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Mastitis is the most important bovine disease, causing dramatic economic losses to the dairy industry, worldwide.
This study explores the valorization of whey from cows affected by mastitis, through a novel separation
approach. Surface Active Maghemite Nanoparticles (SAMNs) were used as magnetic baits to selectively bind
bioactive peptides with potential health benefits. Advanced techniques such as HPLC and LC-MS/MS highlighted
SAMN capability of isolating a restricted group of peptides, drastically diverging from the control profile (Solid
Phase Extraction, SPE) and characterized by a peculiar acidic residue distribution. Most importantly, both

magnetically purified and nano-immobilized peptides (SAMN@peptides) showed protective activity against
oxidative stress and inflammation, when tested on Caco-2 cells; with SAMN@peptides being associated with the
strongest biological effect. SAMNs exhibited excellent characteristics, they are environmentally sustainable, and
their synthesis is cost-effective prompting at a scalable and selective tool for capturing bioactive peptides, with
potential applications in functional foods and nutraceuticals.

1. Introduction

The demand for new and greener strategies to isolate bioactive
compounds from food matrices and food by-product is increasing (Mir-
Cerda et al., 2023; Sorrenti et al., 2023). Nanotechnologies have the
potential to answer this demand, and, in particular, iron oxide-based
nanoparticles, such as maghemite (y-Fe;O3) or magnetite (Fe3Oy),
played a crucial role in modern applications within the fields of
biomedicine and biotechnology (Biswas et al., 2022; Sahani & Sharma,
2021). Among iron-oxide nanomaterials, Surface Active Maghemite
Nanoparticles (SAMNSs) exhibit numerous interesting properties,
including superparamagnetism, high saturation magnetization, and the

ability to be easily manipulated using small magnetic fields. Most
importantly, they are a unique example of iron oxide nanoparticles with
outstanding colloidal stability and intrinsic fluorescence, in the absence
of any surface modification. Thus, SAMNs are endowed with unprece-
dented “dual contrast” features by being simultaneously fluorescent and
magnetic (Zanin et al., 2020). Additionally, they possess favorable fea-
tures, such as biocompatibility, chemical-physical stability, and low
environmental impact, providing an ideal platform for the fabrication of
bio-inspired hybrids.

Such bio-inspired nanomaterials were already used as drug delivery
systems and biomolecule carriers, enticing the interests of the nutra-
ceutical and pharmaceutical sectors (Fa & Zhao, 2019; Parodi et al.,
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2017). Quite importantly, previous studies already established SAMNs
marked preference for binding selected food proteins (Magro et al.,
2018). This binding selectivity was contingent upon the composition of
the protein environment, thereby resulting in distinct profiles of asso-
ciated proteins. Consequently, SAMNSs can efficiently harvest proteins
and peptides depending on the affinity for their surface.

Bioactive peptides gained significant attention in recent years thanks
to their capability to exert various beneficial effects on human health,
for example antihypertensive, opioid, antioxidant, and anti-
inflammatory (Akbarian et al., 2022; Chidike Ezeorba et al., 2024;
Koirala et al., 2023; Manzoor et al., 2022;Nielsen et al., 2023; Zaky et al.,
2022). In addition, it is worth to mention their potential use as in-
gredients for functional foods and nutraceuticals to prevent or treat
several chronic conditions (Colombo et al., 2024; Manzoor et al., 2022;
Rivero-Pino, 2023). Commonly, these compounds are 2-20 amino acid-
long protein fragments (Nielsen et al., 2023; Zaky et al., 2022). Bioactive
peptides were derived from various food sources, such as pulses, cereals,
milk, meat, egg, marine products (e.g., fish, prawns, or lobsters) and
from food by-products (Bruma et al., 2024; Le et al., 2024; Manzoor
et al., 2022; Quintieri et al., 2024; Rivero-Pino et al., 2023; Salerno
et al., 2024; Song et al., 2024).

Nowadays, food science research aims to address the global chal-
lenge of food waste by providing a sustainable solution to repurpose
food by-products into valuable bioactive compounds (El-Hadary et al.,
2022; El-Hadary et al., 2023; Sarker et al., 2024). Indeed, different
molecules from agri-food waste, such as bioactive peptides, could be
reused as dietary supplements with beneficial effects on humans
(Colombo et al., 2024). Bioactive peptides were generated by different
processes, such as chemical or enzymatic hydrolysis, microbial
fermentation, or using innovative techniques (Naeem et al., 2022).

In this work, SAMNs were used for the valorization of food industry
by-products and, specifically, as an innovative approach to selectively
isolate bioactive peptides from whey from cows affected by mastitis,
marking a novel application in the field of food science in line with
circular economy principles. This pathology is the most common disease
of dairy cattle and it involves the inflammation of the mammary gland
that leads to abnormal and decreased milk production (Cheng & Han,
2020). This milk must be discarded and cannot be used for further
processes or for human or animal consumption, resulting in important
economic losses (Guzman-Luna et al., 2022).

The selective purification of bioactive peptides using SAMNs repre-
sents a significant advancement over traditional methods, providing
greater specificity and enhanced biological activity. The dual function-
ality of the SAMN-peptide complexes, which combine therapeutic and
diagnostic potentials, highlights the interdisciplinary nature of this
research, bridging the fields of food science, nanotechnology, and mo-
lecular biology. In this view, SAMN biocompatibility was extensively
demonstrated in vitro, using both prokaryotic and eukaryotic cells, as
well as in vivo (Rilievo et al., 2024). Moreover, SAMN synthesis responds
to crucial requirements, such as ready industrial-transfer as well as
environmental sustainability and affordability (i.e., below 3 USD g~ * at
laboratory scale) (Rilievo et al., 2024). Thus, the scalable nature of the
proposed strategy holds substantial industrial significance, offering a
sustainable and economically viable solution for producing high-value
nutraceuticals and functional foods from dairy by-products.

2. Materials and methods
2.1. Materials

Fe(III) chloride hexahydrate (FeCl3.6H20), sodium borohydride
(NaBH,4), ammonia solution (35 % in water), sodium chloride, potas-
sium chloride, manganese chloride, sodium nitrate, hydrochloric acid,
and sodium hydroxide were purchased from Merck (Italy) at the highest
commercially available purity and were used without further treat-
ments. Ultrapure water was obtained from a Genie Direct-Pure system
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(RephiLe Bioscience Ltd., Shanghai, China) with a resistivity of at least
18.0 MQ cm. Dulbecco’s modified Eagle’s medium (DMEM), fetal
bovine serum (FBS) and penicillin-streptomycin were obtained from
Gibco (Thermo Fisher Scientific, Massachusetts, USA). 2,5-Diphenyl-2H-
tetrazolium bromide (MTT) was obtained from Sigma-Aldrich (St Louis,
MO, USA).

2.2. Colloidal surface active maghemite nanoparticle (SAMN)
preparation

SAMN synthesis was carried out as described in a recent publication
(Rilievo et al., 2024). After synthesis, a stable colloidal stock suspension
with a final concentration of 1 g L~! SAMNs was obtained upon nano-
particle sonication in milliQ grade water for 20 min at 50 kHz, 100 W in
LBS1 ultrasonic bath (Falc Instruments, Italy). A series of Nd-Fe-B
magnets (N35, 263-287 kJ m~2 BH, 1170-1210 mT flux density by
Powermagnet - Germany) was used for the nanoparticle magnetic
control.

2.3. Preparation of whey samples

2.3.1. From whole milk to whey samples

Bovine milk from cows affected by mastitis, called M throughout the
manuscript, and from healthy cows, H, were obtained from “Azienda
agraria sperimentale Lucio Toniolo” (University of Padova). Fresh milk
samples were subjected to centrifugation at 4000 g for 15 min at 4 °C,
following an established protocol (Magro et al., 2018). This centrifu-
gation process separated fat from the aqueous part of the milk. Skimmed
milk samples were then further processed by ultracentrifugation at
100,000 g for 30 min at 4 °C. At the end, the supernatant containing
whey proteins and peptides was collected, and carefully filtered through
Chr 1 paper filters (Millipore, Burlington, MA, USA) to further eliminate
the remaining lipids. Samples were stored at —80 °C until their use.

2.3.2. Protein content determination

In order to properly dilute the samples for the next steps, protein
content in milk whey obtained from M or H was determined using
Bradford method. Briefly, 0.01 mL whey was reacted with 0.09 mL
Bradford reagent for 5 min at room temperature (Bradford, 1976). Then,
the absorbance at 595 nm was acquired using a Cary 60 UV-Vis spec-
trophotometer (Agilent, St Clara, California, USA). The obtained values
were fitted with a standard curve, built with BSA, and protein concen-
tration was determined.

2.3.3. Peptides concentration determination

Before SAMN binding, proteins and peptides with a molecular weight
higher than 10 kDa were removed from the samples using Vivaspin® 20
centrifugal concentrator (10,000 MWCO polyethersulfone, Sartorius,
Germany) following the manufacturer instructions (Abbasi et al., 2022;
Magro et al., 2018). Milk whey was diluted with 0.5x phosphate buft-
ered saline (PBS), to a final concentration equal to 2.5 mg mL L. Diluted
solutions were transferred to Vivaspin® 20 and subjected to centrifu-
gation (4000 g) at 4 °C for 40 min. Upon completion of the centrifuga-
tion process, filtered samples were collected and subsequently stored at
—20 °C, until their use.

2.4. Isolation of peptides using SAMNs to produce SAMNs@peptides
complexes

Concentrated milk samples from H or M were subjected to SAMN
binding in a sterile environment. SAMNs were suspended in 10 mL milk
whey solution, reaching 0.5 mg mL ™! nanoparticle final concentration
(Magro et al., 2018), and incubated for 1 h under orbital rotation at 4 °C
to favor the formation of SAMNs@peptides complexes. Subsequently,
samples were washed with 1x PBS three times to remove unbound
peptides. After the washing steps, a 2 M ammonia solution was added to
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the SAMNs@peptides and placed under orbital rotation at 4 °C for 1 h to
separate peptides from SAMNs. Subsequently, the supernatant contain-
ing the isolated bioactive peptides was separated from SAMNSs using a
magnet and lyophilized (Edwards Vacuum, Burgess Hill, UK), to elimi-
nate ammonia.

2.5. Solid phase extraction (SPE) of bioactive peptides

Solid Phase Extraction (SPE) was performed using a STRATA C18
column (Phenomenex, Torrance, California, USA) to isolate peptides and
compare the extraction results carried out with SAMNSs. A step-gradient
chromatography, using increasing concentrations of acetonitrile (ACN,
5 %, 30 %, and 50 %), was carried out following the protocol outlined by
Tonolo et al., 2020. The fraction obtained eluting the samples with 5 %—
30 % ACN gradient were lyophilized and further analyzed due to their
high peptide content.

2.6. HPLC analysis of the isolated peptide fractions

Fractions extracted using the SPE procedure (5-30 % ACN) along
with the solutions containing potential bioactive peptides obtained with
SAMNSs were subjected to HPLC analysis in an Alliance 2695 apparatus
connected with a PDA 996 detector (Waters, Milford, MA, USA) (Tonolo
et al., 2020). Dry SPE-eluted peptides (50 pg) were resuspended in ul-
trapure H0 and loaded in an Onyx monolithic C18 column (Phenom-
enex, Torrance, CA, USA). Peptides were eluted monitoring the relative
absorbance signal at 220 nm and using the following conditions: 1.8 mL
min~! flow rate, linear gradient from 0 % to 48 % ACN/0.085 % TFA in
18 min, and a 28 min total run time. 1 mg of dry SAMN-obtained pep-
tides from each H or M were resuspended in ultrapure H;O and loaded in
a Jupiter C18 column (250 x 4.6 mm, 5 pm, 300 A). Peptides were
eluted monitoring the signal at 220 nm and using the following condi-
tions: 1 mL minute! flow rate, linear gradient from 5 % to 50 % ACN/
0.085 %TFA in 30 min, and a 47 min total run time.

2.7. Identification of peptides by LC-MS/MS analysis

MS analyses were performed using an LTQ-Orbitrap XL mass spec-
trometer (Thermo Fisher Scientific, Waltham, MA, USA) coupled online
with a nano-HPLC Ultimate 3000 (Dionex-ThermoFisher Scientific,
Waltham, MA, USA) (Panchaud et al., 2012). Lyophilized samples (1 pg)
were dissolved in Hy0/0.1 % formic acid (FA)/3 % ACN and subjected to
LC-MS/MS analysis, using a 10 cm homemade PicoFrit® chromato-
graphic column (75 pm internal diameter, 15 pm tip, New Objective,
Littleton, MA, USA) packed with C18 material (Aeris Peptide 3.6 pm XB-
C18, Phenomenex, Torrance, CA, USA), following a protocol previously
reported by Tonolo et al., 2024. A linear gradient from 3 % to 40 % of
ACN, 0.1 % FA in 20 min at a flow rate of 250 nL min~* was chosen for
peptide elution from the original sample. Data obtained through LC-MS/
MS analyses were elaborated using Proteome Discoverer Software
(version 1.4, Thermo Fisher Scientific, Waltham, MA, USA) connected to
the Mascot Search engine (version 2.2.4, Matrix Science, London, UK)
against the UniProtKB database (Bos taurus section, version January
2023) concatenated with a database of common contaminants found in
proteomic experiments. Peptide and fragment tolerances were set at 10
ppm and 0.6 Da, for the unrestricted search (no enzyme). All peptides
identified by LC-MS/MS analyses were reported in the Supplementary
Material Section 1.

2.8. In silico analysis of SAMN-peptide affinity

SAMN-peptide affinity was predicted using a fragment trans-
formation method with an Fe(III) ion binding template, evaluating the
amino acid binding potential, i.e. the affinity of the amino acid for the
specific ion, with Fe(IlI) ions (C.-H. Lu et al., 2012). Before SAMN-
peptide affinity evaluation, peptide 3D-folding was predicted using
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AlphaFold v2.3.2 (Jumper et al., 2021). As a model, four peptides with
different lengths showing an in vitro high affinity were chosen (T-22-K,
D-21-K, H-32-K, G-14-K) and one peptide with no in vitro specificity
(K—22—-K) was chosen as negative control.

2.9. Physical-chemical characterization of SAMN@peptides nanohybrid

The hydrodynamic radii and zeta potential values of nanohybrids
and bare SAMNs were measured by dynamic light scattering (DLS) using
a Zetasizer Nanoparticle analyzer ZEN3600 (Malvern Instrument, Mal-
vern, UK).

Hydrodynamic diameters were measured for bare SAMNs and
SAMN@peptides at 50 pg mL ™' concentration in water at RT.

Zeta potential was measured at 1 mM NaCl to increase solution
conductivity.

Transmission electron microscopy (TEM) images were acquired with
a JEOL JEM-2010 microscope (JEOL Ltd., Tokyo, Japan) operating at
200 kV with a point-to-point resolution of 1.9 A. TEM samples were
dispersed in ethanol and treated with ultrasounds for 10 min. A drop of
the diluted suspension was placed on a carbon-coated copper grid and
allowed to dry by evaporation at room temperature.

Fourier transform infrared (FTIR) analyses of peptides, bare SAMNS,
and SAMN@peptides were performed using an IR Affinity-1S spec-
trometer (Shimadzu Corp., Kyoto, Japan) equipped with a diamond ATR
analyzer and LabSolutions IR software (Shimadzu Corp., Kyoto, Japan,
version 2.21). The scanning range was set between 500 and 4000 cm ™!
with a resolution of 4 cm™* and 300 accumulated scans.

2.10. Effects of isolated peptides in a cellular model

2.10.1. Caco-2 cells

For cellular tests, Caco-2 cells (human colon-rectal adenocarcinoma)
were cultured in DMEM (Dulbecco’s Modified Eagle’s Medium) sup-
plemented with 10 % fetal bovine serum (FBS) and maintained at 5 %
CO, and 37 °C. The Caco-2 cell line, derived from human intestinal
adenocarcinoma, is a valuable tool for studying the absorption and
transport of nutrients and drugs across the intestinal epithelium. The
polarized structure of these cells, with brush borders on the luminal side
and a smooth basolateral membrane on the opposite side, resembles the
human gut mucosa (Iftikhar et al., 2020).

2.10.2. Cell viability assay

To evaluate the effects of isolated peptides on cell viability, oxidative
stress or inflammation was induced in peptide-treated cells and sub-
jected to a viability test. Briefly, Caco-2 cells (1 x 10*) were seeded in
96-well plates (Tonolo et al., 2024) and, after 48 h, cells were treated
with 0.05 mg mL ! of each peptide sample (H or M) isolated by SPE and
SAMNS or 0.01 mg mL™! of SAMN@peptides (H or M). After 24 h, the
medium was removed and replaced with 0.5 mg mL™! MTT solution.
Then, cells were incubated at 37 °C for 3 h in the dark. Subsequently, the
MTT solution was replaced with isopropanol/dimethyl sulfoxide solu-
tion (9:1) to stop the reaction, followed by an incubation at 37 °C for 15
min. The UV-Vis absorbances at 595 and 690 nm were measured using a
plate reader (Tecan Infinite® M200 PRO, Mannedorf, Switzerland).

To induce oxidative stress, cells were incubated with 250 pM of
TbOOH for 18 h. Inflammation was promoted using 0.01 mg mL ™ LPS
(lipopolysaccharide, Sigma-Aldrich) or 4 ng mL™! TNF-a (tumor ne-
crosis factor, Sigma-Aldrich), for 18 h or 2 h, respectively.

2.10.3. Cell uptake and imaging of SAMN@peptides

Caco-2 cells were seeded (40 x 10* cells/well) upside-down onto 13
mm coverslips in 12-well plates, 48 h prior to a 24 h-incubation with
0.01 mg mL™! of either SAMN@H or SAMN@M. After incubation, cells
were rinsed twice with PBS to remove the excess of SAMNs, and fixed
with 2 % paraformaldehyde at 4 °C for 30 min. Then, cells were washed
again twice with PBS and incubated with 1:1000 Hoechst (Merck KGaA,
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Darmstadt, Germany) and 1 pM CellTracker Red CMTPX (Invitrogen,
Waltham, MA, USA) at 37 °C for 30 min at RT. After two 30 min washes
with PBS, the coverslips were mounted onto microscope slides (VWR
International, Radnor, PA, USA) with Mowiol (Calbiochem, San Diego,
CA, USA). Images were acquired with a Leica TCS SP5 confocal micro-
scope equipped with a Leica HCX PL APO 40x/1.25-0.75 Oil CS
objective (Zanin et al., 2020).

2.11. Insilico analysis of the physical-chemical properties of the identified
bioactive peptides

The physical-chemical characteristics of the identified bioactive
peptides were analyzed using various bioinformatic tools: Expasy-
Compute pI/MW (https://web.expasy.org/compute_pi/) and Prot-
Param (https://web.expasy.org/protparam/) were used to estimate the
molecular weight, the isoelectric point, the abundance of each amino
acid, and the total number of positively/negatively charged residues
(Wilkins et al., 1999); PepDraw server (http://www.tulane.edu/~bioch
em/WW/PepDraw/) was used to evaluate the net charge and the hy-
drophobicity of the peptides.

2.12. Statistical analysis

Values were indicated as mean + SD of at least three independent
experiments. The statistical analyses were performed by the one-way
ANOVA test with a multiple comparison test through the Tukey-
Kramer method and results with p < 0.05 were considered as statisti-
cally significant as previously reported in Tonolo et al., 2024. OriginPro
software (OriginLab Corporation, Northampton, MA, USA) was used for
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the analysis.

3. Results and discussion
3.1. Composition of the hybrid nanomaterial bio-coronas

Upon exposure to a biological matrix, a nanomaterial becomes
coated by biomolecules, such as proteins and peptides, developing a
shell that can be generically named bio-corona (e.g. protein corona,
peptide corona, etc.). The investigation of this bio-corona formation is,
on one hand, important for the development of an appropriate purifi-
cation strategy, and it is also fundamental for laying the basis for pro-
ducing novel nano-bio-conjugates for theranostic applications. Indeed,
the endowment of inorganic nanomaterials with a bio-like behavior
represents a crucial task that can be obtained by integration with
functional biomolecules, leading to novel pseudo-biological entities
(Martinez-Veracoechea & Frenkel, 2011). In this view, SAMNs are able
to recognize specific biomolecules in a complex biological milieu,
forming a bio-corona characterized by a restricted composition of bio-
compounds. Surface recognition properties of SAMNs were attributed
the to the chelation of surface Fe(Ill) sites by sterically compatible
carboxylic groups, exposed by proteins and peptides. Thus, with the idea
of fabricating biologically active nano-hybrids combining SAMNs and
bioactive compounds from milk whey, a simple self-assembly approach
was adopted. Naked SAMNSs were incubated in two biological matrices
consisting of milk whey from mastitis-affected (M) and healthy (H)
cows, as a control (Fig. 1 A). The whole process, including the washing
and release procedures, is described in paragraph 2.4 of the present
study. The peptide content associated with the nanomaterial bio-corona
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Fig. 1. Isolation of bioactive peptides through nanotechnological system. (A) Schematic representation of the applied method. HPLC analysis of peptides extracted by
SPE (B), restricted to gradient range 3-21 min, and SAMNSs (C), restricted to gradient range 5-40 min. Peptide profile of milk whey from mastitis-affected cows (M)
and healthy cows (H) are reported in red and black, respectively. (For the interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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was analyzed using high-performance liquid chromatography (HPLC)
and compared to the fractions obtained by SPE, a method commonly
used for the isolation of health-promoting peptides. Briefly, SPE was
carried out as reported in paragraph 2.5, using a step-gradient chro-
matography at increasing concentrations (5 %, 30 %, and 50 %) of
acetonitrile (ACN). The fraction obtained with 5-30 % ACN gradient
contained the highest concentration of peptides and, for this reason, was
analyzed further.

In Fig. 1, it is possible to appreciate the significant difference be-
tween the HPLC profiles of SPE extracts (Panel 1 B) and SAMN bio-
coronas (Panel 1C). When compared to the chromatogram of nano-
particle cargos, the SPE-purified peptide profile appeared crowded by
broad and intense signals, consistent with the scarce selectivity of the
purification method with respect to the magnetic separation by SAMNSs.
Furthermore, SPE-peptide content isolated from M was higher with
respect to H. This is due to the mastitis-induced inflammation status that
stimulates proteolytic processes, releasing protein fragments, and
exerting different signaling effects that trigger the defense responses of
the host (Tomasinsig et al., 2010). Noteworthy, peptide recognition by
SAMN showed an opposite tendency, registering a higher abundancy of
isolated peptides from H samples. This could be likely ascribed to the
affinity nature of the binding with SAMNSs, that is mostly dependent on
the amino acidic sequence and not on the mere preponderancy of the
available biomolecules.

To perform an in-depth characterization of the SAMN bio-corona
composition, peptides released from the colloidal nanomaterial were
analyzed by LC-MS/MS and compared to SPE-obtained peptides
(Table 1). The results confirmed the selectivity of SAMN surface, as
evidenced by the restricted group of peptides constituting the shell of the
hybrid nanomaterial (31 peptides from M samples and 16 peptides from
H samples). For comparison, SPE-obtained peptide composition con-
sisted of a ca. 10-fold higher number of unique peptides (306 from M and
167 from H).

Peptide size ranged from 6 to 38 amino acids, using either SAMNSs or
SPE, for healthy (H) and mastitis-affected (M) cows (Supplementary
Material 2). The mean peptide length was slightly larger in peptides
obtained using SAMNS, (21 M and 23H) than from SPE (18 M and 16H).
Moreover, SAMN-isolated peptides presented a higher content of acidic
residues (almost 20 %, on average, compared to ca. 14 % of SPE frac-
tions). This resulted in a negative net charge of SAMN-peptides (-3,
Table 1), with respect to SPE-peptides, that were generally not charged.
Notably, these last molecules were rich in Proline (Pro), Lysine (Lys),
Glutamic acid (Glu), and Serine (Ser), while SAMN peptides were
abundant in Aspartic acid (Asp), Leucine (Leu), Glutamic acid (Glu),
Glycine (Gly), and Phenylalanine (Phe). In general, peptide fractions
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obtained by SPE presented up to 46 % peptides with more than 50 %
hydrophobic residues in their sequence (about 27 % in SAMNSs frac-
tions). Given the hydrophobic character of these compounds, it is
evident that most of SPE-derived peptides, especially those from M
samples, were casein fragments, specifically from a- and p-casein
varieties.

Noteworthy, some peptides were unique to either the H or M whey
fraction, indicating distinct peptide content profiles of these two sam-
ples. An interesting finding arises by considering that proteins shared by
both fractions yielded different bioactive peptides, both in terms of
quantity and of sequence (see Supplementary Material 2 for peptide
grouping under the parent protein). In particular, M fractions contained
a higher number of peptides, compared to the H fractions, from the same
proteins.

In summary, this analysis reveals a complex and distinct peptide
landscape of each fraction, highlighting the importance of determining
the unique peptide content profile for a comprehensive understanding of
their bioactive potential. Detailed information about the identified
peptide sequences from both M and H milk, obtained by SPE and SAMNs
isolation techniques, can be found in Table 1 and in the Supplementary
Material 2 file.

Finally, under the reported conditions, the peptide yield resulted
higher by classic SPE extraction method than by SAMN magnetic sepa-
ration. The total amount of isolated peptides obtained from 100 mL of
ultracentrifuged whey were 23 mg and 14 mg with SPE and SAMNS,
respectively. However, on the basis of the estimated loading capacity of
SAMNS (140 mg g~ * peptide/SAMN), the amount of selectively captured
peptides can be considerably augmented by simply increasing SAMN
concentration during whey incubation. Indeed, it is likely to expect a
linear increase of the amount of captured peptides in the nanoparticle
concentration interval comprised between 100 mg L™ and 1 g L%
Thus, although the comparison with SPE performances was not the main
focus of the present contribution, the use of SAMNs as purification tool
can represent a viable option in terms of yield and, of course, in terms of
specificity.

3.2. Physical-chemical characterization of SAMN@peptides complexes

To provide direct structural information regarding bio-corona for-
mation, the hybrid nanomaterials (SAMN@H and SAMN@M) were
morphological characterized by transmission electron microscopy
(TEM). In Fig. 2A and B, TEM micrographs showed spherical core-shell
structures displaying a bulky, less electron-dense envelope around the
well-preserved maghemite core. The organic matrix displaying a thick-
ness of approximatively 2 nm, can be attributed to the self-assembled

Table 1
In silico evaluation of the physical-chemical properties of the bioactive peptides present in the studied fractions.
Number of Number of Peptide Basic aa Acidicaa  Neutralaa  Hydrophobic aa  Peptides with more Net The most
identified specific Length (mean (mean (mean %) (mean %) than 50 % of charge abundant aa
peptides peptides in (mean) %) %) hydrophobic aa (%) (mean)
each fraction
Glu, Lys, Leu,
SPEM 306 230 18 13 13 29 45 46 -0.3 Asn, Pro, Gln,
Ser, Val
Ala, Glu, Lys,
SPE H 167 87 16 13 15 29 43 32 -0.7 Leu, Pro, Ser,
Thr, Val
Ala, Asp, Glu,
SAMNs Phe, Gly, Ile,
M 31 20 21 8 19 34 40 29 -3 Lew, Ser, Thr,
Val
Ala, Asp, Glu,
SAMNs Phe, Gly, Ile,
H 16 5 23 7 19 33 41 25 -3 Leu, Ser, Thr,
Val

SPE: Solid phase extraction; SAMNs: Surface Active Maghemite Nanoparticles; M: Milk whey from mastitis-affected cows; H: Milk whey from healthy cows; Lys: Lysine;
Leu: Leucine; Pro: Proline; Gln: Glutamine; Ala: Alanine; Glu: Glutamic acid; Ser: Serine; Thr: Threonine; Val: Valine; Asp: Aspartic acid; Gly: Glycine; Ile: Isoleucine.
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Fig. 2. Chemical-physical and morphological characterization of SAMN-peptide nano-hybrids. A) and B) TEM micrographs of SAMN@H and SAMN@M], respec-
tively; C) DLS measurements with the statistical fitting according to the LogNorm function, green bars for bare SAMNs, blue bars for SAMN@H and red bars for
SAMN@M; D) UV-VIS spectra of naked SAMNs, SAMN@H and SAMN@M, Inset: deconvolution of SAMN@M UV-VIS spectrum; E) and F) FT-IR spectra of nano
purified peptide fractions compared to the ones of nano-immobilized peptides from M and H, respectively. (For the interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

peptide shell. Furthermore, the hydrodynamic features of the two
nanohybrids were assessed (see Section 2) along with zeta potential (¢)
measurements resulting in the ¢ value of the bare SAMNSs being equal to
+30 £+ 2 mV (conductivity = 0.113 mS cm~! at 25 °C), while the { values
of SAMN@H and SAMN@M were — 6 &= 1 mV and — 10 &= 1 mV,
respectively (conductivity = 0.242 and 0.226 mS cm ™! at 25 °C). It is
worth mentioning that the observed shift to negative values is compat-
ible with the expected coordinative nature of the peptide-SAMN inter-
action where negatively charged acidic peptides bind to the otherwise
positively-charged SAMNSs. As showed in Fig. 2C, the hydrodynamic
radii of SAMN@H (blue bars) and SAMN@M (red bars) were 0.90 +
0.06 pm and 1.2 + 0.2 pm, respectively, whereas the value for bare
nanoparticles resulted equal to 0.19 + 0.02 pm (Fig. 2C, green bars).
SAMN@H and SAMN@M complexes were further characterized by
UV-Vis. In Fig. 2D, the binding of M and H peptides to SAMNs induced a
ca. 50 nm redshift of the SAMN absorption band, accompanied by the
appearance of a shoulder at 504 nm, confirming the expected
complexation of under-coordinated iron(III) by the peptide chelating
moieties, very likely aspartic and glutamic carboxyl groups. Interest-
ingly, upon subtraction of the naked SAMN spectrum from the hybrid
nanomaterials spectrum (Fig. 2D, inset), two distinctive signals at 428
and 558 nm were observed as distinctive features of the nano-bio-
conjugates and were ascribed to the contribution related to electron

transitions associated with the surface modifier-metal oxide complex
formation (Calabrese et al., 2015; Quintanar & Rivillas-Acevedo, 2013).
It worth to note that at the physical edge of the maghemite nano-
particles, the crystalline domain is interrupted and, therefore, the sur-
face exposes a distribution of Fe(Ill) sites, which are not entirely
coordinated. Thus, the selective formation of a stable binding with the
peptides is likely ascribable to the stability gained by adsorption-
induced surface restructuration of the nanomaterial surface (Rilievo
et al., 2024). This phenomenon is known as surface reconstruction and,
generally, it is mirrored by a redshift of the nanoparticle UV-Vis ab-
sorption spectrum (Rajh et al., 2002). This optical transition is
commonly observed when a charge transfer happens between a donor
organic ligand (M and H peptides in the current case) and the conduc-
tion band of metal oxides, which are usually characterized by high
crystallinity, dimensions below 20 nm, and a good colloidal stability. In
this view, the redshift phenomenon represents a typical fingerprint of
SAMN-biomolecule hybridization (Rilievo et al., 2024).

FTIR was adopted to highlight peptide binding, their structural
modifications upon SAMN surface immobilization, as well as the mo-
lecular features involved in the binding (Barth, 2007). The FTIR spectra
of SAMN-released native peptides (Fig. 2 E and F, red curves) showed
the typical fingerprint of amide I band of proteins (1666 cm ™! and 1670
cm™! for M and H, respectively), almost entirely due to the carbonyl
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stretching of peptide bonds. However, the amide II band, expected in the
interval from 1500 to 1600 cm ™, and related to in-plane N-H bending
and C-N stretching of peptide bonds, could not be punctually recog-
nized, due to the overlapping with amide I. The evident peaks at 1392
em ™! and 1400 cm™! for M and H samples, respectively, towering over
other peptide vibrational features, were ascribable to the symmetric
stretching vibration of deprotonated carboxylate groups of aspartic and
glutamic acid side chains (Barth, 2000). Although representing a
necessary but not sufficient condition, the strong signal of carboxyl
groups of the bio-corona components is fully in harmony with LC-MS/
MS and in silico analysis and with the assumption that SAMN selec-
tivity is ruled by the availability of chelating moieties on the bound
biomolecule.

Noteworthy, in comparison to the spectra of native peptides, the IR
vibrational contribution by carboxylate groups resulted significantly
reduced for SAMN@M and SAMN@H (Fig. 2E and F, blue lines,
respectively), whereas the characteristic amide bands were significantly
more evident, particularly for SAMN@M. Moreover, amide I bands
registered a shift from around 1670 to 1658 and 1647 cm™! for
SAMN@M and SAMN@H, respectively, suggesting the occurrence of

A B

g/ \' 438A
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conformational modifications upon binding with respect to soluble
peptides. This can be explained as the result of peptide folding upon
their interaction with SAMNs, confirmed by the appearance of amide II
bands, at 1535 and 1546 crn’l, clearly identifiable in SAMN@M and
SAMN@H spectra. This hypothesis is further corroborated by the
occurrence of amide III band, at 1247 and 1290 crn’l, absent in the IR
spectra of soluble peptides (Barth, 2007). A folding rearrangement is not
surprising, as disordered peptides displaying proper amino acid se-
quences can be forced to assume well-defined structures by binding to
surfaces presenting suitably spaced anchoring sites (Mu et al., 2014).
This can be the case of SAMN surface displaying a regular distribution of
binding sites, that can be simplified into a square grid with a side length
of 3.9+ 0.9 .7\, whose nodes are occupied by under-coordinated Fe(III)
(Magro et al., 2018). In this view, IR spectrum modifications with
respect to soluble peptides can be related to the involvement of car-
boxylic group side chains of aspartic and glutamic acid in the chelation
of Fe(III) sites on SAMN surface (Barth, 2000; Sahoo et al., 2011). Thus,
peptides are forced to assume an ordered structure to match the
topography of Fe(Ill) sites, maximizing the number of coordination
bindings and the contact area (X. Lu et al., 2019).
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Fig. 3. 3D representation of SAMN-binding peptides and amino acid binding potential with Fe(III) ions of SAMNs isolated peptides. G-14-K (A,B) in cyan, D-21-K (C,
D) in purple, T-22-K (E,F) in green and H-32-K (G,H) in yellow; Fe(IIl) ions are pictured in orange and the orange dashed line represent the distance between the Fe
(III) ions, measured in A. (For the interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.3. Insilico evaluation of the interaction between SAMNs and peptides

Aiming at deepening the comprehension of the nanomaterial-peptide
interplay, an in silico investigation was carried out to evaluate peptide
binding potentials. Since the nanoparticles expose undercoordinated Fe
(II1) atoms (vide supra), it was assumed that these reactive sites display,
in some extents, a chemical behavior comparable to soluble Fe(III) ions.
In particular, Fe(III) sites are available to be coordinated by chelating
ligands, such as carboxyl groups, as extensively demonstrated else-
where, and therefore the affinity toward soluble Fe(IIl) can be consid-
ered for interpreting the selectivity of bio-corona formation on SAMNs
(X. Lu et al., 2019). In detail, simulations showed that the carboxylate
groups of Glutamic acid (Glu) or Aspartic Acid (Asn) played a crucial
role in Fe(Ill)-peptide binding. Moreover, Glutamic acid generally
exhibited a higher binding affinity compared to Aspartic Acid, and this is
in line with previous studies indicating that the structural differences
between these two amino acids, particularly the additional carboxyl
group in glutamic acid, enhance Glutamic acid ability to stabilize Fe(III)
complexes more effectively than Aspartic Acid (Shuaib et al., 2002). In
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Fig. 3, the structural predictions show that the presence of carboxylic
groups represents a necessary but not sufficient condition to justify the
binding to SAMNs. Thus, the residues that form stronger interactions
with Fe(III) (i.e. with a binding potential over 1.5) are mainly located in
peptide regions with a high tendency to form self-stable alpha helices
(Fig. 3) and are separated by a regular distance (8 A or its multiples),
which is compatible with Fe(III) site distribution and, in particular, it is
twice the length of the aforementioned square grid representation (vide
supra), possibly explaining the specificity of SAMN-peptide binding
(Magro et al., 2018). Therefore, this concept corroborated FTIR obser-
vations and the hypothesis that the interaction with SAMN surface
would induce a further folding in those peptides displaying affinity for
SAMN surface.

3.4. Biological effects of isolated peptides and SAMN @peptides

In order to evaluate the effects of isolated peptides on cell viability,
Caco-2 cells (1 x 104) were cultivated in the presence of 0.05 mg mL!
peptide fractions or 0.01 mg mL~' SAMNs@peptides for 24 h. As
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Fig. 4. Effects of peptide fractions extracted with SAMNSs or SPE from whey of healthy (H) or mastitis-affected (M) cows and the related nanohybrids (SAMN@H and
SAMN@M) on Caco-2 cell viability (A-B), against oxidative stress (C-D) and inflammation (E-F). Cell viability was evaluated by MTT assay in Caco-2 cells pre-treated
with peptide fractions (0.05 mg mL Y or SAMN@peptides (0.01 mg mL™Y for24 h (par. 2.10.2). Oxidative stress or inflammation was induced by TbOOH (250 pM),
LPS (0.01 mg mL ™) or TNF-« (4 ng mL ™) for 18 or 2 h, respectively. Data were expressed as a percentage of the values observed in untreated group. Means of at least
3 experiments were compared. *** p < 0.001, ** p < 0.01, * p < 0.05 vs. treated or untreated controls.
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reported in Fig. 4A, both M and H peptides released from SAMNSs dis-
played no harmful effects on cell viability. Conversely, SPE isolated
peptides showed a decrease in cell viability. This result was attributed to
the hydrophobic nature of SPE-obtained peptides. Indeed, as reported in
paragraph 3.1, SPE fractions showed almost twice the amount of pep-
tides with more than 50 % hydrophobic residues with respect to SAMN-
isolated peptides. Possibly, hydrophobic peptides interact with cell
membranes, potentially leading to membrane alterations and even the
formation of pores, causing cell lysis.

The effects on cell viability of SAMN@peptides from milk of cows
affected by mastitis (SAMN@M) and from the milk of healthy cows
(SAMN@H) were tested on the same Caco-2 model. As reported in
Fig. 4B, the nanohybrids (0.01 mg mL™?) did not display any toxic effect
and, on the contrary, they were beneficial. This is witnessed by a slight
increase in the viability of treated cells, suggesting a non-trivial acti-
vation of specific signaling pathways as a consequence of the nano-
hybrids internalization.

To evaluate possible antioxidant and anti-inflammatory properties of
the isolated peptides, cells (1 x 10%) were pre-treated with peptide
fractions from SPE or SAMNs (0.05 mg mL™!) and SAMN@peptides
hybrids (0.01 mg mL™!) for 24 h, and then an MTT assay was performed.
Oxidative stress and inflammation were induced by 250 pM TbOOH and
0.01 mg mL ™! LPS or 4 ng mL~! TNF-a, respectively, as described in the
Material and Methods section. Notably, when oxidative stress and
inflammation were induced in cells without any peptide treatment, cell
viability decreased by 70 % and 20 %, respectively (Fig. S2). On the
other hand, when cells were pre-treated with peptide fractions isolated
by SPE or SAMNSs, and the oxidative stress and inflammation were
induced using TbOOH and LPS or TNF-a, specific effects were observed
depending on each peptide fraction. In general, as reported in Fig. 4C,
M-peptides showed a stronger antioxidant effect than H-peptides.
Furthermore, SPE-peptides exhibited a higher antioxidant capacity in

Hoechst (A 350)

CellTracker (A 555)

None

SAMN@H

SAMN@M

Fig. 5. SAMN@peptide cell uptake. Representative confocal stack images (n =

X
7
a ¥

13) of Caco-2 cells treated with 0.1 mg mL~
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inhibiting the effects of oxidative stress induced by TbOOH, compared to
those purified using SAMNs. Notably, although the concentration of
nano-immobilized peptides was five-fold lower than soluble peptides,
results obtained treating cells with SAMN@peptides (Fig. 4D) were
comparable to the results obtained with soluble peptides (Fig. 4C). As
reported in Fig. 4D, SAMN@M was able to protect cells from oxidative
stress induced by TbOOH and was more effective with respect to
SAMN@H.

The same trend was observed when inflammation was induced by
LPS and TNF-a. As observed in Fig. 4F, SAMN@peptides exerted a strong
anti-inflammatory activity against inflammation induced by TNF-a.
Notably, the nanohybrids from milk of cows affected by mastitis
(SAMN@M) displayed a higher anti-inflammatory capacity compared to
those from milk of healthy cows (SAMN@H). Moreover, H-peptides and
M-peptides, when isolated using SAMNs, demonstrated a higher anti-
inflammatory capacity than those obtained by SPE (Fig. 4E).

In conclusion, SAMN-extracted peptides, despite being isolated in
smaller quantities, exhibited superior bioactivity. Moreover, peptides
obtained from bovines affected by mastitis showed a more antioxidant
and anti-inflammatory activity than the ones from healthy cows. These
results highlight that the nano-immobilized peptides provided similar or
even better protection than their soluble counterparts, despite being
present in lower concentrations, showcasing the efficiency of the SAMN
delivery system.

3.5. SAMN@peptides cellular uptake

Protection against oxidative stress and inflammation mediated by
SAMN@peptides suggested that these nanohybrids can enter cells and
exert their action. SAMNSs present an inherent green fluorescence that
enables the tracking of these nanoparticles within the cells. For this
reason, cells treated with SAMN@H and SAMN@M (0.1 mg mL ™) were

SAMNSs (A 488)

Merge

! of SAMN@M and SAMN@H for 24 h.

Cells were stained with Hoechst and CellTracker RED, to highlight nuclei (blue) and cytoplasm (red), respectively. In green, SAMNs@peptides intrinsic fluorescence
after excitation at A = 488 nm. (For the interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



F. Tonolo et al.

analyzed using a confocal microscope. SAMN@peptides (green) entered
the cells, by a mechanism probably mediated by vesicle formation
(Fig. 5). Indeed, as indicated by yellow arrows, some cytoplasmic re-
gions in correspondence with nanoparticles are characterized by dye
exclusion (CellTracker, red), suggesting the presence of a vesicle.
Moreover, in cells stained for nuclei (Hoechst, blue), nanoparticle-
produced organelle deformation was observed, as indicated by light
blue arrows. Interestingly, the vesicles present in cells treated with
SAMN@M were larger than those produced by SAMN@H, suggesting a
potential difference in the interaction dynamics based on the peptide
source.

Concluding, confocal microscopy revealed that SAMN@peptides
entered cells predominantly through vesicle-mediated endocytosis, as
evidenced by the presence of vesicles containing the nanoparticles.
These observations laid the basis for understanding the nanohybrid
mechanism of entrance in human cells. In addition, these results support
a successful cellular uptake, while the observed intracellular effects
highlight the potential of these nanohybrids as effective nutrients and
drug delivery systems for therapeutic compounds, with applications in
both food science and medicine.

4. Conclusions

A sustainable food system can bring about environmental, social, and
health benefits, and offer fairer and greener economic gains (Granato
et al., 2023). In the context of circular economy, different molecules
present in agri-food waste could be reused as food supplements with
nutraceutical effects (Granato et al., 2023). Among these compounds,
bioactive peptides gained significant attention as a growing class of
possible food ingredients with a wide range of potential applications
(Akbarian et al., 2022; Olvera-Rosales et al., 2023; Zaky et al., 2022).

This study presents a novel method to valorize whey from mastitis-
affected cows, a waste from the dairy industry, by isolating bioactive
peptides using Surface Active Maghemite Nanoparticles (SAMNs). Un-
like traditional methods, such as Solid Phase Extraction (SPE), which
often lack specificity and result in the isolation of a broad and less tar-
geted range of peptides, the use of SAMNs introduces a new level of
specificity. SAMNSs are particularly effective in isolating peptides rich in
acidic residues, which are frequently overlooked by conventional
methods. This selective approach represents a significant advancement
in the field of peptide extraction.

Peptides immobilized on SAMNs demonstrated significant antioxi-
dant and anti-inflammatory effects in Caco-2 cells, outperforming their
soluble counterparts. This enhanced bioactivity is likely due to the
improved stability and targeted delivery provided by SAMN-peptide
complexes, which also showed effective cellular uptake. The unique
properties of these nano-bio hybrids, including their inherent fluores-
cence and magnetic characteristics, further underscore their potential as
multifunctional tools in both food and biomedical applications. More-
over, the scalability of this method makes it a viable option for industrial
applications, offering a sustainable solution for repurposing dairy waste
into valuable products.

In conclusion, this work not only provides a proof of concept for the
use of SAMNS for peptide extraction but also offers new insights into the
development of innovative health-promoting products. The presented
interdisciplinary approach combining nanotechnology, proteomics, and
molecular biology sets the stage for future research and applications in
sustainable food processing and health industries.
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