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Oxidation and interactions of components in porcine milk (PM) and bovine milk (BM) during 6-day storage at
4 °C were investigated. Compared to BM, PM exhibited higher levels of lipid oxidation products, protein carbonyl
and surface hydrophobicity (P < 0.05), with protein aggregation, indicating PM underwent more extensive lipid
and protein oxidation. In contrast, BM showed higher 3-deoxyglucosone (3-DG) and D-glucosone (GLO) accu-
mulation, greater sulfhydryl loss, enhanced fluorescence, and fluctuating particle size, suggesting carbohydrate
oxidation and glycation reaction. Orthogonal projection to latent structures discriminant analysis identified
surface hydrophobicity, thiobarbituric acid-reactive substances (TBARS), particle size and sulfhydryl groups as
discriminators of PM and BM oxidation states. TBARS in PM correlated with particle size, carbonyl and sulfhydryl
groups (P < 0.05), whereas BM surface hydrophobicity correlated with 3-DG and GLO contents (P < 0.05). Thus,
lipid oxidation in PM was associated with protein changes, whereas in BM such changes paralleled glycation
driven by carbohydrate oxidation and glycation reaction.

1. Introduction

Bovine milk (BM) is rich in proteins, lipids, carbohydrates, various
minerals and vitamins, making it highly nutritious. Currently, BM is the
main milk source for infant formula worldwide (Qin et al., 2022; Zhang
et al., 2022). However, in many countries, raw milk cannot be processed
immediately after milking and usually has an additional storage period
(Li et al., 2022). During storage, complex chemical reactions occurred
among the main nutritional components in raw milk such as lipids,
protein and carbohydrates. This was the primary reason for the deteri-
oration of functional properties, decline of nutritional value, formation
of unpleasant flavors and even the generation of harmful substances (Li
et al., 2022; Malacarne et al., 2013).

During the storage of raw milk, carbohydrate oxidation, glycation
reactions or lipids can produce reactive a-dicarbonyl compounds (such
as glyoxal: GO, methylglyoxal: MGO, D-glucosone: GLO, 3-deoxygluco-
sone: 3-DG etc.), which are highly reactive towards nucleophilic groups
(such as lysine, arginine and other residues) (Akillioglu, Chatterton, &
Lund, 2022). Meanwhile, lipid oxidation products (such as acrolein,

malondialdehyde, etc.) can also interact with the above nucleophilic
amino acid residues, further leading to changes in spatial conformation
of protein, inactivation of functional groups, and even protein aggre-
gation (Milkovska-Stamenova, Mnatsakanyan, & Hoffmann, 2017).
Furthermore, these a-dicarbonyl compounds can react with proteins,
forming advanced glycation end products (AGEs), such as N°-(carbox-
ymethyl)lysine, N°(carboxyethyl)lysine, pyrraline, etc. (Dong et al.,
2023). Under refrigerated storage conditions, protein denaturation,
aggregation, and cross-linking also occur, which may alter the structure
of protein (Ye et al., 2022). Due to the formation of AGEs and the gen-
eration of cross-linked substances, the changes in protein structure will
result in the reduction in nutritional components. Therefore, it is crucial
to elucidate the chemical changes in raw milk components during
storage.

At present, researching the stability of raw milk during storage
mainly focuses on common large mammalian milk sources such as BM,
sheep milk and camel milk (Li et al., 2022), while there are few sys-
tematic studies on porcine milk (PM). PM has received widespread
attention for its unique nutritional composition, its protein and lipid
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contents significantly higher than those of human milk and BM. More-
over, compared with other domesticated animal milk, oligosaccharide
content of PM is closer to that of human milk (Zhao et al., 2024; Zhao,
Cao, Quan, Liu, & Yue, 2025). In recent years, studies on raw BM dur-
ing storage has laid a foundation for understanding changes in its main
components, physicochemical properties, and processing characteristics
(Li et al., 2022; Malacarne et al., 2013). Although these studies have
provided important references for analyzing the changes in component
stability during the storage of raw milk, there are significant differences
in nutritional characteristics between PM and BM. Therefore, research
on the storage of PM remains essential. In particular, a systematic
comparison between PM and BM from the perspective of main compo-
nent interactions has yet to be conducted. In this context, investigating
the main component changes and their interactions during the storage of
PM is of great significance for promoting its application as a high-value
milk source. Therefore, this study was designed to compare the main
components and explore the potential mechanisms underlying the dif-
ferential oxidation and interaction patterns in PM and BM collected from
conventional commercial farms during refrigerated storage. For this
purpose, PM and BM samples were stored at 4 °C for 6 days and the
changes in protein structure, lipid oxidation, and glycation level were
monitored. The research findings not only serve as a foundation for the
further exploitation of PM, but also are of great significance to the
development of the dairy industry.

2. Materials and methods
2.1. Materials

All PM was collected from a certain pig farm in Shenyang City, and
all BM was collected from a certain modern ranch in Shenyang City. The
feeding environment and conditions of all the lactating porcines and
cattles in the experiments were consistent within each group. The diets
were formulated according to the nutritional requirements of each
species and thus were not standardized across species. Mature milk
samples were collected from PM (15-20 days, n = 40) and BM (n = 40).
To ensure sample representativeness, pooled milk samples were ob-
tained from all individuals within each group (Jin et al., 2026; Ratel
et al., 2024). After being immediately cooled on dry ice, the milk sam-
ples were returned to laboratory. GO (40%) and MGO (40%) were
supplied by Shanghai Macklin Biochemical Technology Co., Ltd.
(Shanghai, China). Methanol (99%) was obtained from Sigma-Aldrich
(St Louis, MO, USA). 3-DG (95%) and GLO (95%) standards were pro-
vided by Toronto Research Chemicals, Inc. (Toronto, ON, Canada). All
other reagents were obtained in the highest purity available.

2.2. Preparation of sample

Raw milk samples from PM and BM were pooled separately before
the experiment to minimize individual variation. A 310 mL aliquot was
taken from each pooled sample. These aliquots were stored at 4 °C for 6
days, during which they were sampled at 1-day intervals. After collec-
tion, samples were preserved at —80 °C until further detection. These
samples were named according to group and sampling time (e.g., PMj,
BMj for the initial time point). All samples were analyzed in triplicate.

2.3. Determination of raw milk composition

The levels of protein, lipids, lactose and other components of PM and
BM were analyzed with a milk analyzer (FOSS, Hillergd, Denmark), and
each sample was tested three times.

2.4. Determination of lipid oxidation

2.4.1. Peroxide value (POV)
Samples were assayed for the POV values using the method of Yan
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et al. (2024). Sample aliquots were combined with methanol and chlo-
roform in a 1:1:2 volume ratio. After centrifugation (8000 rpm, 10 min),
the supernatant (1 mL) was diluted 1:9 (v/v) with methanol-chloroform
(7:3, v/v) and shaken. 50 pL each of ferrous chloride (3.5 g/L) and
ammonium thiocyanate solution (300 g/L) were added. After dark in-
cubation (25 °C, 5 min), absorbance at 500 nm was recorded. A standard
curve was established using cumene hydroperoxide, based on which the
lipid peroxidation content was calculated via Eq.(1) and expressed as
pmol cumene hydroperoxide/mL milk.

POV content = (C x V1 xn)/V2 1)

where C (pmol/L) is the peroxide concentration calculated by standard
curve; V1 (mL) and V2 (mL) are the sample volumes of the color reaction
and the sample, respectively; n is dilution factor.

2.4.2. Thiobarbituric acid-reactive substances (TBARS)

Samples were assayed for the TBARS values following the described
by Yan, Huang, et al. (2024). Samples were mixed with trichloroacetic
acid (7.5%) at a 1:1 volume ratio. After centrifuge (8000 rpm, 15 min),
supernatant was mixed with thiobarbituric acid-acetic acid solution (20
mmol/L) at a 1:1 volume ratio. Then the mixtures were heated in a
boiling water bath for 40 min and immediately cooled on ice. The
absorbance was measured at 532 nm. TBARS concentration was calcu-
lated via Eq.(2) using a standard curve of 1,1,3,3-tetramethoxypropane
and expressed as pmol malonaldehyde/mL milk.

TBARS content = (C x n)/V (2)

where C (pmol/L) is the malondialdehyde concentration obtained from
the standard curve; V (mL) is sample volume; n is dilution factor.

2.5. Determination of the amino acid (AA) contents

The 400 pL samples and 3.6 mL of 6 mol/L HCl (containing 0.01%
phenol) were mixed, and hydrolyze at 100 °C for 24 h. The hydrolysates
were diluted twice and filtered through 0.22 pm filters. After N2 evap-
oration of 200 pL of the filtered samples to dryness, the residue was
reconstituted to 1 mL with sodium citrate buffer (pH 2.2), then re-
filtered prior to testing.

AA contents of raw milk were determined using the L-8900 fully
automatic AA analyzer (Hitachi, Japan). The column temperature of the
instrument and reaction were 57.0 °C and 135 °C, the flow rate of pump I
and pump II were 0.45 mL/min and 0.35 mL/min, with an injection
volume of 20 pL. Absorbance of proline was measured at 440 nm, and
other AA were recorded at 570 nm. The AA contents were based on the
standard AA contents using Eq.(3):

Cl1 = (Al xC2xn)/A2 3)

where C; (mmol/L) and Cy (mmol/L) are each AA concentration in
samples and standards, respectively;, A; and A, are each AA peak area in
samples and standards, respectively; n is dilution factor.

2.6. Determination of carbonyl groups

Carbonyl groups ware determined according to Yan, Ma, Shen, Ye,
and Liu (2024) with slight modifications. 0.5 mL samples (diluted 20
times) and 0.5 mL of 2 mol/L HCI (containing 10 mmol/L 2,4-dinitro-
phenylhydrazine, DNPH) were mixed and kept at 25 °C in dark for 1
h. After adding 0.5 mL trichloroacetic acid (40%) and mixing well, the
mixtures were incubated for 10 min. Centrifugation for 10 min (10,000
rpm), the precipitates were dissolved in 0.6 mL guanidine hydrochloride
(6 mol/L) and kept at 37 °C for 15 min. After centrifugation (10,000
rpm, 3 min), the absorbance of samples was measured at 370 nm, and
the carbonyl contents were calculated with a molar refractive index of
22,000, expressed as nmol DNPH/mg of protein. The sample without
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Fig. 1. POV (A) and TBARS (B) of BM and PM at 4 °C for 6 days.

2,4-dinitrophenylhydrazine was the blank control. The concentrations
of carbonyl groups were calculated using Eq. (4):

X = (45.45x A xn)/C 4

where X (nmol/mg protein) is carbonyl group concentration; A is
absorbance of sample; C is protein concentration in samples; n is dilution
factor.

2.7. Determination of sulfhydryl groups

Sulfhydryl groups of samples were quantified as described by He,
Wang, Wang, and Ji (2026). Samples and methanol were mixed at a
1:1 volume ratio, and centrifuged (10,000 rpm,10 min) to remove pro-
teins and lipids. Then 0.5 mL samples, 5 mL Tris-Gly buffer and 20 pL
Ellman reagent were incubated at 25 °C for 15 min in dark. After
centrifugation (8000 rpm, 10 min), the sample absorbance at 412 nm
was recorded, using a solution without DTNB as blank. The sulfhydryl
group concentrations were calculated using Eq. (5):

X =7353xAxn/C (5)

where X (pmol/g protein) is sulfhydryl group concentration; A is the
absorbance of samples, C (mg/mL) is the protein concentration in
samples; n is dilution factor.

2.8. Determination of surface hydrophobicity

Surface hydrophobicity was measured following a previously re-
ported method (Han, Wang, Wang, & Tang, 2020). The protein content
in samples was diluted to 0.01, 0.05, 0.1, 0.5, and 1 mg/mL, respec-
tively. The diluted samples (4 mL) were combined with 20 pL of 8
mmol/L 8-Anilino-1-naphthalenesulfonic acid solution (in 50 mmol/L
phosphate buffer, pH 7.4), and incubated at 25 °C in dark for 1 h.
Measurements were performed at excitation and emission wavelengths
of 390 nm and 470 nm, respectively. Surface hydrophobicity (Hp) of
protein sample was determined as the slope (k) obtained from plotting
fluorescence intensity against protein content.

2.9. Determination of endogenous fluorescence

The samples were diluted with phosphate buffer (0.01 mol/mL, pH
7.0) to reach a final protein level of 0.1 mg/mL, then scanned using a
Hitachi FL-4600 fluorometer (Tokyo, Japan) using a 10 nm slit.

2.10. Determination of particle size

A 1:1000 dilution of samples was performed, and the particle sizes
were measured with a particle size and zeta potential analyzer (Zetasizer
nano, Malvern, Worcestershire, U.K.).

2.11. Sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-
PAGE)

Following the method previously presented by Yan, Ma, et al. (2024).
Protein content of samples was adjusted to 2 mg/mL and then combined
with an equal volume (1:1 v/v) of protein loading buffer. The mixture
was heated in a boiling water for 5 min to ensure complete protein
denaturation. Aliquots of 10 pL were subsequently applied to the gel.
Following electrophoresis, the gel was incubated with coomassie bril-
liant blue R250 for 30 min and decolorized until the bands become clear.
Finally, the gel was imaged using an GE AI600UV imager (GE Health-
care, Boston, MA, America).

2.12. Determination of a-carbonyl compounds

According the method of Zhao et al. (2021) with some modifications.
The 200 pL of samples and 400 pL methanol were mixed by vortexing.
After centrifugation (10,000 rpm, 10 min), 100 pL supernatant aliquot
was diluted 5 times, mixed with 0.5 mL OPD solution (20 mg/mL), and
derivatized at 4 °C for 12 h, then filtered through 0.22 pm filter. Stan-
dard samples were derivatized and diluted in the same way, and a series
of standard solutions was intended to ploted the standard curve. The
a-carbonyl compound contents were qualified using an ultra perfor-
mance liquid chromatography-tandem mass spectrometry (Waters
Technologies Co., Ltd., Milford, MA, USA) with a reversed-phase Cig
column (2.1 mm x 15 mm, 3 pm, Welch Materials, Inc.). Methanol and
0.1% formic acid in water (70:30) served as the mobile phase, with
isocratic elution. Flow rate and injection volume were 0.20 mL/min and
2 pL, respectively. Carbonyl compounds were quantified using the
following procedure: GO, m/z 131 — 77; MGO, m/z 145 — 77; 3-DG, m/
z 235 — 199; GLO, m/z 251 — 173. Data acquisition and quantitative
processing were performed using MassLynx software (Version 4.2, Wa-
ters Corp., USA). Carbonyl levels were determined using standard
curves, and all curves showed correlation coefficient (R?) values>0.999.
The limits of detection (LOD) and quantification (LOQ) were determined
by the signal-to-noise approach, defined at those levels resulting in
signal-to-noise ratios of 3:1 and 10:1, respectively (Meucci et al., 2025).
The detailed values were provided in Supplementary Table S1.



Q. Jiang et al. Food Chemistry: X 39 (2026) 104405

Table 1

AA content (mmol/L) change of PM during storage.”

Rt 0 1 2 3 4 5 6

Asp 5.40 38.21 + 1.34° 35.44 + 0.31" 36.18 + 0.08¢ 35.77 + 1.51° 36.50 + 1.03° 39.60 + 0.94° 35.42 + 0.35
Thr 6.12 23.31 £ 0.75° 20.93 + 0.33f 21.47 + 0.07¢ 21.24 + 0.30° 21.77 + 0.66° 24.04 + 0.41° 20.81 + 0.44%
Ser 6.82 24.19 + 0.80° 22.57 + 0.57° 22.98 + 0.46¢ 22.73 + 0.95° 23.32 + 1.18° 25.15 + 0.86° 20.59 + 0.328
Glu 7.54 120.99 + .85° 113.36 + .19 115.45 + .15¢ 114.25 + .19° 116.29 + .40° 126.58 + .74° 112.05 + .598
Pro 8.77 62.70 + 0.89° 56.53 + 0.68" 58.85 + 0.31% 87.45 + 3.07° 88.27 + 1.23% 66.41 + 0.12° 84.56 + 1.64°
Gly 10.97 15.57 + 0.44° 14.64 + 0.441 15.00 + 0.10¢ 14.83 + 0.85° 15.10 + 0.53° 16.30 + 0.46° 14.70 + 0.31f
Ala 11.62 9.65 + 0.57" 8.88 + 0.42¢ 8.83 + 0.28° 8.75 + 0.41f 9.04 + 0.31¢ 9.80 + 0.45° 8.13 + 0.688
Cys 11.98 5.25 + 0.06" 4.87 + 0.66° 4,53 4 0.72° 4.60 + 0.47¢ 3.81 + 0.088 4.40 + 0.05' 5.75 + 0.54*
Val 12.59 23.95 + 1.04° 22.48 + 0.69% 22.95 + 0.23¢ 22.52 + 1.18f 23.01 + 0.70° 25.05 + 0.67° 22.62 + 0.33°
Met 13.74 6.04 + 0.27° 5.77 + 0.24° 5.65 + 0.168 5.79 + 0.33¢ 5.93 + 0.25¢ 6.40 + 0.23° 5.67 + 0.13f
Tle 16.03 18.12 + 0.74° 17.00 + 0.58" 17.32 + 0.17¢ 16.94 + 0.948 17.30 + 0.60¢ 18.84 + 0.46° 17.09 + 0.47°
Leu 17.16 49.80 + 0.41° 45.57 + 1.51° 46.43 + 0.48¢ 45.63 + 2.88° 46.47 + 1.63° 50.50 =+ 1.60° 45.33 + 1.158
Tyr 18.07 8.45 + 0.44" 7.98 + 0.35 8.14 +0.17¢ 7.96 + 0.618 8.11 + 0.41¢ 8.79 + 0.35% 8.01 + 0.26°
Phe 18.97 17.24 + 0.86° 16.13 + 0.67° 16.42 + 0.23¢ 16.21 + 0.97° 16.50 + 0.51¢ 17.93 + 0.50° 16.22 + 0.62°
Lys 21.31 26.30 + 1.04° 24.14 + 0.068 25.07 + 0.05¢ 24.81 + 1.32° 25.37 + 0.86° 27.48 + 0.70° 24.76 + 0.57°
His 26.05 9.62 + 0.55" 9.06 + 0.56 9.30 + 0.55¢ 9.12 + 0.88° 9.15 + 0.61¢ 10.03 + 0.58° 9.03 + 0.438
Arg 27.58 15.83 + 0.47° 14.68 + 0.378 15.09 + 0.13¢ 14.83 + 0.441 15.21 + 0.01¢ 16.00 + 0.74° 15.00 + 0.22°
TAA 463.80 + 30.27° 440.06 + 7.178 449.66 + 3.141 473.42 + 16.13° 481.14 + 53.98" 493.29 + 10.39% 465.74 + 3.924

Thr, threonine; Val, valine; Met, methionine; Ile, isoleucine; Leu, leucine; Phe, phenylalanine; Lys, lysine; His, histidine; Asp, aspartic acid; Ser, serine; Glu, glutamic
acid; Gly, glycine; Ala, alanine; Cys, cysteine; Tyr, tyrosine; Arg, arginine; Pro, proline; TAA, total amino acids.
# Note: a-h represented the significance of the same group at different storage time.

2.13. Statistical analysis

Data were analyzed using SPSS 25.0 software (IBM Corp., Armonk,
NY, USA). Statistical methods included one-way analysis of variance
(ANOVA) followed by Duncan's multiple range test for post-hoc com-
parisons, Pearson correlation analysis, and t-test. All results were
expressed as mean + SD and P < 0.05 or 0.01 indicated different levels
of correlation or significance. Simca-p 14.0 software (Umetrics AB,
Umed, Sweden) was used for orthogonal projection to latent structures
discriminant analysis (OPLS-DA). OriginPro 2024 (OriginLab Corpora-
tion, Northampton, MA, USA) was performed for data visualization.

3. Results and discussion
3.1. Analysis of the degree of lipid oxidation

Lipids are the main macromolecules in milk and essential for
providing essential fatty acids, phospholipids and fat-soluble vitamins

(Ji et al., 2025). As lipid oxidation drives quality deterioration in milk
and off-flavors have been linked to increased POV (Pont, 1952), POV

monitoring serves as an essential indicator for evaluating the oxidative
state of milk. The storage experiment was initiated immediately upon
arrival, with samples collected on 0 d serving as the baseline. As
depicted in Fig. 1A, the POV values in PM were significantly higher than
those in BM (P < 0.05), attributting to species-specific differences in
fatty acid composition (Mitina et al., 2020). PM contained a higher
proportion of long-chain polyunsaturated fatty acids, whereas BM was
richer in saturated fatty acids (Wu et al., 2023), rendering PM more
susceptible to oxidation and thus leading to its higher POV. Lipid hy-
droperoxides are unstable primary oxidation products prone to decom-
pose into secondary products (such as aldehydes and ketones)
(Fernandez-Avila, Gutierrez-Merida, & Trujillo, 2017). Accordingly, the
POV decreased in both PM and BM, and this downward trend suggests
the progressive transformation of hydroperoxides during storage. The
TBARS values serve as an indicator of secondary oxidation products
generated during the oxidation of dairy products (Pont, 1952).
Compared with BM, the TBARS values in PM were significantly higher
(P < 0.05, In Fig. 1B), and the TBARS values in PM and BM reached their
maximum values on 1 d and 2 d respectively and then decreased, indi-
cating that the lipid oxidation process in PM was more advanced during

Table 2
AA content (mmol/L) change of BM during storage.”
Rt 0 1 2 3 4 5 6

Asp 5.40 18.35 + 0.37° 20.99 + 0.33" 20.41 + 1.91¢ 16.15 + 0.36" 18.26 + 0.228 20.62 + 0.20° 19.37 + 0.04°
Thr 6.12 11.71 + 1.208 13.62 + 0.69¢ 14.05 + 1.71° 10.69 + 0.73" 12.25 + 0.30° 13.92 + 0.26° 13.13 + 0.40°
Ser 6.82 11.83 + 1.858 14.26 + 0.62° 13.41 +0.13¢ 10.81 + 0.87" 12.93 + 0.12f 14.58 + 0.31° 13.06 + 0.60°
Glu 7.54 55.30 + 4.89° 64.64 + 0.87° 36.82 + 0.57" 49.41 + 2.298 57.27 + 0.96° 64.76 + 1.02° 59.37 + 0.95¢
Pro 8.77 24.85 + 1.348 29.30 + 1.50¢ 38.62 + 0.12° 23.69 + 0.98" 26.27 + 0.07° 45.53 + 1.85° 27.96 + 1.02°
Gly 10.97 5.11 + 0.26" 5.89 + 0.02° 6.09 + 0.92¢ 5.14 + 0.748 5.89 + 1.13¢ 7.90 + 2.63% 6.25 + 1.11°
Ala 11.62 4.38 + 0.348 5.59 + 0.13¢ 5.15 + 0.14¢ 4.30 +0.13" 4.96 + 0.42f 5.69 + 0.10° 5.08 + 0.02°
Cys 11.98 0.39 + 0.02" 1.12 + 0.20° 0.73 + 0.07° 0.78 + 0.00° 0.70 + 0.918 0.85 + 0.81¢ 1.04 + 0.09°
Val 12.59 14.29 + 0.73f 16.45 + 0.02° 15.26 + 0.49¢ 12.78 + 0.47¢ 14.67 + 0.95¢ 16.73 + 0.53° 15.25 + 0.19¢
Met 13.74 3.80 + 0.37f 4.30 +0.12° 4.00 + 0.01¢ 3.38 + 0.028 3.88 +0.17° 4.39 +0.01° 4.01 +0.03¢
Tle 16.03 11.30 + 0.65% 12.89 + 0.22° 11.72 + 0.28° 9.87 + 0.16" 11.37 + 0.44 13.06 + 0.03° 12.24 + 0.21¢
Leu 17.16 25.95 + 1.848 29.75 + 0.57¢ 27.21 + 0.62° 23.10 + 0.49" 26.49 + 0.78" 30.11 + 0.03° 28.07 + 0.37¢
Tyr 18.07 4.45 + 0.528 5.04 + 0.34° 4.67 + 0.26 4.03 + 0.09" 4.74 + 0.24° 5.34 + 0.08" 4.99 + 0.18¢
Phe 18.96 9.95 + 0.03f 11.40 + 0.46° 10.24 + 0.26° 8.57 + 0.07" 9.71 + 0.338 11.00 + 0.13¢ 10.36 + 0.27¢
Lys 21.31 13.21 + 0.96% 15.50 + 0.04" 14.09 + 0.02° 11.92 + 0.12° 13.55 + 0.29° 14.66 + 1.06° 14.23 + 0.09¢
His 26.05 4.09 + 0.858 4.80 + 0.51¢ 5.98 + 1.95° 3.86 + 0.00" 4.42 +0.17° 5.08 + 0.05° 4.69 + 0.24°
Arg 27.58 5.94 + 0.10f 6.90 + 0.46" 6.19 + 0.19¢ 5.05 + 0.03" 5.74 +0.118 6.45 + 0.048 6.10 + 0.13°
TAA 224,91 + 16.07% 262.45 + 3.81° 234,63 + 5.52° 203.52 + 4.95" 233.09 + 7.01f 280.65 + 0.39* 245.22 + 0.30¢

Thr, threonine; Val, valine; Met, methionine; Ile, isoleucine; Leu, leucine; Phe, phenylalanine; Lys, lysine; His, histidine; Asp, aspartic acid; Ser, serine; Glu, glutamic
acid; Gly, glycine; Ala, alanine; Cys, cysteine; Tyr, tyrosine; Arg, arginine; Pro, proline; TAA, total amino acids.
? Note: a-h represented the significance of the same group at different storage time.
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Fig. 2. Carbonyl group contents of BM and PM at 4 °C for 6 days.

storage. Additionally, the reduction in the TBARS values might be
related to subsequent polymerization, volatilization, or glycation reac-
tion with proteins (Kim, Nam, & Ahn, 2002).

3.2. Analysis of AA contents

AA, the building blocks of proteins, which are often used to evaluate
the nutritional value of milk. The AA content in BM and PM during
storage were quantified and showed in Tables 1 and 2. It was found that
17 AA in PM were significantly higher than those in BM (P < 0.05), in
which glutamic acid and proline were particularly significant. Glutamic
acid, as one of the most abundant free AA in breast milk, is essential for
infants growth and development (Hoang et al., 2025). Proline has also
been proven to enhance the stability of peptides derived from milk
proteins in the course of gastric digestion (Lopez et al., 2020). Addi-
tionally, the levels of lysine, arginine, and leucine in PM were signifi-
cantly higher than those in BM (P < 0.05), and they have the effect of
promoting insulin secretion in human body (Munoz et al., 2026). Among
them, lysine, as an important target for protein modification, can affect
the protein-protein interactions and the utilization of proteins (Walczak,
Schreinert, Gutsche, & Hellwig, 2025). With the storage time pro-
gressed, the AA contents in BM increased continuously, while the AA
contents in PM increased first and reached a peak at 5d before turning to
decrease. This difference was associated to the composition of raw milk.
Compared with BM, PM showed significantly higher levels of protein
and lipids (P < 0.05, Table S2), polyunsaturated fatty acids of PM
generated a large amount of reactive carbonyl compounds during
oxidation, which further reacted with the nucleophilic groups in pro-
teins (mainly cysteine, lysine, arginine, and histidine residues), pro-
moting the formation of advanced lipid oxidation end products and
accelerating AA consumption. Therefore, the AA contents in PM grad-
ually decreased after 5d due to the increase in oxidation reactions,
which were intensified in the early storage period, causing AA content to
first rise and then fall.

3.3. Analysis of the contents of carbonyl groups

Protein oxidation is a major contributor to the deterioration of dairy
product quality. Carbonyl groups represent characteristic products
arising from AA oxidation within protein side chains, and their levels
directly correlate with the extent of protein oxidation (Zhang et al.,
2025). As illustrated in Fig. 2, PM exhibited significantly higher levels
of carbonyl groups than BM (P < 0.05), suggesting a greater degree of
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protein oxidation in PM. This difference may be partly attributed to the
distinct protein compositions of the two milks (Zhao et al., 2025), as well
as to their differential contents of fat and metal ions. First, due to its
higher fat content and greater proportion of unsaturated fatty acids, PM
was more prone to lipid oxidation (Csapo, Csapo-Kiss, & Hazas, 1996),
thereby generating reactive carbonyl species that attacked the nucleo-
philic groups on proteins and consequently accelerated oxidative dam-
age (Milkovska-Stamenova et al., 2017). Second, the concentrations of
iron and copper in PM were approximately 2 and 4 times those in BM,
respectively (Csapo et al., 1996). Both metal ions are pro-oxidant and
can catalyze the Fenton reaction to produce hydroxyl radicals even
under refrigerated storage, further accelerating protein oxidation.
Notably, in the early stage, the rapid decline of carbonyl groups in PM
paralleled a reduction in AA contents (Table 2), implying that newly
formed reactive carbonyl species might undergo nucleophilic addition
(e.g., Michael addition) with endogenous amino compounds including
free AA, thereby decreasing free carbonyl concentrations (Arena et al.,
2025; Milkovska-Stamenova et al., 2017).

3.4. Analysis of the contents of sulfhydryl groups

The cysteine residue is the most sensitive AA to oxidative modifi-
cation in proteins (Stadtman, 1993), and its characterization requires
the determination of sulfhydryl group content. In Fig. 3, during 0-4 d,
the sulfhydryl group content in BM decreased sharply by 63.84%. In
contrast, the initial value of sulfhydryl groups in PM was only 9.60% of
that in BM, and it showed a slight fluctuating increase of 28.17%. These
results indicated fundamental compositional and structural differences
among the proteins in two types of raw milk. The primary source of free
sulfhydryl groups in BM was f-lactoglobulin which Cys-121 site are
highly prone to oxidation and consumption in early stage of storage
(Stadtman, 1993), causing a marked decrease in sulfhydryl levels. In
PV, p-lactoglobulin content was low and its structure inherently lacks
free sulfhydryl groups (Kessler & Brew, 1970; Koirala et al., 2024; Zhao
et al., 2024). Thus, the initial sulfhydryl group level in PM was
extremely low and remained stable during storage, with the slight
fluctuations observed potentially attributable to conformational
changes in other proteins (Ma, Xu, Chen, & Zeng, 2026).

3.5. Analysis of surface hydrophobicity

Surface hydrophobicity is essential for stabilizing tertiary structure
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of proteins, directly affecting their structural stability and functional
properties (Han et al., 2020). In Fig. 4, the surface hydrophobicity of
both PM and BM samples showed a continuous increase trend
throughout the storage period (P < 0.01). The oxidation changed protein
conformation and led to the exposure of hydrophobic regions embedded
within protein during storage (Yan, Ma, et al., 2024), providing more
binding sites for ANS probe, and resulting in a significant increase in Hy
(He et al., 2026). Furthermore, lipid oxidation products in PM could
form irreversible covalent adducts with proteins, thereby disrupting the
native tightly folded conformation of proteins, exposing buried hydro-
phobic groups, resulting in the Hy of PM consistently higher than that of
BM (Yuan et al., 2019). In summary, lipid oxidation-induced protein
denaturation and covalent modification during storage were key factor
to the Hy difference between PM and BM.
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3.6. Analysis of the intensities of endogenous fluorescence

Fig. 5 shows that the fluorescence intensities of PM and BM
demonstrated an overall increase trend over the course of storage,
reflecting that the protein structure became more loose during the
oxidation process and exposing more hydrophobic AA residues (Yan,
Ma, et al., 2024; Zhang et al., 2024). During storage, the endogenous
fluorescence intensities of PM were significantly lower than those of BM
(P < 0.05), mainly due to the more intense lipid oxidation-protein co-
oxidation process in PM. The lipid oxidation in PM could generate active
radicals, which readily attack fluorescent AA residues such as trypto-
phan in milk protein, thereby causing fluorescence quench. Similar re-
sults have been reported by (Liao et al., 2026). Although the protein
structure of PM expanded more fully due to a higher degree of oxidation,
the stronger oxidation quenching effect still caused its overall fluores-
cence intensities to be lower than that of BM.
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3.7. Analysis of the changes of particle sizes

As storage time increased, the particle sizes of BM increased initially
before decreasing, whereas those of PM remained relatively stable
(Fig. 6). Compared with PM, the particle size values of BM were
significantly higher (P < 0.01), which was associated with its higher
proportion of colloidal calcium casein (Gallagher, Cotter, & Mulvihill,
1997), a crucial component for regulating micelle assembly and struc-
tural stability (Holt, Carver, Ecroyd, & Thorn, 2013). The higher
colloidal calcium casein content led to a denser, more rigid micelle
network, increasing steric hindrance. Concurrently, the abundant
negative charges on the surface of PM micelles could improve the
electrostatic environment of the system, strengthening the electrostatic
repulsion between micelles and between micelles and fat globules. The
synergistic effects of enhanced steric hindrance and electrostatic
repulsion in PM indirectly improved fat globule dispersion stability, thus
providing stronger resistance to aggregation (Gallagher et al., 1997).
These difference in particle sizes influenced nutritional function
directly. The smaller fat globules in PM exhibited a greater surface-to-
volume ratio, thereby promoting enzymatic accessibility and favoring
lipid hydrolysis and absorption (Roy, Ye, Moughan, & Singh, 2020;
Singh & Gallier, 2017).

3.8. Analysis of SDS-PAGE

The cross-linking and changes of molecular weight in raw milk could
be determined by SDS-PAGE. In Fig. 7, PM samples had clear bands in
higher molecular weight (>100 kDa), proving that stable covalent cross-
linked high molecular weight polymers have formed in PM. The absence
of these bands in BM samples, indicating that a significantly lower de-
gree of covalent cross-linking among its proteins compared to PM under
the same storage conditions. This finding was consistent with the higher
levels of lipid and protein oxidation measured in PM, proving that the
relatively intense oxidative environment was the primary cause of the
cross-linking. Furthermore, compared with BM, the casein micelles in
PM have smaller particle sizes and higher k-casein contents. This protein
was more prone to non-specific aggregation through hydrophobic in-
teractions, resulting in aggregation bands appearing in high molecular
weigh (Dalgleish & Corredig, 2012; Gallagher et al., 1997). Hence, the
structural characteristics of high lipid and protein contents in PM jointly
fostered a matrix environment that was highly conducive to oxidation
and aggregation, and this environment was the major contributor for the
formation of high molecular weight protein polymers in PM.
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Fig. 8. GLO (A) and 3-DG (B) contents of BM and PM at 4 °C for 6 days.
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3.9. Analysis of the contents of a-carbonyl compounds

Glyoxal and methylglyoxal were typical dicarbonyl compounds with
high reactivity (Yu, Xu, & Yu, 2017). During the experiment, glyoxal and
methylglyoxal were not detected, which might be due to their rapid
participation in reaction resulting in an insufficient accumulation. GLO
and 3-DG were typical six-carbon carbonyl compounds, mainly derived
from the oxidation of reducing sugars and glycation reaction (Zhang,
Poojary, Olsen, Ray, & Lund, 2019). As shown in Fig. 8, BM exhibited
significantly higher levels of generated GLO and 3-DG than PM (P <
0.01), with their levels in BM increasing gradually during storage (P <
0.05). Notably, the oligosaccharide content in PM was 13.8 times than
that in BM (Le Gall, Thoulouze, Richer, Lepvrier, & Le Huérou-Luron,
2025), thus the molecular size and spatial steric hindrance of oligosac-
charide were higher than those of lactose, which was not conducive to
the occurrence of oxidation and glycation reaction in PM. It has been
previously demonstrated that unsaturated fatty acids could inhibit car-
bohydrate oxidation, and PM contained higher levels of unsaturated
fatty acids than BM, thus this inhibition effect was more significant
(Zhao et al., 2021). Although unsaturated fatty acids can promote the
formation of 3-DG in Maillard reaction, this promoting effect was not
manifested due to the large steric hindrance of the glycation reaction in
PM (Han et al., 2013; Zhao et al., 2021). Furthermore, since the low
temperature (4 °C) hindered the glycation reaction process, and 6-day
storage might not be long enough to allow the reaction intermediates
to fully transform into detectable AGEs, such as N°-(carboxymethyl)
lysine, N®-(carboxyethyDlysine, and pyrraline, thus AGEs were also not
detected.

In conclusion, the glycation reaction in raw milk were still in the
initial stage. The degree of carbohydrate oxidation and glycation reac-
tion in BM was higher than that in PM, indicating that the dominant
reaction pathways were different for two types of raw milks during
refrigerated storage. BM tended to be dominated by carbohydrate

oxidation and glycation reaction, while PM was more inclined to be
dominated by lipid oxidation and protein oxidation.

3.10. Comparison of oxdation indicators in BM and PM by OPLS-DA

An OPLS-DA model was employed to discriminate between BM and
PM (Fig. 9A). Fitted parameters of this model, R%Xcums R?Y cum, and QZum
values were 0.723, 0.985, and 0.980, suggesting goodness of fit.
Consistent with the loading plot (Fig. 9A), the eigenvector values
(Fig. 9B) showed that Ho (eigenvector, +0.375329) had a positive sign
while particle size (eigenvector, —0.340795) had a negative sign, indi-
cating that Ho was associated with the PM side of the discriminant
component, and particle size with the BM side. Furthermore, variable
important in projection (VIP) values>1 indicated that the product were
significant for discrimination. The Ho, TBARS, particle size, and sulf-
hydryl groups (VIP values: 1.20477, 1.13696, 1.11276, 1.09142), were
identified as key indicators to distinguish BM and PM (Fig. 9C). To avoid
overfitting and ensure the reliability of the OPLS-DA model, an external
validation test (permutation test) was required. The R%Y (0.00263) and
QZY (—0.314) values obtained from 200 permutation tests were < 0.1
(Fig. 9D), ensuring that the model does not overfit. Therefore, the model
obtained in this experiment was reliable.

Based on the key indicators Hy, particle sizes, TBARS and sulfhydryl
groups obtained from OPLS-DA, we found that the high H, values of PM
were consistent with its high molecular weight aggregation in SDS-
PAGE, suggested that it has undergone protein aggregation mainly
through hydrophobic interactions. The particle sizes of PM remained
stable during storage, which was associated with the formation of large
spatial steric hindrance and electrostatic repulsion of its casein micelles
(de Kruif, Huppertz, Urban, & Petukhov, 2012; Du et al., 2023); while
the fluctuation of the particle sizes of BM was related to the dominant
modification of carbohydrate oxidation and glycation reaction. At the
same time, the higher TBARS values and lower sulfthydryl groups of PM
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Fig. 11. Possible oxidation pathway of the main components in PM (A) and BM (B).

further confirmed that the lipid oxidation and protein oxidation of PM
were more intense. These results systematically indicated that PM and
BM exhibited different dominant oxidative pathways and structural
change patterns under the same storage conditions.

3.11. Correlation analysis between oxidation indicators

The correlation between oxidation indicators in PM or BM was
further investigated separately. Notably, distinct correlation patterns
emerged in PM and BM (Fig. 10). In PM, lipid oxidation was more closely
related to protein structure changes. Specifically, TBARS values signif-
icantly correlated with particle sizes, carbonyl groups and sulfhydryl
groups (Fig. 10A). This result further confirmed that the accumulation of
carbonyl groups in PM was closely related to its lipid oxidation process.
Considering the high content of unsaturated fatty acids in PM, we hy-
pothesized that these unsaturated fatty acids could drive protein
oxidation and glycation reaction via lipid oxidation pathways during
storage (Fig. 11A).

In contrast, there was a trend of concurrent enhancement between
protein structure change and glycation process in BM. Specifically, the
Hy values showed a significant positive correlation with 3-DG and GLO
contents (Fig. 10B), demonstrating that during the storage of BM, the

glycation reaction promoted the unfolding of protein side chains, which
exposed more hydrophobic groups and consequently increased the
protein's surface hydrophobicity. Meanwhile, the POV values in BM
were significantly negatively correlated with particle sizes and strongly
positively correlated with sulfhydryl group contents (Fig. 10B). This
indicated that lipid oxidation did not directly cause significant protein
oxidation damage (such as carbonylation or loss of sulfhydryl groups),
but was related to the change in protein aggregation state. It suggested
that lipid oxidation might indirectly regulate the process and product
accumulation of glycation reaction by promoting protein dispersion and
exposing some sulfhydryl groups. This result was also consistent with
the significant contribution of particle sizes and sulfhydryl groups con-
tents to model discrimination in OPLS-DA (Fig. 9B and Fig. 9C).

Thus, it could be seen that the key indicators revealed by correlation
analysis in BM and PM were highly overlapping with the key factors
with VIP > 1 in OPLS-DA, indicating that the two statistical methods
have verified the key roles of Hy, TBARS, particle sizes, and sulfhydryl
groups in reflecting the oxidation and glycation processes of the milk
system from different perspectives.
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4. Conclusion

This study systematically investigated the dynamic processes of
protein oxidation, lipid oxidation and glycation reaction in PM and BM
from commercial farms during storage, and identified the differences in
the dominant oxidation pathways between two types of raw milk. The
levels of primary and secondary lipid oxidation products, carbonyl
group contents, surface hydrophobicity and high-molecular aggregation
degree of PM were significantly higher than those of BM, while BM had
significantly higher levels of sulfhydryl group contents, endogenous
fluorescence intensities, 3-DG and GLO contents, and its particle sizes
first increased and then fluctuated downward. These results demon-
strated differences in oxidation states of the two types of raw milk during
storage. The OPLS-DA model further identified these differences might
be related to surface hydrophobicity, TBARS, particle sizes, and sulf-
hydryl groups. Correlation analysis revealed that the TBARS values in
PM exhibited significant correlation with the levels of particle size,
carbonyl groups, and sulfhydryl groups (P < 0.05). In BM, the Hy values
were significantly positively correlated with 3-DG and GLO contents (P
< 0.05). These findings further indicated that the oxidation pathways of
BM and PM were significantly different during storage. Specifically, PM
was dominated by lipid oxidation, presented as the co-oxidation of
protein and lipids; while BM was related to carbohydrate oxidation and
glycation reactions, showing a synergistic increase in protein structure
changes and glycation intermediate product accumulation. In addition,
the higher AA contents and smaller fat globule particle sizes in PM
suggested that it had certain advantages in terms of nutritional retention
and digestive characteristics. This study characterizes the oxidation
pathways and interaction patterns of PM and BM under refrigerated
storage, and explores the potential mechanisms underlying their dif-
ferential behaviors, providing a reference for the storage stability and
further utilization of different milk sources in dairy products.
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