical issues. Obtaining FBS is disrespectful

of animal welfare; moreover, its production is affected by unpredictable supply,
leading to cost fluctuations. Bovine milk consists primarily of water, fats, proteins,
and carbohydrates, also containing various bioactive molecules, partially overlapping
with FBS ones. Unsold or expired milk maintains its nutritional properties; thus, we
addressed our efforts to its employment to produce a sustainable supplement for cell
cultures, thereby reducing FBS usage. Different milk-derived fractions were obtained
starting from high-quality fresh pasteurized milk through a multi-step separation
process. First evaluations on the Hela cells showed that various fractions were able
to sustain either complete or partial cell development, while others did not allow
survival. The presence of a-lactalbumin and {3-lactoglobulin was strongly required

to promote cell viability. Also, the presence of certain growth factors, including

IGF-I, IGF-II, TGFP31, and TGFR2, influenced cell growth. Pretreated Fraction 2 (PF2),
which resulted in the best-performing fraction, was further tested on additional

in vitro models: C2C12 cells, involved in cultured meat research, and Vero cells, a
well-known platform for vaccine production. PF2 sustained C2C12 cell development,
although the growth kinetics was slower compared to FBS. Instead, in Vero cells,

PF2 contributed to a reduction in FBS usage. Thus, the employment of milk-derived
fractions as cell culture supplements represents a new opportunity for an ethical
transition of cell culture-based studies and, beyond its cost-effectiveness, perfectly
fits with sustainable and bioeconomy requirements.

Keywords FBS, Cell cultures, Culture media, Sustainable alternatives, Milk whey, Milk-

derived components, Circular economy

1 Introduction

Cell cultures are an important platform for many biological applications, such as mod-
elling diseases, tissue engineering, vaccines, and monoclonal antibody production [1].
Fetal bovine serum (FBS) is the cell cultures’” most widely used supplement, rich in
components like fibronectin, laminin, albumin, growth factors (e.g. Insulin-like Growth
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Factor, Epidermal Growth Factor, Platelet-derived Growth Factor), and cytokines, essen-
tial for adhesion, proliferation, and maintenance of cultured cells in vitro [2, 3].

FBS is obtained in meat-producing farms when pregnant cows are accidentally sent
to slaughter: the fetuses are extracted under aseptic conditions, and blood is drawn by
intracardiac puncture. After blood clotting, the serum is separated by centrifugation to
remove clots and cellular compounds [2]. FBS obtaining procedures may cause suffering
to fetuses, especially in the last trimester of pregnancy [3, 4]. Annually, around two mil-
lion fetuses are killed to obtain about 800,000 liters of FBS [2, 5].

Since FBS is a by-product of the bovine meat industry, its supply may be affected by
factors such as herd sizes, feed costs, environmental conditions, meat prices, and dietary
trends [6]. Supply and demand are also located in distinct world regions: demand is
higher in Europe and the U.S.A.; suppliers can also be located in these regions, as well
as Central/South America, Africa, Australia, and New Zealand [7, 8]. According to more
recent information provided by the International Serum Industry Association (ISIA),
the United States contributes approximately 26% to the total global supply [8, 9]. Due to
increasing demand and limited availability, FBS prices are substantially volatile [10, 11].

Global research for FBS reduction and replacement has focused on different prod-
ucts from biological sources, industrial waste, and chemical compounds; research is still
quite limited, but there are a few formulations, suitable and adaptable for various cell
types, currently under development [1, 12—-14].

Bovine milk is mainly composed of water (85-87%), fats (3.8-5.5%), proteins (2.9—
3.5%), and carbohydrates (5%) [15]. Milk whey is a by-product of dairy processes, con-
sisting of the liquid part remaining after curdling during the manufacture of cheese. It
is generally considered a waste product of the supply chain, despite containing several
high-value proteins useful in stimulating the growth of mammalian cells in culture,
promoting DNA and protein synthesis, and inhibiting protein degradation [16]. Whey
proteins are soluble globular proteins and constitute around 20% of total milk proteins.
Major whey proteins are B-lactoglobulin (B-Lg, ~50%), a-lactalbumin (a-La,~25%),
immunoglobulins (Ig, ~9%), and bovine serum albumin (BSA,~6%) [17]. Bovine milk
also contains secreted polypeptides such as growth factors, cytokines, and hormones
that support cell proliferation and tissue differentiation in newborns, especially in the
gastrointestinal tract [18].

Food waste is a huge problem worldwide. Roughly one-third of the global food sup-
ply, including milk, is lost or wasted [19]. Over the past 80 years, milk production has
increased by 16.7 times, rising from 53 million metric tons (Mt) in 1944 to 887 Mt in
2021, and is expected to reach 1,060 Mt by 2031 [20]. However, about 18.1% of bovine
milk is wasted annually due to insufficient storage or other logistics issues [21]. Pre-
dicting consumer demand is challenging; additionally, the mismanagement of expira-
tion dates is the main cause of waste in large-scale retail. Products are often removed
in advance from the shelves, and some items are released to the market with very close
expiration dates [22]. In Italy, the expiration date of pasteurized fresh milk, regulated
by Law No. 204 of August 3, 2004, must be set to the sixth day following thermal treat-
ment (Law No. 204/2004). However, the shelf life mainly depends on the quality and
characteristics of the raw milk, and generally can last for 8—10 days at 5 to 7 °C in an
unopened package [23]. Given that, this product may also remain consumable after
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being withdrawn from sale. Milk is a valuable source of well-characterized natural nutri-
ents and several bioactive elements needed for cell growth [24].

Indeed, the use of milk as a growth supplement for cell cultures has been preliminarily
evaluated [25-27]. Nonetheless, the activity of expired milk remains unexplored. Thus,
in this paper, we propose a sustainable and innovative cell culture supplement based on
expired milk, having a lower environmental, ethical, and economic impact.

High-quality fresh pasteurized milk (our source material) production in Italy is strictly
regulated: it must be produced only on certified farms supervised by local health author-
ities. Composition requisites for raw milk are also well-defined, and for our purposes,
this aspect contributes to reducing variability in terms of content (Ministerial Decree
No. 185 of 1991). Thus, contrary to FBS, the selected raw material is derived from a con-
trolled origin and is microbiologically safe, ensuring higher quality and safety standards.

Therefore, the aim of this project, embedded in a circular economy perspective, is
to pave the way for FBS replacement with a supplement derived from requalified milk,
which is often still perfectly healthy and nourishing. Further, the use of expired milk may
contribute to reducing food waste.

2 Material and methods

2.1 Milk-derived fractions

Different batches of milk whey-derived fractions were obtained from high-quality
fresh pasteurized milk (Granarolo S.p.A., Bologna, Italy) sourced from the market near
expiration.

Milk was processed within a few days of its expiration date. Part of the milk was sub-
jected to high-pressure processing (HPP) applying pressures, directly to the bottled
milk, ranging from 400 to 800 MPa at low temperature conditions. The fractions that
have undergone this pretreatment were labelled PF (Pretreated Fractions), while the
other were called F (Fractions).

Subsequently, milk was subjected to enzymatic coagulation by the addition of
recombinant chymosin to separate the casein fraction (curd) from the liquid fraction
(whey). Whey was then clarified by centrifugation to remove residual caseins and lipid
components.

The clarified whey was then processed by tangential flow filtration with membranes
having different molecular weight cut-offs (MWCOs), starting with microfiltration
(approx. 0.2 pm) to ensure product sterilization and remove residual particulate mat-
ter. The microfiltered whey was then further processed by various ultrafiltration steps,
employing membranes with MWCOs ranging from 200 to 3 kDa.

Further details will not be disclosed, as the material is currently under patent applica-
tion in Italy (protocol No. 102025000019720).

Effects of the milk-derived fractions were evaluated on cells by comparing them to
FBS. All additives were added to the culture medium in the appropriate concentration
reported in the figure legends. To enhance sterility, all preparations were filtered through
a 0.22 pm filter (Millipore, Merck KGaA, Darmstadt, Germany).

2.2 Celllines
Within this project, four commonly-used cell lines were involved: HeLa tumor cells,
derived from a human cervical tumor (kindly provided by Professor Paola Rocchi,



Semprini et al. Discover Food (2026) 6:210 Page 4 of 18

University of Bologna) [28]; C2C12 cells, a murine myoblast line (purchased from ATCC)
[29]; Vero cells, obtained from African green monkey kidney tissues (kindly provided
by Professor Maria Gabrielli Campadelli-Fiume, University of Bologna) [30]; hybridoma
7.16.4 cells, which produce anti-rat HER-2 monoclonal antibodies (kindly provided by
Professor Federica Cavallo, University of Turin) [31].

Cells were cultured in DMEM + GlutaMAX™ supplemented with 10% (HeLa and
C2C12) or 5% (Vero) FBS (product code: 10270106, lot numbers: 2378409 and 2575613),
100 U/ml penicillin, and 10 pg/ml streptomycin (all reagents from Thermo Fisher Sci-
entific, Waltham, Massachusetts, USA). Hybridoma 7.16.4 cell line was cultured in
RPMI + GlutaMAX™ supplemented with 10% FBS (lot number: 2575613), 100 U/ml
penicillin, 10 ug/ml streptomycin, 2-mercaptoethanol 55 pM (Merck KGaA, Darmstadt,
Germany), and Hepes 10 mM (Lonza Bioscience Solutions, Siena, Italy). All cells were
maintained in 25 cm? flasks (Falcon, Corning Life Science, Tewksbury, Massachusetts,
USA), at 37 °C and 5% CO, in a humidified atmosphere. Cells were routinely split twice
a week according to density, as follows: one/two washes in 1x PBS, followed by an incu-
bation in trypsin 0.05%—EDTA 0.002% at 37 °C (for adherent cells only); cells were col-
lected and centrifuged at 250 x g; cells were resuspended in an appropriate volume of
medium and seeded at the required dilution (all reagents from Thermo Fisher Scientific,
Waltham, Massachusetts, USA).

Given the robust growth of the HeLa cell line in vitro, the FBS percentage was tapered
out during the cell culture phase preceding seeding for experimental purposes. This
approach, consisting of several medium refreshes aimed at removing as many FBS
traces, allowed us to highlight the impact of each supplement on cell growth. The FBS
percentage was reduced from 10 to 5% for one in vitro passage, and then from 5 to 0%
for another in vitro passage (unsupplemented medium). The unsupplemented medium
was refreshed every 24 h during the 48 h preceding experimental seeding.

2.3 Cell growth analysis
Cell growth was evaluated by both the proliferation assay and haemocytometric count.
The proliferation assay evaluated cellular metabolic activity as an indirect indicator of
cell growth (providing information about growth kinetics and cell densities). In contrast,
haemocytometric count provided a direct and clear assessment of cell growth (cell yield).

Proliferation assay was performed by seeding cells in 96-well plates (0.32 cm? Fal-
con, Corning Life Science, Tewksbury, Massachusetts, USA), pretreated for one hour at
37 °C with 7.5 pg/ml of fibronectin (Sigma Aldrich, Saint Louis, Missouri, USA) at the
density of 10,000 cells/well (HeLa), 5,000 cells/well (C2C12), and 6,000 cells/well (Vero)
for both experimental and control samples. Following the manufacturer's instructions,
10 pl of WST-1 (Cell Proliferation Reagent WST-1, Merck KGaA, Darmstadt, Germany)
per 100 pl of medium was added in each well. Optical Density (OD) was determined at
450-620 nm (Sunrise Reader, Tecan Group Ltd., Ménnedorf, Switzerland) every thirty
minutes for two hours. For the calculation of the cell density ratio, expressed as a per-
centage (%), the OD of cells grown in medium supplemented with 10% FBS was used as
the reference condition, which was set to 100%.

For haemocytometric analysis, cells were seeded in 24-well plates (1.9 cm? Falcon,
Corning Life Science, Tewksbury, Massachusetts, USA) pretreated for one hour at 37 °C
with 10 pg/ml of fibronectin (Sigma Aldrich, Saint Louis, Missouri, USA) at a density
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of 66,000 cells/well (HeLa) and 33,000 cells/well (C2C12) for both experimental and
control samples. Hybridoma 7.16.4 cells were seeded at a density of 20,000 cells/well,
without fibronectin coating (experimental and control samples). For each time point,
adherent cells were detached using trypsin 0.05%—EDTA 0.002% (Thermo Fisher Scien-
tific, Waltham, Massachusetts, USA). The cell yield was determined as the total number
of cells per seeding well at specific time points, using a Neubauer hemocytometer.

2.4 Protein content evaluation

The total protein content of all milk-derived supplements was determined with Brad-
ford’s method (DC Protein Assay Kit II, Bio-Rad Laboratories, California, USA), follow-
ing the manufacturer’s instructions. OD was measured at 750 nm (Sunrise Reader, Tecan
Group Ltd., Médnnedorf, Switzerland).

Chromatographic separation followed by mass spectrometry detection was carried
out both through low- and high-resolution instruments, according to Accardo and col-
leagues [32], with slight modifications as reported.

Low-resolution analysis was obtained by Ultra Performance Liquid Chromatogra-
phy (UPLC) plus Electrospray Ionization Mass Spectrometry (ESI-MS). Eluent A was
H,0+0.1% HCOOH +0.2% CH;CN, eluent B was CH;CN +0.1% HCOOH. Separation
was conducted using a reversed-phase column (ACQUITY UPLC Peptide BEH C18,
300 A, 1.7 um, 2.1 mm x 150 mm—Waters, Milford, Massachusetts, USA). The flow rate
was set to 0.2 ml/min. The injection volume was 4 pl with a total run time of 67 min. The
detection was achieved with a single quadrupole detector (SQD, Waters, Milford, Mas-
sachusetts, USA).

Chromatographic peak areas were obtained by UPLC plus high-resolution Mass Spec-
trometry (VIon IMS QTof mass spectrometer—Waters, Milford, Massachusetts, USA).
Eluent A was Milli-Q H,O +0.1% HCOOH, eluent B was CH;CN +0.1% HCOOH. Sepa-
ration was conducted using a reversed-phase column as previously described; flow rate
was set to 0.25 ml/min. The injection volume was 1 pl, and the total run time was 36 min.
Data were processed using UNIFI software (Waters, Milford, Massachusetts, USA).

All protein content analyses were performed on stock fractions, directly derived from
the whey separation process.

2.5 Growth factors identification

The concentration of bovine Insulin-like Growth Factor (IGF)-1, bovine IGF-2, bovine
Transforming Growth Factor (TGF)-B1, and bovine TGF-B2 contained in the milk-
derived fractions was evaluated by competitive Enzyme-linked Immunosorbent Assay
(ELISA) kits (Kendall Scientific, Lincolnshire, Illinois, USA), following the manufactur-
er’s instructions. Provided 96-well microtiter plates were coated with respective growth
factor-specific antibodies. A total of 100 pl of standards or experimental samples was
co-incubated in wells along with 50 pl growth factor-HRP conjugate for 1 h at 37 °C.
Experimental samples were not diluted. Finally, a 10—15 min incubation with HRP sub-
strate was performed, and optical density was measured at 450—-620 nm (Sunrise Reader,
Tecan Group Ltd., Ménnedorf, Switzerland).
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2.6 Statistical analysis

Statistical analysis was performed through a 1-way ANOVA followed by Dunnett’s mul-
tiple comparison test, to evaluate multiple treatment groups specifically against a single
control group (positive or negative control group).

For the calculation of the cell density ratio, expressed as percentage (%), the OD of
cells grown in medium supplemented with 10% FBS was used as the reference condition,
which was set to 100%. In this case, the statistical analysis was carried out using a one-
sample t-test. This test evaluates whether the observed values significantly differ from
the selected reference value.

3 Results

3.1 Milk-derived fractions sustained cell growth on fibronectin-coated surfaces
Fibronectin is an extracellular matrix (ECM) constituent remarkably present in FBS and
essential for in vitro cell culture growth [33]. Although the content of adhesion factors
in milk was a limiting factor for cell growth, pretreatment of the culture surfaces with
fibronectin improved the performance of the milk-derived fraction prototype obtained
by Lac2Lab, here referred to as F10#1, on HeLa cells, ensuring proper cell growth, com-
parable to that with FBS (Fig. 1A). At 96 h post-seeding, the cell density ratio over FBS of
cells supplemented with F10#1 0.5 mg/ml was higher in the presence of fibronectin (Fn)

a HeLa b HelLa
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Fig. 1 Growth of Hel a cells sustained by milk-derived fractions, as determined by proliferation assay. A FBS- and
F10#1-supplemented cells grown without or with fibronectin-coated substrate (Fn). The F10#1 0.5 mg/ml dose
was equivalent to 10% v/v. Each point represents the mean with the SEM; n=3 biological replicates. B-F Growth
of Hela cells sustained by batch No. 2 milk-derived fractions belonging to the F and PF group. Graphs show the
growth kinetics of cells enabled by fractions derived from membranes with the same MWCO, belonging to the
unpretreated (F) or pretreated (PF) group. Each supplement was added in 10% v/v in the culture medium. Each
point represents the mean with the SEM: n=3 technical replicates.
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(F10#1 0.5 mg/ml + Fn: 94%; F10#1 0.5 mg/ml without Fn: 60%. Student’s ¢-test. *p <0.05.
Fig. 1A). Thus, the following experiments were performed on cells cultured over fibro-
nectin pre-coated surfaces, an essential prerequisite for milk fraction-driven cell growth.

3.2 Screening of milk-derived fractions on Hela cells

F10#1 prototype, able to promote cell growth and proliferation, was the reference frac-
tion based on which further supplements were produced. Therefore, the process was
implemented and standardized to satisfy the requirements needed to support larger-
scale applications, and the milk-derived fractions belonging to batch No. 2 were tested
on HeLa cells. This batch consisted of two groups: fraction derived from non-pretreated
milk (F) and pretreated fractions (PF), with the latter also undergoing HPP treatment.
The fraction number identifies the membranes’ MW CO.

Both F- and PF-derived supplements were compared with 10% FBS. Supplements were
added in 10% volume/volume (v/v) in the culture medium, regardless of their protein
concentration, as reported in Table 1.

F1, F2, F3, F10, PF1, PF2, and PF3 allowed the growth of cells, while F9, PF9, and PF10
were ineffective in sustaining cell survival (Fig. 1B—F). The MWCO influence was more
relevant than the pretreatment, as the most effective fractions were derived from mem-
branes associated with high cut-offs. PF2 ensured the best results within the PF group,
driving a growth comparable to that allowed by the FBS. The 96-h cell density ratio over
FBS was 105% (Fig. 1C). Within the F group, the best fraction resulted in F3: growth
kinetics was superimposable on that of FBS, and the 96-h cell density ratio over control
was 93% (Fig. 1D).

3.3 Qualitative analysis of milk-derived fractions' protein content

To evaluate the relative differences in protein content across the milk-derived fractions,
an Ultra Performance Liquid Chromatography (UPLC) coupled with low-resolution
Mass Spectrometry analysis was conducted (Fig. 2A-D).

Whey proteins were present in growth-stimulating fractions PF2 (chromatographic
peak at 41.02 to 41.89 min) (Fig. 2B) and F3 (chromatographic peak at 40.90 to 41.24 min)
(Fig. 2C). Instead, whey proteins were absent in some ineffective fractions: PF9, which
provided a 96-h cell density ratio over FBS of 33% in HeLa cells, showed undetectable
levels of a-lactalbumin and B-lactoglobulin (Fig. 2D). Further data on whey protein con-
tent were collected through UPLC plus high-resolution Mass Spectrometry: areas under

Table 1 Total protein content of milk-derived fractions. The table shows the protein concentration,
expressed in mg/ml, of the milk-derived fractions, as determined by Bradford's method.

Code Protein content (mg/ml)
Prototype F10#1 53
Fractions (F) F1 11.73
F2 9.15
F3 2395
Fo 0.29
F10 3.15
Pretreated Fractions (PF) PF1 67.63
PF2 9.37
PF3 0.87
PF9 0.18

PF10 0.74
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Fig.2 LC-MS analysis revealed qualitative differences in protein content. A-D Each panel shows the growth kinet-
ics of Hela cells, determined by a proliferation assay, for selected representative fractions (the prototype F10#1,
two growth-stimulating fractions PF2 and F3, and one ineffective fraction PF9) shown on the left, with the corre-
sponding chromatographic traces shown on the right. a-lactalbumin and B-lactoglobulin, the main whey proteins,
whose chromatographic peaks are highlighted by red arrows, were detected in the F10#1 prototype, PF2, and F3,
but not in the ineffective fraction PF9. In PF2 and PF9, small amino acids and polar compounds were also identi-
fied (green arrows). Chromatographic traces were obtained by Ultra Performance Liquid Chromatography coupled
to a low-resolution Mass Spectrometry system (UPLC/ESI-MS). E, F Histograms show the quantities, expressed as
areas under the chromatographic peaks, of whey proteins. The heatmap highlights the relationship between whey
protein content and MWCOs. Areas under the peaks were detected by Ultra Performance Liquid Chromatogra-
phy coupled to a high-resolution Mass Spectrometry system (UPLC/MS Vion). Data were processed using UNIFI
software (Waters, Milford, Massachusetts, USA). Each bar represents the mean with the SEM. G-J Growth factors
contained in milk-derived supplements, highlighted by ELISA: graphs show the amounts of IGF-I, IGF-Il, TGF31, and
TGFB2 in the milk-derived supplements, expressed for a total protein content of 0.5 mg/ml. Quantities for FBS were
expressed for a 10% dose in the complete culture medium. 1-way ANOVA Dunnett's Multiple Comparison Test vs
FBS (*) or F10#1 (+). **+++p<0.007; **++p < 0.01; *+p < 0.05. Each bar represents the mean with the SEM; n=2
biological replicates.
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the chromatographic peaks corresponding to a-lactalbumin and B-lactoglobulin were
determined. The relative amount of a-lactalbumin in effective fractions PF2 and F3 was
considerable. Instead, B-lactoglobulin levels were more variable, with the A variant being
most abundant in F3. In line with the previous UPLC analysis, PF9 appeared almost
entirely devoid of whey proteins (Fig. 2E). Fractions associated with higher MWCO
values resulted in more effective promotion of cell growth and tended to have a higher
whey protein content, suggesting a key role for these components (Fig. 2F).

Several peptides derived from casein proteins were also detected: they were mainly
present in the pretreated fractions, suggesting an effect of HPP treatment, with higher
accumulation in those obtained at the final stages of the separation process, as PF10
(Supplementary Table 1), probably due to their smaller size.

To focus on the differences between effective and ineffective milk-derived supple-
ments, the presence of certain growth factors, precisely IGF-I, IGF-1I, TGFB1, and
TGFB2, was determined by ELISA. F10#1 prototype, PF2, and F3 fractions, effec-
tive in promoting HeLa cell growth, contained comparable quantities of IGF-I (F10#1:
0.7+0.21; PF2: 3.8+0.65; F3: 2.3+0.38. Units: ng/ml), IGF-II (F10#1: 4.9 +0.55; PF2:
9.3+£0.98; F3: 8.2+0.16. Units: ng/ml), TGFP1 (F10#1: 2.0+£0.17; PF2: 5.7+ 0.46; F3:
2.6+£0.50. Units: pg/ml), and TGFB2 (F10#1: 4.6+1.56; PF2: 7.5+2.0; F3: 4.2+0.89.
Units: pg/ml) (Fig. 2G-J).

No significant differences in IGF-I levels emerged between PF2 and FBS
(7.7+1.39 ng/ml) (Fig. 2G). IGF-II amounts in PF2 were slightly lower compared to
FBS (101.6 +1.27 ng/ml) (p<0.05, 1-way ANOVA Dunnett's Multiple Comparison Test)
(Fig. 2H). TGFp1 quantities were not statistically different between FBS (10.2 +3.43 pg/
ml) and milk-derived supplements, except for PF9, which showed remarkably higher lev-
els of TGEFP1 (p<0.001, 1-way ANOVA Dunnett's Multiple Comparison Test) and exhib-
ited a limited ability to support cell growth in vitro (Fig. 2I).

In general, inefficient fractions such as PF9 and PF10 show notably high levels of IGE-
I, IGF-1I, TGEPL, or TGEB2, suggesting that the reduced functionality may be linked to
the high abundance of at least one of these molecules (Fig. 2G-]).

3.4 Effects of concentration testing different doses of PF2
PF2 was tested on HeLa and C2C12 cells at diverse concentrations to assess dose-depen-
dent effects and determine the most effective and optimal dose.

3.4.1 Evaluation of PF2 on the HeLa cell line

PF2 was tested at the following doses: 0.9 mg/ml (corresponding to 10% v/v), 0.5 mg/
ml (equivalent to F10#1 10% v/v), and 0.1 mg/ml, and no considerable concentration-
related effects emerged. Growth kinetics were close to 10% FBS, and the 96-h cell den-
sity ratio over control was in an 88—86% range (Fig. 3A, B).

Direct measure of PF2-supplemented cell growth was determined by haemocytomet-
ric count. The yield of cells enriched with all PF2 doses was not significantly different
from that of cells grown in FBS at 168 h of culture, while they were all significantly dif-
ferent from unsupplemented cells at this time point (p <0.001, 1-way ANOVA Dunnett's
Multiple Comparison Test) (Fig. 3C).

Cell population doublings accomplished by cells supplemented with all PF2 doses (PF2
0.9 mg/ml: 2.3+0.24; PF2 0.5 mg/ml: 2.8 +0.05; PF2 0.1 mg/ml: 2.6+0.02) and F10#1
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Fig. 3 Growth of Hela cells enriched with different doses of PF2. A Growth kinetics of Hela cells obtained by a
proliferation assay. p <0.05 at least for all PF2 doses vs No supplement at 96 h of seeding. 1-way ANOVA Dunnett's
Multiple Comparison Test. B Relative 96-h cell density ratio vs FBS 10% of Hel a cells. One-sample t-test vs FBS 10%.
**¥0<0.001; **p <0.01; *p <0.05. Cell density ratios (%) were calculated relative to FBS 10% (positive control), which
was set as 100%. C Yield (cells) at different time points of Hela cells obtained by haemocytometric count. p <0.001
for all treatments vs No supplement at 168 h of seeding. 1-way ANOVA Dunnett's Multiple Comparison Test. Yield
(cells) was determined as the total number of cells per well (1.9 cm?), as assessed by Neubauer hemocytometer
counting. D Hela cell population doublings (24-96 h). 1-way ANOVA Dunnett's Multiple Comparison Test vs FBS
10% (*) or No supplement (#). ***###p < 0.001; **##p < 0.01; *#p < 0.05. Each point or bar represents the mean with
the SEM; n=2 biological replicates at least.

(2.5+0.83) were not statistically different from FBS (3.0+0.04). In contrast, a signifi-
cant difference was found against unsupplemented cells (1.5+0.32) (p<0.05 at least for
F10#1, PF2 0.5 mg/ml, PF2 0.1 mg/ml, 1-way ANOVA Dunnett's Multiple Comparison

Test) (Fig. 3D).

3.4.2 Evaluation of PF2 on the C2C12 cell line
PF2 was tested on C2C12 cells at the same doses previously used on HeLa cells.

PF2 0.1 mg/ml was partially able to promote C2C12 cell development (Fig. 4A). In
standard culture conditions, C2C12 cells reached their maximum cell density after 96 h
of seeding, and then they quickly declined. In contrast, PF2-driven proliferation was
slower but steady over time: the cell density ratio over FBS at 96 h of culture, corre-
sponding to its peak in standard culture conditions, were 19.8% after 96 h, and 39.7%
after 144 h of culture (Fig. 4B).

Haemocytometric count confirmed that PF2 sustained a slow and steady growth of
cells at all tested doses. 24 h post-seeding attached PF2-fed cells were numerically lower
compared to FBS (PF2 0.9 mg/ml: 27,575+9945 cells; PF2 0.5 mg/ml: 18,140+ 8830
cells; PF2 0.1 mg/ml: 22,957 + 3330 cells; FBS 10%: 76,038 £ 9971 cells) (Fig. 4C). How-
ever, despite the lower number of whey-supplemented attached cells compared to those
seeded in FBS, their proliferation, in terms of doublings, was comparable. Indeed, cell
population doublings resulting from the different PF2 doses (0.9 mg/ml: 2.1+0.26;
0.5 mg/ml: 2.6+£0.19; 0.1 mg/ml: 2.1+0.16) were not statistically different from FBS
(2.9+0.33) (1-way ANOVA Dunnett's Multiple Comparison Test—Fig. 4D).
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Fig. 4 Growth of C2C12 cells enriched with different doses of PF2 fraction. A Growth kinetics of C2C12 cells ob-
tained by a proliferation assay. B Relative cell density ratio vs 96-h FBS 10% (peak growth comparison) of C2C12
cells measured at 96 or 144 h post seeding. One-sample t-test vs FBS 10%. ***p <0.001; **p <0.01; *p <0.05. Cell
density ratios (%) were calculated relative to FBS 10% (positive control), which was set as 100%. C Yield (cells) at
different time points of C2C12 cells obtained by haemocytometric count. p<0.05: F10#1 0.5 mg/ml vs No supple-
ment at 168 h of seeding. 1-way ANOVA Dunnett's Multiple Comparison Test. Yield (cells) was determined as the
total number of cells per well (1.9 cm?), as assessed by Neubauer hemocytometer counting. D C2C12 cell popula-
tion doublings (24-96 h). 1-way ANOVA Dunnett's Multiple Comparison Test vs FBS 10% (*) or No supplement
(#). ***###p < 0.001; **##p <0.01; *#p < 0.05. Each point or bar represents the mean with the SEM; n=2 biological
replicates at least.
3.5 PF2-supplemented medium enhancement with a low dose of FBS: a reduction
approach
To evaluate the effects of PF2 on additional cell types, a proliferation assay was con-
ducted on the Vero cell line. Compared with 10% FBS, PF2-fed cells showed reduced
overall growth kinetics. To improve its efficacy, the PF2 medium was also supplemented
with a low dose of FBS, specifically 1%. The combination supplement gave a boost to
cells. Starting from 120 h of culture, a gradual growth was observed. At 168 h of seeding,
cells cultured with PF2 plus 1% reached the same OD value as the control cells (Fig. 5A).

The addition of 1% FBS enabled optimal cell density ratios compared to 10% FBS: after
168 h of culture, the increment over control was 79% for the 0.5 mg/ml combination
and up to 93% for the 0.1 mg/ml combination, compared with a percentage of 42% and
46% of PF2 alone, respectively. No significant differences emerged between combination
supplements and control at this time point (one-sample ¢-test). However, low-dose FBS
was unable to determine satisfactory cell growth: the cells did not exhibit a proper expo-
nential growth phase (Fig. 5B).

The combination supplement was also evaluated in the 7.16.4 hybridoma cell line,
since PF2 alone didn’t perform well. However, no marked increase in cell growth was
observed (Supplementary Fig. 1).

4 Discussion

The use of FBS, the main supplement for cell cultures, presents several limits, including
the price [2, 10, 34]. Our data support the use of expired milk-derived supplements as
an alternative to FBS, also contributing to reducing food waste, a nationally and globally
significant problem, with approximately one-third of the world's food supply being lost
or discarded [19].
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Fig. 5 Growth of the Vero cell line in the presence of different combinations of supplements, evaluated by a
proliferation assay. A Growth kinetics of Vero cells. p<0.05: PF2 0.1 mg/ml+FBS 1% vs No supplement at 168 h
after seeding. p <0.05: PF2 0.5 mg/ml vs FBS 10% at 168 h of seeding. 1-way ANOVA Dunnett's Multiple Compari-
son Test. B Relative 168-h cell density ratio vs FBS 10% of Vero cells. One-sample t-test vs FBS 10%. ***p <0.001;
**p<0.01; *p <0.05. Cell density ratios (%) were calculated relative to FBS 10% (positive control), which was set as
100%. Each point or bar represents the mean with the SEM; n=2 biological replicates at least.

Despite clear advantages in the use of milk-derived fractions, consistent with previous
studies [35], we found that these supplements lack adhesion factors, like fibronectin and
laminin, naturally present in FBS instead [36]. The addition of a fibronectin substrate
to the seeding surfaces has improved this aspect by optimizing the adhesion of milk-
supplemented cells. Further combinations of adhesion factors will be tested in the future
to promote cell attachment.

Some fractions were obtained after a preliminary HPP pretreatment of the raw milk:
this treatment normally enables effective microbial inactivation [37, 38]. Furthermore,
it was intended to induce structural modifications of proteins, promoting the release of
bioactive peptides [39].

Indeed, various treatments (such as heat processing or membrane fractionation tech-
niques) can modify whey proteins’ properties and, consequently, their potential applica-
tions. Thermal denaturation of whey proteins generally consists of unfolding followed by
aggregation, and proteins can also interact with each other [40]. HPP treatments mainly
affect non-covalent bonds, acting on quaternary and tertiary structure of various globu-
lar proteins, while causing relatively small effects on secondary structure [39]. Although
the MWCO influence showed a greater impact on milk fraction functionality than HPP
pretreatment, this is suggested to prolong the final products’ shelf life.
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Liquid Chromatography—Mass Spectrometry (LC—MS) analysis showed that the main
whey proteins (i.e., a-lactalbumin, p-lactoglobulin) were contained, although in differ-
ent amounts, in all cell growth-allowing fractions. a-La comprises 17-20% of whey pro-
teins and is a good source of essential amino acids, such as Trp and Cys [41, 42]. B-Lg
accounts for 50% of whey proteins, representing an excellent source of bioactive pep-
tides with antimicrobial, antiviral, antioxidant, and other metabolic functions [24, 41].
Although these compounds are not present in FBS, their characteristics suggest that
they may play a crucial role in cell growth in the case of milk-derived fractions, as sup-
ported by our data.

The most widely characterized growth factors in milk are BTC, EGF, FGF1, FGF2,
IGF-I, IGF-1I, PDGEF, TGFp1, and TGFB2. Their concentration is higher in colostrum
and decreases as lactation progresses. Growth factors in milk seem to fairly withstand
heat treatments [24]. In efficient fractions PF2, F10#1, and F3, similar amounts of IGF-I,
IGF-1II, TGEB1, and TGFP2 were detected, representing a possible suboptimal condition.
In bovine milk, IGF is more concentrated around birth, supporting mammary gland
development and encouraging the growth of the calf's gastrointestinal tract, suggesting a
pivotal role in these physiological processes [43].

Purup and colleagues evaluated the efficacy of different samples of mature bovine
milk, derived from different stages of lactation, in promoting the growth of the human
intestinal cell line FHs 74 Int. All fractions promoted cell growth, but growth-promoting
activity gradually increased as the stage of lactation progressed. The concentration of
IGF-I, TGFP1, and TGFpB2 was higher in samples obtained during the very first days of
lactation [44].

Compared to the efficient factors, PF9 and PF10 contained notably higher amounts of
at least one of the analyzed growth factors. According to the LC—MS analysis, unsuccess-
ful fractions were also devoid (PF9) or poor (PF10) of whey proteins, while significant
amounts of casein-based peptides were detected, probably due to the HPP treatment of
raw milk [39]. The ineffectiveness of these fractions could be explained by the elevated
presence of inhibitory factors: TGF[B2, for example, is known to act as a growth inhibitor
in some cell types [45]. TGEP family members play a pivotal role in maintaining normal
tissue homeostasis, regulating cell growth through antiproliferative or apoptotic mecha-
nisms [46] and, under specific conditions, through senescence [47].

Also, Cakir and colleagues have identified an apoptotic effect caused by casein-based
bioactive peptides on the HCT116 cells [48]. Other studies showed that lactoferrin, a
milk protein belonging to the iron-binding transferrin family, is known to have anti-
tumoral effects. Notably, lactoferrin was able to inhibit the growth of the stomach cancer
cell line SGC-7901, in a time- and dose-dependent manner, by modulating the Akt path-
way and promoting apoptosis [49].

Since certain milk compounds have inhibitory activity, further studies are needed to
find the optimal constituent balance for an effective and safe milk-derived product.

In the future, we also plan to investigate the relation between milk derivatives compo-
sition (in terms of micronutrients other than proteins or peptides) and genomic stability.
Indeed, the genomic stability of cells relies strongly on micronutrients, such as vitamins
and minerals, and several studies reported that a deficiency of these elements can result
in DNA damage. Therefore, the composition of cell culture media, including FBS, can
affect cellular homeostasis and genomic instability [5, 50—-52].
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HeLa cells, the earliest established human cell line, originate from a cervical tumor
and represent a widely used model in oncological research. It is characterized by the
presence of several mutations affecting cell proliferation, DNA transcription, or repair
[28]. C2C12 is a murine myoblast cell line commonly used for cell culture experiments
and cultured meat studies because of its rapid proliferation and differentiation char-
acteristics [29] and, at the same time, the difficulty in using animal tissue-derived pri-
mary cell cultures. FBS, an animal-derived product obtained without regard for animal
welfare, becomes even more controversial in the context of cultured meat [53]. Thus,
besides improving the sustainability of both the food and the biotechnology industry,
the proposed expired milk-derived supplements would also find their perfect applica-
tion in the cultivated meat industry, replacing FBS with supplements derived from milk,
a product intended for human consumption. The use of milk-derived fractions does not
completely resolve some of the issues associated with FBS (for example, the animal ori-
gin or the batch variability), and further efforts will be needed to promote the transition
to fully animal-free cell culture supplements. Nonetheless, discarded milk-derived frac-
tions, currently offering more ethical and sustainable solutions over FBS, could repre-
sent an intermediate step toward an animal-free future for both the cultured meat and
biotechnological industries.

Performances of several batch No. 2 milk-derived fractions, obtained through both
distinct processes (F and PF) but using membranes with the same MWCO, were similar.
However, the PF2 supplement particularly drew our attention. PF2- and FBS-driven pro-
liferation was comparable in HeLa cells. Haemocytometric count confirmed that all PF2
tested doses were able to sustain HeLa cell proliferation compared to FBS.

All PF2 doses were also able to partially sustain the growth of C2C12 cells. PF2 has
enabled reduced cell attachment to the culture surface, leading to a lower cell yield at
96 h post-seeding. However, the number of population doublings between 24 and 96 h
was comparable to that of FBS-supplemented cells, suggesting that PF2 sustained the
proliferation despite being less efficient in promoting cell attachment and showing
a slower growth kinetics. This phenomenon reinforces the need to improve the adhe-
sion of milk-fed cells. Additional studies recently conducted provide further support for
our results, enhancing the feasibility of using milk-derived supplements to replace FBS.
For example, Sundaram and colleagues evaluated the growth and differentiation of the
C2C12 cell line through a mixture based on milk whey proteins, under serum-free cul-
ture conditions. Cell stimulation was comparable to that provided by FBS. Subsequently,
all treatments were replaced with a standard low mitogenic 2% horse serum medium to
allow cell differentiation: similar to FBS, the whey proteins-enriched medium also pro-
moted the differentiation and formation of myotubes [54].

Boga and colleagues evaluated the effect of milk and whey on the proliferation of
human placental cells. Within this framework, milk proliferation was found to increase
with higher doses, with a maximum increment over control of 47.98% (10% v/v milk).
Whey-driven growth increased as the dose decreased, reaching a maximum boost of
44.37% compared to the control (1% v/v whey) [55].

Vero cells are extensively used in several research fields, including virology, bacteri-
ology, parasitology, and toxicology [30], and the presence of animal serum in culture
media raises severe safety problems for the production of biologicals [56], since it may



Semprini et al. Discover Food (2026) 6:210 Page 15 of 18

interfere with the isolation and purification of cell products [33]. Given that, Vero cells
were an excellent model for our purposes.

To improve the efficacy of milk-based fractions while reducing the amount of FBS
employed, we tried to use PF2 in combination with a low dose of FBS (1% v/v) on Vero
cells, whose PF2-driven growth was not optimal. Combination-fed cells showed remark-
able growth after 120 h of seeding, and growth was comparable to FBS after 168 h.
Although it is not yet possible to fully replace FBS with milk-derived fractions, a signifi-
cant FBS reduction still constitutes a satisfactory result in this model.

Similarly, Derouiche and colleagues showed that milk whey allowed fair but not opti-
mal proliferation of A49 and F34 hybridoma cells, while using a medium containing
9% whey and 1% FBS, proliferation was optimal even in the long term. The serum-fed
hybridoma cells were also able to produce antibodies [25].

Our preliminary evaluations carried out on the hybridoma 7.16.4 line using PF2
together with 1% FBS suggest that this formulation provides only limited support for
cell growth, not optimizable by the presence of adhesion factors (such as fibronectin or
those present in FBS), as they are not required for the cultivation of this type of cell
[57]. Therefore, further formulations of milk-derived fractions for non-adherent cells
will need to be implemented and studied on a larger panel of suspension cell cultures.
Our findings are a promising first step toward the reduction or even replacement of fetal
bovine serum with a cost-effective and sustainable additive. PF2 was the most promising
and effective expired milk-derived fraction: it derives from the early stages of the sepa-
ration process and benefits from pretreatment that ensures a prolonged shelf life. PF2
was rich in the major whey proteins, as well as several growth factors, and we plan to
further investigate its content in terms of metabolites, micronutrients, and non-protein-
based compounds, as well as to expand the panel of cellular models involved and con-
duct long-term evaluations.

In summary, further investigation will be needed to develop a fully optimized and bal-
anced formulation capable of supporting as many cell types as possible. This innovative
approach opens the way for significant advancements in cell cultures, presenting a sus-
tainable and economical solution with broad implications for both the biotechnological
and food sectors.
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