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Salmon bones, a marine waste, have bioactive potential. Salmon bone peptides (SBPs) were phosphorylated at
different pH to form P-SBPs, whose structure and that of their zinc chelates (P-SBPs-Zn) were analyzed via
Fourier-transform infrared spectroscopy, fluorescence spectroscopy and CD spectrum. Among the pH-modified
variants, phosphopeptide-zinc chelates at pH 4 (P-SBPs4-Zn) exhibited the best solubility and highest zinc
chelating property, with a zinc content of 86.15 + 0.47 mg/g. The stability and digestibility were tested under
simulated gastrointestinal conditions (adults/elderly, dietary components). P-SBPs4-Zn demonstrated optimal
stability and digestibility. After evaluation the antibacterial activity, P-SBPs4-Zn exhibited significant antibac-
terial effects against Escherichia coli and Staphylococcus aureus through mechanisms involving membrane
disruption. The safety assessment using Caco-2 and RAW 264.7 cells confirmed its biocompatibility, supporting
its suitability for oral application. This supports its use as an efficient, stable, antibacterial zinc supplement for

food processing.

1. Introduction

Zinc, often referred to as the “life element”, plays a crucial role in
maintaining essential physiological functions and supporting overall
human health. Zinc deficiency is associated with several health risks: in
children, it can impair growth and development; while in adults, it can
damage gonadal function and lead to neurological dysfunction and
compromised immunity (Wang et al., 2012). Zinc intake can be
increased through zinc-rich foods or through zinc supplements.
Currently, four primary forms of zinc supplements are available: those
synthesized with inorganic zinc salts, organic weak acids, amino acids,
and peptides as ligands (Salami et al., 2016). Food-derived peptides
have shown potential as zinc carriers due to their chelating abilities
(Udechukwu et al., 2016). Some peptide structures, containing amino
acids such as His, Cys, Asp, Glu, and Ser, can form soluble zinc chelates,
thereby enhancing zinc absorption and preventing it from binding with
phytates. Zinc chelates, formed through the binding of zinc ions with the
C-terminal carboxyl group, N-terminal amino group, amino acid side
chains, imino, and carbonyl group in peptide chains, offer high
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bioavailability, bioactivity, solubility, and safety. These characteristics
make peptide-zinc chelates a promising area of research, with studies
reporting their effectiveness in inhibiting bacterial growth, while being
less toxic to humans (Fang et al., 2019) Although the structure and in-
testinal absorption of peptide-zinc chelate have been investigated,
limited studies have explored their gastrointestinal digestibility, anti-
microbial mechanisms and effects in elderly populations.

Salmon bone, a byproduct of seafood processing, is increasingly
acknowledged as a sustainable source of bioactive components. Recent
studies indicate that enzymatic hydrolysis of salmon bone proteins
yields salmon bone peptide (SBPs), which exhibit significantly enhanced
bioactivity relative to their native protein precursors. Documented
multifunctional properties of SBPs include strong metal chelation ca-
pacity, immunomodulatory effects, and therapeutic potential against
chronic conditions like hypertension and hypercholesterolemia (Ma
et al.,, 2017). Notably, their antimicrobial and antioxidant activities
indicate promising applications in food preservation and nutraceutical
development. Of particular relevance to this study, the phosphorylatable
serine residues in SBPs offer unique opportunities for structural
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modification, enabling the design of tailored peptide-zinc complexes
with enhanced stability and functionality. These advancements establish
SBPs as a compelling subject for exploring the interplay between peptide
modification, mineral chelation, and biological efficacy in food-derived
bioactive systems. Phosphorylation modification increases the number
of charges on the peptide chain and improves the solubility of the
peptide in water. By altering the spatial structure of peptide, a more
stable conformation is resulted in, which enhances the stability of pep-
tide against factors such as enzymatic degradation, acidic and alkaline
environments, and heat (Quan et al., 2019). Accordingly, we propose
the hypothesis that phosphorylation modification of SBPs could enhance
their zinc chelation capacity by promoting structural stabilization. This
would improve zinc bioavailability during gastrointestinal digestion.
Additionally, this modification may enable the peptide molecules to
interact more effectively with bacterial cell membranes, thereby exert-
ing antibacterial effects. Its dual functionality may diminish the
requirement for separate preservatives, thereby reducing overall
formulation costs.

In this study, SBPs were prepared using neutral protease enzymolysis
of salmon bone. The molecular weight of these peptides was analyzed
through liquid chromatography. Salmon bone phosphopeptides (P-
SBPs) with varying pH values (pH 3-9) were then prepared to study the
effects of phosphorylation. The structure and properties of P-SBPs were
characterized through infrared spectroscopy, circular dichroism (CD),
fluorescence, surface hydrophobicity, and phosphorylation degree.
Additionally, the zinc-binding capability of the P-SBPs zinc chelate (P-
SBPs-Zn) was evaluated through elemental composition, CD spectrum,
and zinc content analyses, alongside assessments of the chelate’s sta-
bility to determine the optimal product. Finally, the antibacterial
properties of P-SBPs4-Zn were examined. This study aims to prepare
phosphorylated salmon bone polypeptides (P-SBPs), characterize the
formation and structural properties of P-SBPs-zinc chelates, evaluate the
effect of zinc chelation on the stability of P-SBPs as well as the anti-
bacterial activity of P-SBPs-Zn against common foodborne pathogenic
bacteria, and clarify the potential mechanism underlying the enhanced
stability and antibacterial performance of P-SBPs-Zn. The findings of this
research are expected to provide a theoretical basis for the development
of P-SBPs-Zn as a functional material for food preservation or zinc-rich
food products, while also facilitating the high-value utilization of
salmon processing by-products.

2. Materials and methods
2.1. Materials

Salmon bones were sourced from Dalian Sea Treasure Breeding Co.
Ltd. in Jinzhou, China, and neutral protease (60,000 U/g) was obtained
from Solarbio (Shanghai, China). Aprotinin hydrochloride (high-purity,
6000 U/mg), p-amyloid (HPLC, >95 %), cyanocobalamin (HPLC, >99
%), oxalate (Analytically pure, 98 %), phytic acid (Biological Reagent,
70 %) and fusayama (pH 7.0) were purchased from Yuanye Bio-
Technology Co. Ltd. (Shanghai, China). Sodium tripolyphosphate
(STPP) and cytochrome C (HPLC, >95 %) were obtained from Aladdin
Reagent Co. Ltd. (Shanghai, China). Zinc gluconate and ZnSO4-7H20
were obtained from Macklin Reagent Co. Ltd. (Shanghai, China). The
RAW 264.7 cell line and Caco-2 cell line were obtained from the Cell
Bank of the Chinese Academy of Sciences (Shanghai, China). All other
chemicals and reagents used in this study were of analytical grade. The
study utilized Escherichia coli and Staphylococcus aureus bacteria from
China Agricultural Microbial Strain Collection Management Center.

2.2. Preparation of SBPs
In order to extract water-soluble protein from salmon bones, they

were mixed with deionized water (1:3 w/w), homogenized for 5 min,
and the resulting slurry was centrifuged at 4 °C at 9700 r/m for 10 min
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(Han et al., 2024). The supernatant was collected and freeze dried to
obtain fish bone protein powder, which was used to prepare SBPs. The
water-soluble fish bone protein was dissolved in deionized water (1:50)
and hydrolyzed by a neutral protease (50 °C, pH 7.0) at a dose of 5000
U/g protein. After 5 h of reaction, the solution was heated to 100 °C for
10 min to inactivate the enzyme. The resulting mixture was centrifuged
at 9700 r/m for 10 min, and the supernatant was freeze dried and stored
at —18 °C until use.

2.3. Molecular weight distribution of SBPs

The sample was prepared with a mass concentration of 1 mg/mL and
filtered through a 0.45 pm membrane. Molecular weight was deter-
mined using a 1200 liquid chromatograph (Agilent Technologies, Inc.,
USA).The mobile phase consisted of acetonitrile, water, and trifluoro-
acetic acid in a ratio of 30:70:0.1 (v/v/v), with a flow rate set at 0.8 mL/
min. Molecular weight calibration curves were established using stan-
dards including cytochrome C (12,500 Da), aprotinin hydrochloride
(6512 Da), p-amyloid (4514 Da) and cyanocobalamin (1355 Da). First,
measure the retention times of these four standard substances under the
same chromatographic conditions, and then fit a linear regression model
between the logarithm of the molecular weight and the retention time.
The formula was y = —0.0008x + 16.384, R? = 0.9953 (Supplementary
Fig. 1). The molecular weight of SBPs is calculated by substituting the
retention time determined by it into the standard curve.

2.4. Preparation of P-SBPs at different pH values

Xiong and Ma (2017) described the dry-heat method for obtaining
phosphorylated SBPs (P-SBPs). In this study, SBPs were dissolved in a
sodium tripolyphosphate solution with a concentration of 20 g/L. The
pH of the mixture was adjusted to 3.0, 4.0, 5.0, 6.0, 7.0, 8.0 and 9.0
using either a 1 M solution of either HCl or NaOH accordingly and then
freeze-dried in an FD-1A-50+ freeze-dryer (BIOCOOL, Beijing, China).
The powder was incubated at a temperature of 45 °C and a relative
humidity of 79 % for 12 h in an SPX-150B-Z incubator (Shanghai,
China). The products were dialyzed in deionized water for 48 h to
remove unbound phosphate ions. The phosphorylated products from the
aqueous suspension were named P-SBPs3, P-SBPs4, P-SBPs5, P-SBPs6, P-
SBPs7, P-SBPs8, and P-SBPs9 according to their respective preparation
pH values. They were stored in a sealed container at —20 °C for future
use.

2.5. Structural characterization of P-SBPs at different pH values

2.5.1. Fourier-transform infrared spectroscopy (FT-IR)

Adapted according to the method of Chen et al. (2024). The three mg
sample powder and 300 mg potassium bromide were respectively
weighed and ground in a mortar by using the KBr tablet method. The
measurement was performed by using IRPrestige21 spectrometer (Shi-
madzu, Japan). The scanning parameters were as follows: spectral range
4000-500 cm‘l, No. of scans 30, and the scanning speed 0.2 cm/s.

2.5.2. CD Spectrum

According to the method of Zhu et al. (2021), the secondary structure
of the product was determined by circular dichroism spectrometry
(Chirascan V100, Applied Photophysics, Leatherhead, Surrey, UK).
Under the premise of satisfying the test voltage, the mass concentration
of the sample to be measured is formulated as 1.0 mg/mL. The CDNN
software simultaneously analyzed the secondary structure of each
sample three times. Each sample was examined between 190 and 260
nm at a scanning speed of 100 nm/min, with a response time of 0.25 s.

2.5.3. Fluorescence spectral analysis
The fluorescence spectra of SBPs (dissolved in ultrapure water, 1 mg/
mL) at various pH values were determined by a Perkin Elmer LS-55



L. Han et al.

fluorescence spectrometer (USA). The excitation wavelength is 290 nm
and the emission wavelength ranged from 300 to 500 nm.

2.5.4. Surface hydrophobicity (Hp) determination

The method was adapted from Luo et al. (2022) and slightly modified
where fluorescent probe technology was employed. First, the sample
was diluted to a series of mass concentration gradients, including
0.0125, 0.025, 0.05, 0.1, and 0.2 mg/mL, dissolved in a 0.02 mol/L
phosphate buffer at pH 7. Each 5 mL sample solution contained 0.2 pmol
ANS fluorescent probe (1l-aniline-8-naphthalene sulfonic acid). The
fluorescence intensity of the solution was measured using a fluorescence
spectrophotometer with an excitation wavelength of 290 nm and an
emission wavelength range of 300-500 nm. Three parallel experiments
were conducted for each group of samples, and the results were aver-
aged. The obtained fluorescence intensity data and corresponding pro-
tein mass concentration (mg/mL) were subjected to linear regression
analysis. The resulting slope of the linear regression represents the
surface hydrophobicity, which provides insights into the number and
characteristics of hydrophobic regions on protein molecules.

2.5.5. Phosphorylation assay

The level of phosphorylation was assessed utilizing a phosphoryla-
tion assay kit from Elabscience Biotechnology Co. Ltd (E-BC-K245-M,
Wuhan, China) through the calculation with the following formula.

Pi (m':”l) = (AAggo —b) +ax5xf ¢))

where AAgg is sample absorbance - blank absorbance, b is the intercept,
a is the slope of the standard curve and f is the dilution ratio of the
sample.

2.6. Preparation of P-SBPs-Zn at different pH values

Adapting to the method proposed by Sun et al. (2021), P-SBPs with
varying pH values were combined with a 5 mmol/L zinc sulfate solution
at a mass ratio of 3:1. The reaction was conducted at 40 °C in a
temperature-controlled water bath for 30 min. Subsequently, anhydrous
ethanol was added to the reaction mixture at a volume ratio of 1:3 (water
phase: ethanol) to precipitate the salmon bone phosphopeptide zinc
chelate (P-SBPs-Zn). After centrifugation at 6860 r/m for 5 min, the
supernatant was discarded, and the sediment was collected and freeze-
dried for future use.

2.7. Determination of the chelating ability of P-SBPs-Zn

The zinc content was determined by kit (Nanjing Jiancheng Bioen-
gineering Research Institute, China). Tris buffer (100 mmol/L),
zinc-mercury (7 mmol/L) and the sample to be tested (1 mg/mL) were
added at 10:1:1 (v/v). After incubating at 37 °C for 5 min the absorbance
was measured at 630 nm. Zinc content was calculated according to the
following formula.

.. . A
Zinc ion concentration (pmol/L) = Cyandard X e’ 2)

Asmndard

Zincchelatingability (mg/ )_Zincionconcentration(mmol/L)><1000><M
& yimg/8 ~ Totalconcentrationof zincions(mmol /L) x M

3

where Cstandard 1S 24, Ameasure i the absorbance of the sample and Aggndard
is the absorbance of the standard.
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2.8. Structural characterization of P-SBPs-Zn

2.8.1. Fourier-transform infrared spectroscopy (FT-IR)

Weigh out equal amounts of sample powder and potassium bromide
(1:100, w/w) and grind them in a mortar using the potassium bromide
tableting method. Measurements were performed using an IRPrestige21
spectrometer (Shimadzu, Japan). The scanning parameters were as fol-
lows: spectral range 4000-500 cm ™}, 30 scans, and a scan speed of 0.2
cm/s.

2.8.2. CD Spectrum

The mass concentration of the sample to be measured was 1.0 mg/
mL. The spectrum scanning range was set to 190-260 nm, the scanning
speed was 100 nm/min, and the response time was 0.25 s. The sec-
ondary structure of the sample was analyzed by CDNN software. Each
sample was tested in parallel 3 times.

2.8.3. Fluorescence spectral analysis

The fluorescence spectrum of P-SBPs-Zn (1 mg/mlL) at different pH
values was measured using a PerkinElmer LS-55 fluorescence spec-
trometer. The excitation wavelength was 290 nm, and the emission
wavelength range was 300 to 500 nm.

2.8.4. Elemental composition analysis

The microstructure and surface elements of SBPs, P-SBPs4, and P-
SBPs4-Zn were observed by a scanning electron microscope (SEM,
$4800, Hitachi, Tokyo, Japan) equipped with an energy dispersive
spectrometer. The samples were coated with Au-Pd at a current of 15 mA
for 90 s. The samples were imaged at a voltage of 5 kV with 3000x
magnification.

2.9. Stability analysis of P-SBPs-Zn

2.9.1. Effects of glucose and NaCl treatments

The stability of adding different concentrations of glucose and NaCl
was measured according to Zheng et al. (2023). Different amounts of
glucose were added to P-SBPs-Zn solutions (1 mg/mL) at different pH
values with final concentrations of 4, 8 and 12 g/100 g, respectively.
After stirring at 65 °C and 115 rpm for 20 min, the mixture was
centrifuged at 6140 r/m for 12 min and the supernatant was combined.
The zinc solubility was calculated using Eq. (4). The same systems were
prepared with NaCl (1, 2 and 4 g/100 g) instead of glucose to study the
effect of NaCl on the solubility of zinc in P-SBPs-Zn solutions at different
pH values. Zinc gluconate (100 pg/mL) were used as comparisons.

Zinc solubility (%) = Zinc in supernatant/Total zinc in solution x 100

4

2.9.2. Simulation of the effects of gastrointestinal digestion in adults

The in vitro digestion process of P-SBPs-Zn at different pH values was
studied using an oral gastrointestinal digestion method (based on the
method reported by Yu et al. (2024) and Feng et al. (2024) with minor
modifications). First, the sample solution (1 mg/mL) was mixed with an
equal volume (7.5 mL) of simulated saliva, adjusted to pH 6.8, and
incubated at 37 °C and 150 rpm for 5 min. Subsequently, 15 mL of
simulated gastric fluid (containing 3.2 g/L pepsin and 2 g/L NaCl) was
added, and the pH was adjusted to 2. Incubation continued at 37 °C and
120 rpm for 120 min. Finally, 7.5 mL of simulated intestinal fluid was
added, the pH was adjusted to 7, and incubation continued at 37 °C and
130 rpm for 120 min. The simulated intestinal fluid formulation was as
follows: 1.5 mL salt solution (100 pM ZnSOj4, 1.67 mM CaCly), 2.5 mL
enzyme solution (60 mg/mL phosphatase-buffered trypsin, 60 mg/mL
phosphatase-buffered lipase), 3.5 mL 187.5 mg/mL phosphate-buffered



L. Han et al.

bile salt solution. After centrifugation for 10 min (6000 rpm), the fluo-
rescence intensity of each digested sample was measured. The control
group used zinc gluconate.

Additionally, food co-existing components (oxalic acid and phytic
acid) were incorporated into the experiments. Methods were adapted
from Feng et al. (2024) with minor modifications. In vitro digestion
experiments included 0.61 mM phytic acid and oxalic acid. This ratio
was selected to provide a standardized, direct comparative assessment
for evaluating chelation competition between P-SBPs4-Zn and each in-
hibitor under simplified in vitro conditions. When analyzing the effects
of food co-existing components on zinc solubility, the group without
added components served as the control. Zinc solubility was calculated
using Eq. (4).

2.9.3. Simulation of the effects of gastrointestinal digestion in the elderly

The elderly digestive model is based on differences in gastrointes-
tinal digestive pH, digestive fluid (enzyme/substrate ratio), and peri-
staltic velocity (magnetic stirring velocity) (Herndndez-Olivas et al.,
2020). 7.5 mL of a 1 mg/mL sample solution was mixed with an equal
volume of simulated saliva at pH 7.0, followed by incubation at 37 °C
and 120 rpm for 5 min. Subsequently, 15 mL of simulated gastric fluid
(containing 1.6 g/L pepsin and 2 g/L NaCl) was added to the system with
pH adjusted to 2.5, followed by incubation at 37 °C and 100 rpm for 120
min. Finally, 7.5 mL simulated intestinal fluid was added with pH
adjusted to 7.2, followed by incubation at 37 °C and 110 rpm for 120
min. The simulated intestinal fluid formulation is as follows: 1.5 mL salt
solution (100 pM ZnSOg4, 1.67 mM CaCly), 2.5 mL each of 30 mg/mL
phosphate-buffered trypsin and lipase, and 3.5 mL of 93.75 mg/mL
phosphate-buffered bile salts. After digestion, centrifuge the mixture at
6000 rpm for 10 min and measure the fluorescence intensity of the
resulting supernatant (digest). Zinc gluconate served as the control in
this experiment.

To evaluate the effect of food co-ingested components on zinc solu-
bility in the elderly, we added 0.61 mM oxalic acid and phytic acid to an
in vitro simulated digestive system. Samples without added co-ingested
food components served as blank controls for this analysis. Zinc solu-
bility in each group was calculated using formula (4) described earlier in
this paper.

2.10. Antimicrobial activity of P-SBPs-Zn

2.10.1. Oxford cup method assay

The inhibitory activity of P-SBPs4-Zn against Escherichia coli (E. coli)
and Staphylococcus aureus (S. aureus) was determined by a slightly
modified Oxford cup method. Bacteria cultured overnight were inocu-
lated in LB petri dishes (Wang et al., 2019). After the medium had so-
lidified, the sterile Oxford cup was removed. 200 pL (100 mg/mL) of
sample solution and the same amount of zinc salt were added to the
Oxford cup. 0.2 % streptomycin and potassium sorbate were used as
positive control, with sterile water being negative control. After incu-
bation at 37 °C and 25 °C, inhibition zone diameter (including disc area)
was measured with a digital caliper to assess inhibition activity and
recorded in millimeters. These values were described as the mean +
standard deviation of three simulated rows.

2.10.2. Minimum inhibitory concentration (MIC)

The MIC assay was adapted from a previously reported method (Shi
et al., 2017) with slight modifications using 96-well microtitre cell
culture plates prepared with 50 pL LB (10”7 CFU/mL) in each well, fol-
lowed by transfer of the sample solution to broth and incubation at 37 °C
for 12 h. The absorbance of each hole at 600 nm was measured by a
microdrop plate instrument. The final concentrations were 40, 20, 10, 5,
2.5, 1.25, 0.63, 0.31 mg/mL without E. coli and 30, 15, 7.5, 3.75, 1.88,
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0.94, 0.47, 0.23 mg/mL without S. aureus inoculation. The MIC value is
defined as the minimum P-SBPs4-Zn concentration that inhibits micro-
bial growth, where the antibacterial activity of P-SBPs4-Zn was evalu-
ated using the unit mg/mL.

2.11. Antibacterial mechanism of P-SBPs4-Zn

2.11.1. Scanning electron microscope (SEM)

The SEM analysis was performed according to the method reported
by Bajpai et al. (2013) with slight modification. The samples to be tested
were added to the log-phase E. coli and S. aureus resuspensions washed
twice with 0.1 M phosphate buffer solution (PBS, pH 7.4), respectively.
Bacterial cells were prepared by centrifugation and incubated at 37 °C
for 8 h. Observations were made using an S-4800 scanning electron
microscope (Hitachi Ltd., Japan). Scanning electron microscopy analysis
was performed using the method of Diao et al. (2014).

2.11.2. Cell membrane integrity

Bacteria were cultivated in liquid medium to logarithmic growth
phase. An appropriate amount of bacterial solution was centrifuged at
9700 r/m for 5 min at room temperature. After discarding the super-
natant, it was washed with saline (ST341) once, and the concentration of
the bacterial solution was adjusted to about 108 bacteria/ml (ODg7g ~
0.3) with saline. For every 100 pL of bacterial solution, 1 L of staining
work solution was added and thoroughly mixed before incubation at
37 °C for 30 min away from light. Then, 10 pL of the bacterial solution
was added onto an adhesion slide (FSLO51, Beyotime, China, with
positively charged surface) and covered with a 24 mm square coverslip
(FCGF24, Beyotime, China), and the staining was observed under a laser
scanning fluorescence microscope FLUOVIEW FV3000 (OLYMPUS,
USA). DMAO is green fluorescence, Ex/Em = 503/530 nm; PI is red
fluorescence, Ex/Em = 535/617 nm.

2.11.3. Nucleic acid and protein leakage

The cell integrity detection methods of E. coli and S. aureus strains
were adapted from Lv et al. (2011) with slight modification. At 37 °C,
the cell suspension was incubated and stirred in two solutions of
different concentrations (control and MIC). Samples collected (10 mL)
every hour were centrifuged at 8000 rpm for 8 min to obtain superna-
tant, and sterile water was used as control group. The concentration of
nucleic acid in the supernatant was determined using an ultraviolet-
visible spectrophotometer (UV-2450, Shimadzu, Japan) by measuring
the absorbance at a wavelength of 260 nm. In addition, the content of
proteins in suspension was measured following the method of Xu et al.
(2010).

2.12. In vitro cytotoxicity assay

2.12.1. RAW 264.7 cells

The potential cytotoxicity of P-SBPs4-Zn on RAW 264.7 cells was
assessed by MTT assay. First, RAW 264.7 cells in DMEM complete me-
dium (including 1 % penicillin-streptomycin and 10 % FBS) were
inoculated into 96-well plates at a density of 1 x 10* cells per well. They
were incubated for 24 h under standard conditions. Subsequently, the
medium was replaced with the ones containing samples at different
concentrations (0, 0.25, 0.5, 0.75, 1, and 1.25 mg/mL). After another 24
h of incubation, 20 pL of PBS solution of MTT reagent (5 mg/mL) was
added to each well and the plates were incubated for 4 h. The solution
was then removed and 150 pL of DMSO was added to each well.
Absorbance was measured at 490 nm using a Synergy H1 enzyme labeler
(BioTek, USA). Cell viability was calculated using Eq. (5):
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Fig. 1. Characterizations of SBPs and P-SBPs. (A) Molecular mass distribution of SBPs. (B) FT-IR spectra; (C) circular dichroic spectra; (D) secondary structure
distribution; (E) fluorescence spectra; (F) surface hydrophobicity; (G) degree of phosphorylation and (H) zinc content of P-SBPs at varying pH values.
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)
where At and Au represent absorbances at 490 nm in the presence and
absence of sample, respectively; Ac is the absorbance of the control with
no cells.

2.12.2. Caco-2 cells

To assess the potential cytotoxicity of P-SBPs4-Zn on intestinal
epithelial cells, Caco-2 cells were used for testing. P-SBPs4-Zn was dis-
solved in MEM medium at concentrations of 0, 0.25, 0.5, 0.75, 1, and
1.25 mg/mL. Caco-2 cells were diluted and seeded at a density of 10,000
cells per well in a 96-well plate, then cultured in a 37 °C, 5 % CO»
incubator. After 24 h of culture, cells were treated with the different
concentrations of sample. After 24 h, 5 mg/mL MTT dye was added and
incubated at 37 °C for 4 h. The medium was replaced with 150 pL
dimethyl sulfoxide (DMSO) to dissolve the MTT, and the absorbance was
measured at 570 nm.

2.13. Statistics analysis

Experimental data were measured at least 3 times in all tests (n > 3).
Origin 2021 software was used for mapping. The univariate ANOVA test
was conducted using IBM SPSS Statistics 27 software, followed by post
hoc comparisons using the Waller-Duncan test. Differences were
considered statistically significant at P < 0.05.

3. Results and discussion
3.1. Molecular weight distribution analysis

The molecular weight distribution of peptides is crucial for their
metal chelating capability, with low-molecular-weight peptides gener-
ally exhibiting stronger ability of metal chelation. Liu et al. (2013) re-
ported that peptides with molecular weights of <2000 Da are
particularly effective at chelating metal ions. In this study, approxi-
mately 50.25 % of SBPs had molecular weights of <3000 Da, indicating
a high proportion of smaller peptides and suggesting a strong potential
for zinc chelation (Fig. 1A).

3.2. Structural characteristics of P-SBPs at different pH values

3.2.1. FT-IR analysis

The FT-IR spectra of P-SBPs at various pH levels revealed substantial
changes compared to those of SBPs (Fig. 1B). Following phosphoryla-
tion, the characteristic absorption peak at 3424 cm™! (attributed to -N-H
stretching) shifted to approximately 3473 em™! (Kaewruang et al.,
2014), while the amide I peak at 1630 cm ™' displayed a blue shift. No
marked changes were observed in amide II (1544 cm’l) and amide III
(1243 em™!) bands, indicating minimal involvement of the C=0 and
C—N groups in phosphorylation. A distinct peak around 890 cm?,
corresponding to P—O stretching vibrations, confirmed the successful
incorporation of sodium tripolyphosphate with SBPs, aligning with
findings from previous studies.

3.2.2. CD spectral analysis

The CD spectra of SBPs in Fig. 1C illustrate substantial structural
changes in SBPs following phosphorylation. The addition of phosphate
groups caused blue shift in the absorption peaks of P-SBPs within the
190-210 nm range, varying across pH levels. Notably, phosphorylation
altered the secondary structure composition of P-SBPs-Zn, where
random coil content increased by 1.19 % and p-sheet content decreased
by 1.12 % (Fig. 1D). The a-helix and -turn proportions in P-SBPs4-Zn
remained relatively stable. This structural shift from p-sheet to random
coil suggests that the addition of phosphoryl groups introduces
hydrogen bonds between the phosphate groups and peptide backbones.
These new bonds likely weaken the existing intermolecular hydrogen
bonding, particularly between amide hydrogens and carbonyl oxygens),
resulting in structural interconversions and possibly refolding or
unfolding of the peptide molecules. This finding agrees with the study by
Geng et al. (2014), who observed similar secondary structure adjust-
ments due to phosphorylation.

3.2.3. Fluorescence spectroscopy

Fig. 1E illustrates the fluorescence intensity trends at 360 nm under
290 nm excitation. Notably, the fluorescence intensity of P-SBPs at
various pH levels was significantly lower than that of unphosphorylated
SBPs, consistent with previous findings (Li et al., 2010). Among the
tested pH levels, the P-SBPs4 exhibited the highest fluorescence in-
tensity. This reduction in fluorescence intensity may result from struc-
tural modifications to the peptide, which exposed the chromophore to a
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more polar environment (Sheng et al., 2017). Phosphorylation also in-
duces conformational modifications that enhance the exposure of tryp-
tophan (Trp) residues, causing a slight blue shift in fluorescence. These
observations suggest notable structural distinctions between phosphor-
ylated and unphosphorylated peptides.

3.2.4. Hy analysis

The Hy index for P-SBPs at different pH levels is presented in Fig. 1F.
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Compared with SBPs, the Hy index of P-SBP4 was significantly elevated,
indicating increased surface hydrophobicity and decreased solubility.
This change likely arose from the exposure of hydrophobic tryptophan
and tyrosine groups on the surface of P-SBPs4 particles, thereby
reducing UV absorption and amplifying surface hydrophobicity. These
findings are consistent with previous reports, showing that phosphory-
lation tends to increase protein residue hydrophobicity relative to non-
phosphorylated peptides (Li et al., 2010). Specifically, when positively

(B)

Wavelength (nm)
190 200 210 220 230 240 250 260
T T T T T T
0.0 —
15
-
g
= -15.0
g
=
8 225
-30.0
——SBPs-Zn  —— P-SBPs3-Zn—— P-SBPs4-Zn—— P-SBPs5-Zn
-37.5 - p.SBPs6-Zn P-SBPs7-Zn—— P-SBPs8-Zn—— P-SBPs9-Zn

(D)

180
——— SBPs-Zn
——— P-SBPs3-Zn
150 - ——— P-SBPs4-Zn
—— P-SBPs5-Zn
%’ 120 ~—— P-SBPs6-Zn
2 ——— P-SBPs7-Zn
= —— P-SBPs8-Zn
= A ——— P-SBPs9-Zn
<9
=
S 60
17}
Y
kS
=
S 30t
=]
0 -
1 1 1 1 1
300 350 400 450 500
Wavelength (nm)

Weight %

23.7

184

56.6

0.6

0.7

Fig. 2. The structure of P-SBPs-Zn at different pH values. (A) FT-IR; (B) circular dichroism spectrum; (C) secondary structure distribution; (D) fluorescence spectrum.
Surface element composition and microstructure. (E) SBPs; (F) P-SBPs4; and (G) P-SBPs4-Zn.
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charged, zinc ions interact with specific peptide chain residues, forming
salt bridges through electrostatic attraction. Furthermore, the side
chains of some residues may engage in hydrogen bond formation,
further diminishing the hydrophilicity of these residues and highlighting
the hydrophobicity of other side chains. Therefore, the relative increase
in the number of hydrophobic groups in the peptide chain significantly
enhances the hydrophobicity of the entire molecular surface. This shift
in hydrophobic groups may have a profound impact on the structure and
function of the peptide chain.

3.3. Structural characteristics of P-SBPs-Zn at different pH values

3.3.1. Analysis of phosphorylation degree and zinc chelating ability

Following the phosphorylation reaction of SBPs, as depicted in
Fig. 1G, the phosphorus content of the modified SBPs varied signifi-
cantly across pH levels (P < 0.05). The phosphorus content of unmod-
ified SBPs was (0.23 + 0.01) mmol/L, whereas the highest phosphorus
content was observed in P-SBPs4 as (1.27 + 0.02) mmol/L among
different pH values, indicating successful phosphorylation and a sub-
stantial increase in phosphorus content. Variations in the degree of
phosphorylation could be attributed to differences in raw materials and
reaction processes, which affect the phosphorylation sites (Sheng et al.,
2019). Studies have demonstrated that phosphate groups can be
attached to oxygen atoms in serine, threonine, aspartic acid (p-carbox-
ylic acid), and tyrosine residues, or through nitrogen in lysine (e-amino)
and histidine (1 and 3) residues (Zhang et al., 2007). Xiong and Ma
(2017) and Wang et al. (2016) reported that most phosphorylation sites
in ovalbumin are located on serine residues. The zinc chelation capacity
of the phosphorylated peptides is depicted in Fig. 1H. P-SBPs4 exhibited
the highest zinc content, measuring (86.15 + 0.47) mg/g (P < 0.05).
These aforementioned results indicate that the zinc chelating ability of
P-SBPs varies significantly depending on the different pH levels, with P-
SBPs4 displaying optimal zinc-binding properties.

3.3.2. FT-IR analysis

As shown in Fig. 2A, the most significant change after zinc chelation
is the marked shift of the absorption band from 1078 ecm™! to 1064
cm~!. This absorption band is unequivocally attributed to the P—O
stretching vibration of the phosphate group introduced by phosphona-
tion. This shift toward lower wavenumbers is a classic signature of
phosphate oxygen atoms participating in metal coordination. Upon
forming the P—O—Zn bond with zinc, the vibrational system gains mass
while the P—O bond constant weakens, leading to the observed red shift.
Additionally, we observed a subtle yet stable shift in the band near 1636
em™! (amide I, C=0 stretching vibration), ultimately stabilizing at
1643 cm ™!, This provides strong direct evidence that the phosphate
group serves as the primary binding site for Zn>.

3.3.3. CD spectral analysis

The secondary structure distribution was analyzed using CDNN
based on the molecular weight distribution. The molecular weight dis-
tribution of P-SBPs at different pH values is shown in Supplementary
Fig. 2A. The molecular weight distribution of P-SBPs-Zn at different pH
values is shown in Supplementary Fig. 2B. In the CD spectra of P-SBPs-
Zn at different pHs, a prominent negative peak appeared at about 195
nm, indicating that the secondary structure of P-SBPs at different pHs
changed significantly during the chelation process (Fig. 2B). Compared
with SBPs-Zn, the a-helix content in P-SBPs4-Zn increased by 4.62 %,
whereas the content of random coil structures decreased by 4.58 %
(Fig. 2C). This shift may be attributed to zinc-induced peptide self-
assembly, which favored a-helix and random coil structures. These
findings are consistent with those of Li et al. (2010).

3.3.4. Fluorescence spectroscopy

Although the amide carbonyl group itself exhibits weak metal-
binding capacity, the side-chain carboxyl groups of aspartic acid (Asp)
and glutamic acid (Glu) residues in salmon bone peptides absorb in a
similar wavelength range. This shift suggests the carboxyl groups may
participate in coordination interactions, a hypothesis further supported
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Fig. 3. The stability of P-SBPs-Zn at different pH values. (A) With addition of different concentrations of glucose (4-12 g/100 g); (B) With addition of different
concentrations of NaCl (1-4 g/10 g) (P < 0.05, different colors represent different groups); (C) simulated digestion in adults; (D) simulated digestion with oxalic acid
in adults; (E) simulated digestion with phytic acid in adults; (F) simulated digestion in elderly people; (G) simulated digestion with oxalic acid in elderly people; and
(H) simulated digestion with phytic acid in elderly people.
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Fig. 3. (continued).

by fluorescence spectroscopy results (Fig. 2D). The endogenous fluo-
rescence quenching observed upon zinc ion addition (primarily origi-
nating from tyrosine and tryptophan residues) indicates that the
coordination environment alters the microenvironment of these lumi-
nescent groups. This is consistent with a binding event inducing
conformational changes, a process that may bring residues containing
carboxyl groups into proximity with aromatic amino acids.

3.3.5. Elemental composition

Fig. 2E, F and G show the elemental differences between SBPs, P-
SBPs4 and P-SBPs4-Zn, respectively. SBPs primarily consisted of C (56.6
%), N (18.4 %), O (23.7 %), S (0.6 %) and Ca (0.7 %). In P-SBPs, the
elemental composition shifted to Na (17.3 %), O (9.4 %), Cl (26.7 %),
and C (46.6 %). The P-SBPs4-Zn composition further altered to Na (18.7
%), O (20.6 %), Cl (23.9 %), C (7.3 %), Zn (18.9 %), and S (10.6 %),
clearly indicating successful zinc chelation. SEM imaging revealed
substantial morphological differences: SBPs displayed a smooth planar
surface, whereas P-SBPs4 formed relatively aggregated particles. In P-
SBPs4-Zn, the surface appeared as more aggregated clusters of globular
particles, likely due to interactions between zinc ions and the peptide,
forming stable P-SBPs4-Zn complexes. White dots on the surface of the
P-SBPs4-Zn complex suggest zinc ion binding (Zhang et al., 2018).
Moreover, the observed folding and crystal structures may stem from
peptide-zinc ion interactions. This structural modification is consistent
with Sun et al. (2021), supporting the notion that zinc chelation en-
hances the peptide’s microstructure, forming densely packed
nanoparticles.

3.4. Stability analysis of P-SBPs-NP-Zn at different pH values

3.4.1. Effects of glucose and NaCl treatments

Excess sodium ions and glucose can influence zinc ion absorption in
the body (Khan et al., 2022). Fig. 3A and B demonstrate that adding
glucose (8 %-12 %, w/w) or a high NaCl concentration (4 %) signifi-
cantly reduced (P < 0.05) zinc solubility in P-SBPs-Zn and zinc gluco-
nate. As shown in Fig. 3A. When 4 % glucose was added, the zinc
solubility of zinc gluconate was (80.42 + 2.14) %, and it was (64.55 +
1.53) % when the glucose concentration rose to 12 %. The zinc solubility
of P-SBPs4-Zn decreased from (76.65 + 1.44) % to (63.54 + 1.32) %.
The zinc solubility of P-SBPs-Zn is the highest when the pH value is 4,
and it is the most stable under the condition of adding different con-
centrations of glucose. Adding low NaCl concentrations (1 %-2 %) did
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not significantly result in the same changes (P > 0.05). As shown in
Fig. 3B. When the NaCl concentration was added from 1 % to 4 %, the
zinc solubility of zinc gluconate decreased from (83.53 + 0.86) % to
(73.52 + 1.28) %. The zinc solubility of P-SBPs4-Zn decreased from
(97.64 + 0.97) % to (70.75 + 1.21) %. These results suggest that P-SBPs-
Zn is stable at low NaCl concentrations (1-2 %), but unstable in the
presence of glucose (8 %-12 %) and higher NaCl concentrations (4 %).
Numerous sodium ions or glucose molecules can change the polarity of
the microenvironment around the peptide, which affects the pepti-
de-zinc ion interaction, leading to reduced zinc solubility (Wong et al.,
2019). Additionally, zinc solubility in P-SBPs-Zn under NaCl treatments
at various pH levels was higher than that in zinc gluconate, with P-
SBPs4-Zn exhibiting the highest solubility. This result suggests that
phosphorylation-enhanced zinc chelation improves the stability of zinc
ions at low glucose and NaCl concentrations, potentially enhancing zinc
bioavailability.

3.4.2. Simulated gastrointestinal digestion in adults

In Fig. 3C, the solubility of P-SBPs-Zn at different pH values
decreased significantly (P < 0.05) as the simulated digestion progressed
from the oral phase (0-5 min) to the gastric phase (5-125 min) and then
into the intestinal phase (125-245 min). This trend is similar to that
observed in zinc gluconate. When zinc ions transition from the stomach
to the intestines, some Zn?* ions convert into insoluble zinc salts
because of the increased pH (Udechukwu et al., 2018). Additionally,
during gastrointestinal digestion, the peptide chain (P-SBPs) may
degrade, weakening the interaction between peptides and zinc ions,
which further reduces zinc solubility. This process presents a barrier that
zinc supplements must overcome to achieve physiological efficacy in the
body (Wang et al., 2018). Among the different pH levels, the zinc sol-
ubility of P-SBPs-Zn was significantly higher than that of zinc gluconate
(P < 0.05), with P-SBPs4-Zn demonstrating the highest zinc solubility at
the end of process, achieving (60.13 + 1.56) %, confirming its improved
stability under intestinal digestion conditions. Similar trends have been
reported previously (Sun et al., 2021). Hence, these findings suggest that
P-SBPs4-Zn enhances zinc stability in intestinal environments.

Fig. 3D and E further illustrate that during simulated gastric diges-
tion with food components, whose interaction with zinc ions led to a
decrease in zinc solubility due to precipitation. In the simulated intes-
tinal environment, the alkaline conditions foster the formation of Zn
(OH), as OH™, oxalate, and phytic acid compete with zinc ions, further
reducing zinc solubility. In systems supplemented with oxalic acid and
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phytic acid, the final solubility of P-SBPs4-Zn reached its maximum
values at the end of digestion, at (44.14 + 0.35) % and (36.11 + 0.93)
%, respectively. Oxalate, commonly found in foods, can significantly
hinder zinc absorption by forming insoluble precipitates, which the
human body cannot absorb effectively (Wang et al., 2024). Phytic acid,
present mainly in grains, beans, and other plants, can inhibit mineral
absorption and form insoluble and indigestible phytomineral complexes
in the intestine (Wang et al., 2023). P-SBPs4-Zn shows an improved
ability to prevent the formation of insoluble zinc complexes in the in-
testines, thereby enhancing zinc bioavailability.

Notably, the presence of calcium ions (Ca2+) enhances phytic acid’s
inhibition of zinc absorption by forming insoluble calcium-phytic
acid-zinc complexes (Christensen et al., 2025). Consequently, the
(phytic acid x calcium): zinc molar ratio has been identified as ations,
the synergistic interaction between calcium and phytic acid may pose
greater challenges to the stability of zinc-peptide complexes. Conse-
quently, future studies should employ more complex in vitro gastroin-
testinal models incorporating calcium ions, or ultimately conduct in vivo
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experiments, to comprehensively evaluate the bioavailability of P-
SBPs4-Zn in real food matrices and validate its efficacy as a zinc fortifier.

3.4.3. Simulated gastrointestinal digestion in elderly people

Fig. 3F shows the stability of in vitro simulated gastrointestinal
digestion in older adults Zinc solubility of the zinc chelates was signif-
icantly lower in the elderly digestion model compared to the adult one.
This reduced solubility may stem from decreased gastric acid secretion
and lower pepsin activity in elderly individuals, influenced by changes
in gastric pH. Despite this, P-SBPs4-Zn retained the highest digestibility,
with a zinc solubility of (51.63 + 1.35) % at the end of digestion
(Fig. 3F). Fig. 3G and H depict the effects of oxalic acid and phytic acid
in the elderly digestion model, respectively, showing trends consistent
with the adult model: reduced pepsin and bile concentrations lead to
poorer digestion, resulting in impaired protein breakdown and reduced
zinc bioavailability (Wang et al., 2022). At the end of digestion, in the
presence of oxalic acid and phytic acid, P-SBPs4-Zn displayed the
highest zinc solubility of (35.54 + 0.96) % and (33.27 + 1.36) %,
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Fig. 4. Antibacterial activity of P-SBPs4-Zn. (A) Oxford cup diffusion test: 1. Zinc gluconate, 2. Sterile water, 3. SBPs (100 mg/mL), 4. 0.2 % streptomycin/potassium
sorbate; 5. P-SBPs4-Zn (100 mg/mL), 6. P-SBPs4 (100 mg/mL); (B) circle of inhibition diameters of zinc gluconate, positive control and P-SBPs4-Zn; minimum
inhibitory concentrations (MIC) of P-SBPs4-Zn against (C) E. coli and (D) S. aureus. (*P < 0.05).
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Fig. 5. (continued).

respectively. Therefore, P-SBPs-Zn chelates at varying pH values
demonstrated a buffering effect, while P-SBPs4-Zn exhibited the stron-
gest resilience to digestive enzymes and alkaline conditions, making it
an effective zinc supplement.

3.5. Antibacterial activity assay

The antibacterial activity of P-SBPs4-Zn was evaluated against E. coli
and S. aureus. In Fig. 4A and B, the inhibition zone diameter of P-SBPs4-
Zn for E. coli was (12.4 £+ 0.50) mm, exceeding that of zinc gluconate
with equivalent zinc concentrations (10.0 &+ 0.49) mm, calculated by
measuring the chelation rate with EDTA titration). Similarly, the inhi-
bition zone diameter of P-SBPs4-Zn against S. aureus was (12.8 + 0.74)
mm, also outperforming zinc gluconate (10.27 + 0.67) mm, which
contained the same zinc concentration as P-SBPs4-Zn. Three parallel
Oxford cup circle of inhibition experiments are shown in Supplementary
Fig. 3. The ability to inhibit both bacteria was second only to the positive
control. These results indicate that zinc ions chelated with P-SBPs4
exhibit improved antibacterial effects against both gram-positive and
gram-negative bacteria compared to zinc gluconate. The positive con-
trols, streptomycin and potassium sorbate, produced inhibition zones of
(12.97 + 0.19) mm and (12.57 + 0.69) mm, respectively. Thus, P-
SBPs4-Zn demonstrated effective antibacterial activity for both bacterial
types.

The MIC of P-SBPs4-Zn against E. coli and S. aureus was determined
using the microdilution method. As shown in Fig. 4C and D, 1.25 mg/mL
was the lowest P-SBPs4-Zn concentration to inhibit E. coli growth, and
0.94 mg/mL was the lowest P-SBPs4-Zn concentration to inhibit
S. aureus. The MIC values of P-SBPs4-Zn were lower compared to Fang
et al. (2019) and showed commercially viable antimicrobial potency in
the context of food preservation.

3.6. Scanning electron microscopy

SEM was used to observe morphological changes in E. coli and
S. aureus after treatment with P-SBPs4-Zn. Untreated E. coli displayed a
typical rod-like shape, uniform size, and smooth, intact cell surfaces
(Fig. 5A). However, E. coli treated with P-SBPs4-Zn exhibited irregular
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shapes, wrinkled and rough surfaces, and signs of membrane disruption
(Fig. 5B). Similarly, untreated S. aureus cells appeared spherical with
smooth, intact surfaces (Fig. 5C), whereas P-SBPs4-Zn-treated S. aureus
cells became irregular, wrinkled, and adhered to each other, with some
cells ruptured (Fig. 5D). These findings confirm that P-SBPs4-Zn exerted
a significant inhibitory effect on E. coli and S. aureus by disrupting their
cell membranes, likely causing death. This observation is consistent with
the experimental results of antimicrobial activity. P-SBPs4-Zn thus can
inhibit both gram-positive and gram-negative bacteria.

3.7. Cell membrane integrity

The difference in fluorescence staining between live and dead bac-
teria can be observed very clearly after double staining of E. coli and
S. aureus using DMAO and PI double staining superimposed (Merge).
The results of cell staining can be observed under confocal laser scan-
ning microscope (CLSM) and the proportion of organisms stained with
the two dyes can be counted. As seen in Fig. 5E and F, the negative
control group showed basically green fluorescence after the super-
position of the two fluorescence signals, and the yellow fluorescence was
basically missing or only individually visible. In the positive control and
P-SBPs4-Zn groups, the number of red and green fluorescence staining
was basically the same, and the two fluorescence types were almost
completely overlapped, where yellow fluorescence was seen after su-
perposition. The proportion of E. coli treated with P-SBPs4-Zn and
stained by PI was (34.39 + 1.52) % (Figs. 5E), and the proportion of
S. aureus was (41.52 + 1.73) % (Figs. 5F). The red fluorescence was
mainly concentrated in the nucleus, ie. P-SBPs4-Zn disrupted the
integrity of the cell membrane and led to the death of some bacteria. The
percentage of Pl-stained positive controls was (44.22 + 1.25) % for
E. coli (Figs. 5E) and (45.01 + 1.47) % for S. aureus (Figs. 5F). The P-
SBPs4-Zn group was second only to the positive control group. The
above results indicated that P-SBPs4-Zn was able to disrupt the cell
membrane integrity of both Gram-negative and Gram-positive bacteria.

3.8. Nucleic acid and protein leakage

Nucleic acids (ODggonm) and proteins released from E. coli and
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S. aureus in the supernatant after P-SBPs4-Zn treatment were measured
as indicators of membrane disruption. The results in Fig. 6A and B
showed that nucleic acid release increased significantly with time,
indicating cell membrane damage. 8 h later, the absorbance value
(OD2gonm) of nucleic acids increased from 0.09 to 0.58 in E. coli
(OD2gonm) and from 0.09 to 0.46 in S. aureus (ODsgonm). From 0 to 8 h,
the protein release from E. coli increased significantly from (8.34 +
1.54) pg/mL to (51.54 + 2.99) pg/mL (Fig. 6C). The protein release
from S. aureus increased significantly from (6.5 + 0.65) pg/mL to (67.63
+ 2.1) pg/mL (Fig. 6D). These results confirmed that P-SBPs4-Zn irre-
placeably disrupted the bacterial cell membrane, leading to the leakage
of intracellular components and ultimately cell death. This observation
is consistent with the SEM and CLSM results.

3.9. Biosafety of P-SBPs4-Zn

3.9.1. RAW 264.7 cells

The potential cytotoxicity of P-SBPs4-Zn was evaluated using RAW
264.7 cell and MTT assays. As shown in Fig. 6, cell viability was (97.38
+ 0.86) % for 0.25 mg/mL of P-SBPs4-Zn and (82.09 + 0.90) % for 1.25
mg/mL. All the cell viability after treatment with different concentra-
tions of P-SBPs4-Zn was greater than 80 % in the MTT assays, which
typically indicates low cytotoxicity (Liu et al., 2024). Therefore, the zinc
chelates of SBPs prepared by hydrolysis with water-soluble protease are
suitable as a potential nutrient fortifier.

3.9.2. Caco-2 cells

Based on an assessment of the substance’s impact on intestinal
epithelial cell survival rates, the safety of P-SBPs4-Zn was evaluated
using the MTT assay. As shown in Fig. 6F, after treating Caco-2 cells with
various concentrations of P-SBPs4-Zn for 24 h, cell viability exceeded 80
% in all cases. This indicates that P-SBPs4-Zn is safe and suitable as a
potential nutritional fortifier.

4. Conclusions

In summary, peptides (SBPs) were extracted from salmon bones
through enzymatic hydrolysis with neutral proteases, and their phos-
phorylated forms (P-SBPs) were prepared at different pH levels. After
zinc ion chelation, the structural changes of P-SBPs-Zn at different pH
values were characterized by infrared spectroscopy and fluorescence
spectroscopy, and its zinc binding ability was evaluated. The antibac-
terial mechanism of the optimal form P-SBPs4-Zn was deeply studied. P-
SBPs4-Zn has the best solubility and zinc chelating property, with a zinc
content of 86.15 + 0.47 mg/g. Functional groups (such as amino, hy-
droxyl and carboxyl groups) play an important role in the binding of
Zn?*t. Furthermore, after the addition of food coexisting components, P-
SBPs4-Zn remained stable at low glucose and NaCl concentrations as
well as during simulated gastrointestinal digestion processes in adults
and the elderly. The safety assessment using Caco-2 (intestinal epithelial
cells) and RAW 264.7 (immune cells) cells confirmed its biocompati-
bility, supporting its suitability for oral application. SEM and CLSM
observations revealed that P-SBPs4-Zn had a strong inhibitory effect on
E. coli and S. aureus by destroying the bacterial cell membrane. The dual
functions of P-SBPs-Zn as a zinc supplement and a mild preservative
enhance its value proposition in functional food applications. By inte-
grating these two roles, it reduces the need for additional preservatives,
thereby lowering the overall formula cost while maintaining the prod-
uct’s efficacy. These research results provide innovative approaches for
the effective utilization of Marine waste resources and highlight the
potential application of Marine peptide zinc chelates as antibacterial
agents in the food industry.
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