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Abstract: Cow’s milk is an important part of the human diet, primarily due to its high
nutritional content, particularly proteins and fats. The processing of milk enhances its
safety while modifying its composition and structure, in�uencing bioactive peptide release,
which impacts protein quality, digestion, and allergenicity. Recently, �ltered milk, which
undergoes pasteurisation and micro�ltration, has become available in UK supermarkets,
offering a longer shelf life than pasteurised milk. This study aimed to evaluate the effects
of micro�ltration on the protein structure of cow’s milk, compared with pasteurisation,
including analysis of the peptide pro�le released after in vitro gastrointestinal digestion
of commercially available semi-skimmed �ltered and pasteurised cow’s milk. Dynamic
light scattering analysis revealed that the Z-average particle size of �ltered milk was
signi�cantly (p < 0.05) larger than that of pasteurised milk across all brands. Additionally,
�ltered milk exhibited a signi�cantly (p < 0.05) lower free thiol concentration compared
with pasteurised milk, indicating structural modi�cations in proteins. Confocal laser
scanning microscopy (CLSM) further highlighted heterogeneities in the distribution of
fat and protein, with �ltered milk samples showing increased interaction between fat
globules and proteins. After gastrointestinal digestion, the numbers of peptides released
from �ltered milk exceeded those of peptides released from pasteurised milk by an average
of 5%. These results provide new insights into the potential impact of micro�ltration on
the microstructure of milk. Further investigations using advanced analytical techniques
are needed to assess the implications of these changes on protein bioavailability and
human health.

Keywords: milk protein; micro�ltration; pasteurisation; microstructure; free thiol group;
digestibility; bioactive peptide

1. Introduction
Milk proteins are an important component of the human diet, for both nutritional

and functional purposes. The structure of milk proteins can be modi�ed by processing
conditions, leading to altered interactions between proteins and other nutrients in the
milk; consequently, this affects the properties and functionality of the milk proteins [1�4].
The composition of processed milk, particularly as a milk matrix, and the impact of its
properties on physiological and physicochemical functions are major areas of research [5�8].
Furthermore, milk processing can in�uence the release of peptides during milk digestion,
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thus impacting their bioavailability and physiological effects. The changes in the physic-
ochemical properties of the protein alter the digestibility of milk and may consequently
alter the formation of bioactive peptides [4,9]. Milk micro�ltration is an emerging process
that offers similar or better nutritional value, microbial removal, and shelf stability com-
pared with thermal-only processes [10]. Commercial micro�ltered milk usually undergoes
two different treatments, i.e., pasteurisation and micro�ltration, to ensure it is safe to be
consumed [10�12]. The combination of pasteurisation and micro�ltration extends the shelf-
life of pasteurised milk by removing somatic cells and microorganisms and stopping the
activity of native proteinase enzymes [13,14]. The process begins by separating raw milk
into skimmed milk and cream. The skimmed milk then passes through a micro�ltration
membrane, while the cream undergoes ultra-high temperature (UHT) treatment. After
micro�ltration, the �ltered skimmed milk is homogenised with the cream and subsequently
pasteurised to ensure that it is ready for consumption [10].

Previous research indicates that shear force during micro�ltration can destabilise the
native structure of proteins [15]; thus, it is necessary to examine the impact of this force
on the milk matrix during commercial processing. The thiol and disulphide groups are
important active groups that undergo several reactions and interactions during milk pro-
cessing, impacting the biochemical and biological properties of the milk [16]. The highest
quantity of thiol groups is present in whey proteins; however, during milk processing, the
disulphide groups present in the casein fraction are involved in thiol�disul�de exchange
reactions with the milk fat globule membrane proteins [6,16,17]. One of the key activities of
thiol groups is their role in modifying allergenicity [18�20]. Allergic reactions occur when
an allergen, typically a protein or peptide, is recognised by the immune system as harmful,
leading to its binding with immunoglobulin E (IgE) antibodies. This interaction often in-
volves thiol groups, which can participate in disulphide bond formation or thiol�disulphide
exchange reactions, potentially altering the conformation and stability of proteins. Changes
in protein structure, such as unfolding or aggregation, can either expose or mask (or bury)
these thiol groups, directly in�uencing the allergenic potential of the protein [18�23]. In
addition to protein interactions, the activity of fat globules during milk processing is cru-
cial for in�uencing the structure, stability, and digestibility of milk [6,24]. Pasteurisation
causes the denaturation of both milk proteins and milk fat globule membrane (MFGM)
proteins [1,25]. In contrast, micro�ltration can lead to the migration or retention of small fat
globules within skimmed milk, thereby altering its overall composition [26,27]. The details
of these processes reveal how processing methods signi�cantly in�uence protein and fat
interactions within the milk matrix, contributing to changes in the structure, bioavailability,
and functionality of milk.

Most studies on �ltered milk have focused on its shelf-life and microbiological load,
indicating that �ltered milk has a longer shelf-life and low microbiological load in com-
parison with pasteurised milk [28�30]. The current study is novel as it focuses on the role
of micro�ltration on the chemical composition of milk, particularly the potential struc-
tural changes in proteins and the peptide pro�le released after in vitro digestion. We
hypothesised that micro�ltration of milk may impact its protein structure and alter protein
digestibility and the released peptide pro�le. Therefore, this study aimed to evaluate the
effect of micro�ltration on protein structure, as understanding these structural changes is
crucial for assessing the properties of proteins, such as bioavailability and functionality.

2. Materials and Methods
2.1. Materials

All chemicals were of analytical grade. Nile Red, 9-diethylamino-5H-benzo[�]phenoxa
zine-5-one, was purchased from MedChemExpress (Milwaukee, WI, USA) and used to
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stain fat globules (1 mg/mL in acetone). Fast Green was purchased from Sigma-Aldrich,
(Gillingham, UK) and used to stain protein (0.1 mg/mL in water). Ellman’s reagent DTNB
(5,5-dithio-bis-2-nitrobenzoic acid) and 98% L-cysteine were purchased from Thermo Sci-
enti�c, (Loughborough, UK). HPLC water, LC-MS grade water, formic acid, and ace-
tonitrile � 99.9% were sourced from Fisher Scienti�c, (Loughborough, UK). Pepsin from
porcine gastric mucosa (no. P7000; 800 to 2500 U/mg of protein), porcine bile extract (no.
B8631); and porcine pancreatin (no. P1750; 4 � USP) were purchased from Sigma-Aldrich
(Gillingham, UK).

2.2. Samples

Seven semi-skimmed �ltered cow milk samples from different brands (Asda, Co-op,
Dairy Manor, Cow Belle, Tesco, Sainsbury’s, and Waitrose) (n = 14) were bought from
local supermarkets in Reading (UK). Seven pasteurised semi-skimmed cow milk samples,
with two replicates per brand (n = 14), were also purchased as controls. All milk samples
were homogenised.

Table 1 shows the samples’ information according to their labelling. Two different
batches of each milk sample were used to conduct the analyses. All milk samples were
delivered to the laboratory under cool conditions (~4 �C) within 60 min of purchase.

Table 1. Commercially available �ltered (F) and pasteurised (P) milk used in this study, including
macronutrient content as indicated on the label.

Sample Code Brand Process
Label Information (g/100 mL)

Fat Protein Sugar

A Asda
F 1.8 3.6 4.8
P 1.8 3.6 4.8

Co Co-op F 1.8 3.6 4.8
P 1.8 3.4 5.0

DM
Dairy

Manor/Aldi
F 1.8 3.6 4.8
P 1.7 3.5 4.7

CB Cow
Belle/Lidl

F 1.8 3.6 4.8
P 1.8 3.6 4.8

T Tesco
F 1.8 3.3 4.9
P 1.8 3.6 4.8

S Sainsbury’s F 1.6 3.1 4.9
P 1.8 3.6 4.8

W Waitrose
F 1.6 3.3 4.9
P 1.8 3.6 4.8

2.3. Proximate Analysis by Lactoscope

Semi-skimmed milk samples were analysed for total protein, fat, solids contents, and
lactose, using a lactoscope (Delta Instruments Type C4-2.3, So�a, Bulgaria). The device was
calibrated for semi-skimmed milk analysis, and samples (200 mL) were heated in a water
bath until they reached a temperature of 40 �C before being analysed using the lactoscope.
Measurements were performed in triplicate.

Due to the well-established fact that homogenisation reduces the size of the fat globules
and causes milk proteins to become associated with milk fat [8,31,32], this step aimed to
determine whether there was any adsorption between the fat globule membrane protein
and the milk proteins in these commercially processed milk samples. Therefore, all the
milk samples were skimmed via centrifugation at 2500� g for 30 min at 4 �C (SIGMA,
Laborzentrifugen, 3K10, Newtown Shropshire, UK). This step was performed to identify
any speci�c differences in the adsorption or intermolecular interactions between fat and
proteins in �ltered and pasteurised milk samples.
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2.4. Particle Size Measurement by Dynamic Light Scattering

Particle size analysis was measured using a Malvern Instrument (Zetasizer software
Version 7.13 Orsay, France), as described by Mootse, et al. [33]. Milk samples were diluted
with distilled water (1:200 (s/w)),�ltered using a 0.45 �m pore size disposable polyvinyli-
dene �uoride (PVDF) syringe �lter (Millex MCE, Merrek, Germany), and kept overnight
at 4 �C before analysis. Water was considered the solvent with a refractive index of 1.330
at 25 �C. For each sample, triplicate measurements were performed and 10 readings from
individual samples were collected.

2.5. Free Thiol Group Content by Ellman’s Reagent

The reactive thiol groups in the diluted samples (1:100, milk: distilled water) were
determined using Ellman’s reagent [34,35]. A solution of thiol content was expressed as
cysteine; for this purpose, a standard curve was constructed with a standard cysteine
solution at pH 8.2 (0.25 to 1.5 mM, r = 0.99). For the analysis, 50 �L of Ellman’s Reagent
solution (4 mg DTNB/1 mL sodium phosphate, 0.1 M, pH 8.0), 2.5 mL of sodium phosphate
(0.1 M), and 250 �L of each standard or sample were mixed in a test tube and incubated at
room temperature for 15 min. Absorbance measurements at 412 nm were performed on a
Perkin Elmer device (Lambada XLS and XLS+, 8382 V3.0.1, Norwalk, CA, USA). Sodium
phosphate buffer was used as a reagent blank. Each determination was made in triplicate.

2.6. Milk Microstructure Evaluation by Confocal Laser Microscopy

The microstructural composition of the semi-skimmed �ltered and pasteurised milk
samples was studied using CLSM analysis (Nikon A1R, Melville, NY, USA) with a 60�
oil immersion objective lens, as previously described by Gallier et al. [36,37]. Samples of
semi-skimmed milk were diluted with distilled water (1:50); then; 200 �L of the diluted milk
was stained with Fast Green (5 �L) and Nile Red (10 �L). Fat globules stained with Nile Red
were excited at 488 nm, and milk proteins stained with Fast Green were excited at 633 nm.
Stained samples (20 �L) were transferred to cavity slides (75 � 26 mm) (Eisco Microscope,
BI0086B, obtained from Rapid Electronics, Colchester, Essex, UK), covered with a glass
coverslip (0.17 mm thick), and secured with nail polish (Rimmel London, UK). All images
were acquired at room temperature. Three brands were randomly selected�Asda (A),
Co-op (Co), and Tesco (T)�to study the protein structures of �ltered and pasteurised milk.
The images were processed using Nikon NIS-Elements Imaging Software version 5.42.02
(Czech Republic). Three images per sample were analysed.

2.7. In Vitro Digestion of Milk

The in vitro gastric and intestinal digestion model used in this study was previously
described by Gallier, et al. [37]. A 20 mL milk sample was mixed with 10 mL of simulated
gastric �uid (SGF) containing 2 g of NaCl/L and 7 mL of HCl/L at pH 1.2. The mixture was
acidi�ed with 6 M HCl to pH 1.5 and was incubated in a shaking water bath (Grant OLS
200, Grant Instruments, Cambridge, UK) at 37 �C for 10 min. Pepsin (3.2 mg/mL of SGF)
was then added, and the temperature of 37 �C and shaking at 95 rpm were maintained for
2 h.

For the intestinal stage, intestinal �uid (SIF) was prepared with 6.8 g of K2HPO4/L and
190 mL 0.2 M NaOH/L and maintained at pH 7.5. The milk�SGF mixture was mixed with
SIF (1:1) to a total volume of 30 mL, the pH was adjusted to 7, and bile extract (5 mg/mL)
and pancreatin (1.6 mg/mL) were added. The mixture was incubated at 37 �C in a shaking
water bath (Grant OLS 200, Grant Instruments, Cambridge, UK) (95 rpm) for 3 h. To
inactivate the enzymes, samples were immediately placed in a water bath (Grant JB 300W,
Cambridge, UK) at 95 �C for 5 min [38]. All digestions were performed in triplicate and
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enzyme-reagent control, matched to digestion conditions, was conducted with each set of
digested samples.

For quanti�cation of the percentage of protein in the samples before and after in vitro
digestion, a Lowry assay was conducted [39]. Dilutions of known concentrations of bovine
serum albumin (BSA) were prepared in series and assayed alongside the unknowns to
determine the concentration within the working range (0.10�2 mg). To determine the
protein content after in vitro digestion, a trichloroacetic acid (TCA) precipitation step
was performed to remove undigested proteins and large aggregates. TCA (50%) was
added to the digested sample solution in a 1:1 ratio, followed by incubation at room
temperature for 20 min. The mixture was then centrifuged at 5000� g for 20 min at room
temperature, and the protein content in the clear supernatant was quanti�ed via Lowry
assay. In vitro digestibility was expressed as the percentage of protein digestion, calculated
as the proportion of solubilised protein relative to the total protein content before digestion,
as described previously [40,41]. A blank was included in the analysis, and its absorbance
was subtracted from the absorbance values of the samples. The percentage of protein
digestion before and after in vitro digestion was calculated via the following Equation (1):

Percentage o f protein digestion =
protein b� protein a

protein b
� 100 (1)

where protein b is the protein concentration before in vitro digestion, and protein a is the
protein concentration after in vitro digestion.

2.8. Peptide Pro�le Analysis

The LC-MS peptide analysis was performed on a Q-TOF device (Agilent, MassHunter
workstation, 1290 In�nity Advance Bio, 6545XT, Wokingham, Berkshire, UK). The digested
milk solutions were diluted (1:100) with HPLC water and then �ltered using a 0.45 �m
(PVDF) syringe �lter, and 5 �L was injected into the system. A reverse-phase analytical
column (C18�300, 150 mm � 2.1 mm internal diameter) (ACE 221-1502 HPLC Columns,
Aberdeen, Scotland, UK) with 120 Angstrom pore size and 2.7 �m particle size was used for
peptide separation, and the �ow rate was kept at 0.200 mL/min. The LC gradient started
with 90% mobile phase A (water/0.1% Formic acid), 10% B (Acetonitrile/0.1% Formic
acid) at 0 and 2 min, increased to 30% B for 5 min, with a 51 min linear gradient to 40% B,
followed by 50% B for 5 min. Mobile phase B was increased from 10% to 90% over 25 min,
followed by a column wash at 90% B for 15 min. Full-scan mass spectra were acquired
at a rate of 3 spectra/sec in sensitivity mode from 100 to 3000 m/z. MS/MS scan spectra
were acquired at a rate of 2 spectra/sec over the same mass range, using data-dependent
acquisition (DDA acquisition). The raw data from Q-TOF measurements were processed
using MassHunter software (BioCon�rm 2.7). The following parameters were selected to
create the project: nonspeci�c (enzyme), reduced disulphides, and variable modi�cations
(oxidation of M, Phosphorylation of S, T, Y). A database containing the following sequences
was used: �-S1-casein (P02662), �-S2-casein (P02663), �-casein (P02666), �) -casein (P02668),
�-lactoglobulin (P02754), and �-lactalbumin (P00711). Data were searched with MS and
MS/MS mass tolerances set at 10 and 50 ppm, respectively.

2.9. Identi�cation of Bioactive Peptides

Peptide sequences obtained from the Q-TOF LC/MS analysis of in vitro digested milk
samples were screened for bioactive peptide identi�cation. The peptide sequences were
searched using the Milk Bioactive Peptide Database MBPDB [42]. This database contains
all potentially bioactive peptide sequences; recently, it has been used by many researchers.
The search outcomes were further re�ned by comparing them with the literature.
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2.10. Statistical Analysis

Results were expressed as the mean of triplicate determinations � standard deviation.
XLSTAT (version 2022.2.1) was used for all statistical analyses. The signi�cance of the
differences between �ltered and pasteurised milk samples for each brand was assessed
using an independent samples t-test, with a p-value of less than 0.05 considered statisti-
cally signi�cant. One-way ANOVA was employed to evaluate the overall effect of milk
processing methods (�ltered vs. pasteurised) across all brands.

3. Results and Discussion
3.1. Proximate Analysis

Within each brand, no signi�cant (p > 0.05) differences were found between the
protein quantity of the �ltered milk and that of the counterpart pasteurised samples
(Table 2). However, the overall analysis of the �ltered milk samples revealed a signi�cantly
(p < 0.05) lower protein content (3.42 � 0.11 g/100 mL) than in the pasteurised samples
(3.61 � 0.15 g/100 mL). This decrease in protein content due to micro�ltration was at-
tributed to the removal of some of the aggregated protein through membrane fouling in
the retentate phase [10,15,30,43].

Table 2. Proximate analysis (protein, lactose, and solids) and pH of �ltered and pasteurised milk.
Means of three replicates � standard deviation.

Samples Process pH
(g/100 mL Milk)

Protein Lactose Solids

A
F 6.77 � 0.04 3.44 � 0.18 4.86 � 0.25 10.50 � 0.25
P 6.78 � 0.05 3.53 � 0.27 4.84 � 0.36 10.64 � 0.36

Co
F 6.73 � 0.04 3.41 � 0.25 4.91 � 0.47 10.70 � 0.47
P 6.76 � 0.03 3.55 � 0.36 4.88 � 0.36 10.77 � 0.53

DM
F 6.75 � 0.06 3.45 � 0.34 4.94 � 0.29 10.50 � 0.22
P 6.76 � 0.04 3.61 � 0.27 4.87 � 0.47 10.76 � 0.39

CB
F 6.72 � 0.03 3.33� 0.33 4.89 �0.54 10.42� 0.31
P 6.73 � 0.04 3.73 � 0.54 4.87 � 0.38 10.77 � 0.59

T
F 6.77 � 0.05 3.43 � 0.38 4.92 � 0.26 10.59 � 0.29
P 6.76 � 0.06 3.47 � 0.27 4.89 � 0.34 10.66 � 0.37

S
F 6.75 � 0.03 3.31 � 0.28 4.90 � 0.47 10.59 � 0.34
P 6.78 � 0.05 3.53 � 0.45 4.98 � 0.55 10.79 � 0.47

W
F 6.76 � 0.04 3.43 � 0.36 4.88 � 0.38 10.71 � 0.21
P 6.77 � 0.06 3.57 � 0.28 4.91 � 0.25 10.84 � 0.41

The lactose and total solids contents are reported in Table 2. Lactose is the major
carbohydrate in milk, ranging between 4�5%; it is a disaccharide sugar consisting of
glucose and galactose [44]. The lactose content of the �ltered and pasteurised milk samples
ranged from 4.84 to 4.98%, with no signi�cant differences (p > 0.05) between groups. The
total solids content for all �ltered milk samples was 10.52 � 0.07 g/100 mL, which was
signi�cantly (p < 0.05) lower than in the pasteurised milk samples (10.73 � 0.05 g/100 mL).
This reduction was due to the fouling of protein during the micro�ltration [15], as re�ected
in the protein content values listed in Table 2.

Overall, there were no signi�cant differences (p > 0.05) in fat content between �ltered
and pasteurised milk. This was observed for each of the milk brands (Table 3). Since
some food processing methods such as pasteurisation, ultra-high temperature treatment,
and homogenisation alter protein structures and enhance protein�fat interaction, they
consequently impact the physicochemical and biological properties of proteins [8,9,45,46].
We hypothesise that shear force during micro�ltration [15] could affect protein structure
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and protein�fat interaction. To infer the interaction between the fat globule membrane
and the proteins in the commercially processed milk samples, as a �rst step, all these milk
samples underwent centrifugation to remove fat (cream). This allowed us to evaluate
differences in the fat retention rate and assess potential protein�fat interactions by examin-
ing the amount of fat retained and the texture of the separated cream before conducting
further experiments.

Table 3. Total fat content in �ltered (F) and pasteurised (P) (semi-skimmed) milk samples before and
after centrifugation, and percentage of fat retained.

Samples Process
Fat Content (g/100 mL)

Percentage of Fat
Retention (1)Semi-

Skimmed *
After

Centrifugation ** (1)

A
F 1.51 � 0.08 1.22 � 0.05 19.21 � 2.1
P 1.52 � 0.07 1.07 � 0.06 29.60 � 3.2

Co
F 1.54 � 0.05 1.03 � 0.07 32.57 � 3.0
P 1.48 � 0.06 0.69 � 0.06 52.91 � 4.4

DM
F 1.45 � 0.04 1.12 � 0.09 23.28 � 2.2
P 1.41 � 0.07 1.03 � 0.07 26.59 � 2.9

CB
F 1.45 � 0.03 1.03 � 0.04 28.57 � 3.1
P 1.44 � 0.04 0.72 � 0.08 49.84 � 4.5

T
F 1.45 � 0.08 1.19 � 0.06 17.59 � 1.9
P 1.42 � 0.07 0.87 � 0.04 38.66 � 3.3

S
F 1.45 � 0.08 1.06 � 0.07 27.02 � 2.8
P 1.48 � 0.05 0.66 � 0.05 55.23 � 3.9

W
F 1.49 � 0.06 1.14 � 0.08 23.15 � 2.0
P 1.45 � 0.08 0.77 � 0.05 46.81 � 4.3

* indicates no signi�cant difference (p > 0.05) between the fat content of �ltered (F) and (P) pasteurised milk within
the same brand. ** Semi-skimmed milk samples were centrifuged at 3500� g for 30 min at 4 �C. The fat layer
was removed, and the remaining fat content was measured. (1) Within each milk brand, all pairwise comparisons
between the fat content after centrifugation and the percentage of fat retention in the �ltered and pasteurised milk
were signi�cantly different (p < 0.05). Reported values are the mean of three replicates � standard deviation.

Homogenisation and pasteurisation signi�cantly alter the structure and composition
of milk proteins and fat globules [45,47]. During homogenisation, the size of fat droplets is
reduced, and the interfacial membrane surrounding the fat globules is modi�ed [48]. Fur-
thermore, pasteurisation further alters the milk proteins, impacting their conformation and
interactions with fat, thereby enhancing protein�fat interactions. The combination of these
processes affects the structural composition of milk, making it dif�cult to remove all the fat
after these processes. Additionally, these changes can in�uence the digestion of milk fat, as
droplets coated with proteins (as a result of homogenisation and pasteurisation) exhibit
different digestive characteristics compared with those surrounded by native fat globule
membranes [9,49]. Although complete skimming of these commercially homogenised milk
samples was not expected, all �ltered milk samples showed different results compared
with the pasteurised milk samples (Table 3). The calculations to determine the level of fat
retention were clari�ed to accurately represent the proportion of fat remaining after cen-
trifugation. Interestingly, the combined analysis revealed that the �ltered milk retained a
higher fat content post-centrifugation compared with the pasteurised milk (p < 0.05), while
the proportion of fat removed from the pasteurised milk was higher (p < 0.05). Additionally,
the fat (cream) separated from the �ltered milk samples exhibited a softer and more fragile
texture than the fat from the pasteurised milk (Figure 1). This led to the assumption that
micro�ltration could have had an additional effect on the protein�fat interactions, and thus,
that this interaction may have affected the fat’s texture and impacted the protein properties.
While these observations suggest a potential impact on protein�fat interactions, we did not
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directly measure the protein content of the skimmed cream. Future studies measuring the
protein composition of the separated fat phase would be valuable to con�rm the extent of
the protein�fat interactions.
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3.2. Particle Size Analysis

The particle size of milk in�uences its microstructure and de�nes many properties
of dairy products, such as colloidal stability, texture, etc. [50]. The average diameters
(Z-average) and particle size distribution of casein micelles and fat in semi-skimmed
homogenised �ltered and pasteurised milk were investigated via dynamic light scattering,
focusing on particles with sizes smaller than 0.45 �m. The Z-average of particles in �ltered
and pasteurised milk samples ranged between 186 to 198 and 159 to 185 nm, respectively
(Table 4). Overall, the �ltered milk samples showed signi�cantly (p < 0.05) larger particle
size diameters compared with the pasteurised samples. A single peak in size distribution
was observed in all samples. The differences in particle size distribution between the �ltered
and pasteurised milk samples were examined, as shown in Figure 2. All samples exhibited
a single peak, with the majority of particle sizes distributed between 100 to 400 nm. Overall,
the size distribution in all the samples was similar, although the size intensity and the
particle concentration of the �ltered milk were slightly greater than in the pasteurised
milk. This may indicate a slight increase in the numbers of the most common particle
sizes, due to the shear force during micro�ltration, which enhanced the intermolecular
interactions in the milk matrix and contributed to the subsequent differences in aggregation
and adsorption rates between the milk components [15,43]. Identi�cation of particle types
was not attempted in this study. However, casein micelles typically have diameters ranging
between 30 and 300 nm [51,52], leading to the assumption that the larger particles were
likely to have been small fat globules or aggregated particles. Thus, larger particles were
slightly more abundant in all the �ltered milk samples compared with the pasteurised milk,
regardless of the source.

Table 4. Mean values of Z-average, primary particle size (size) and free thiol content in �ltered (F)
and pasteurised (P) milk.

Milk Brand Process Z-Average (nm) Free Thiol (�M)

A
F 196 � 10.2 0.91 � 0.10
P 185 � 9.9 1.31 � 0.15

Co
F 188 � 11.5 1.01 � 0.11
P 168 � 8.7 1.29 � 0.09
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Table 4. Cont.

Milk Brand Process Z-Average (nm) Free Thiol (�M)

DM
F 194 � 9.2 0.81 � 0.07
P 167 � 11.2 1.15 � 0.12

CB
F 197 � 12.3 0.88 � 0.10
P 169 � 9.1 1.20 � 0.18

T
F 198 � 14.1 1.00 � 0.11
P 159 � 11.5 1.22 � 0.98

S
F 189 � 9.5 0.95 � 0.08
P 165 � 15.2 1.24 � 0.20

W
F 195 � 13.9 0.93 � 0.10
P 172 � 10.1 1.15 � 0.11

All pairwise comparisons marked between �ltered (F) and pasteurised (P) milk within each brand are signi�cantly
different (p < 0.05). Reported values are the mean of three replicates � standard deviation.
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3.3. Free Thiol Groups

Exposed free thiol groups are chemical groups that can play a role in protein structure
and stability [53�55]; their concentration in the milk samples is shown in Table 4. There
were signi�cant differences (p < 0.05) in the content of the free thiol group between pas-
teurised and �ltered cow’s milk (Table 4). Filtered milk consistently exhibited a lower
concentration of free thiols compared with the pasteurised milk, across all brands. The
lower content of free thiol groups in the �ltered samples was attributed to protein�fat
interaction during the milk �ltering process. Micro�ltration, which separates the milk
from the cream, can unfold the protein structures in skimmed milk, due to the action of
shear force [15,56]. This unfolding can expose more thiol groups on the proteins [18,57].
When cream is heated, the protein on the surface of the fat globules is denatured and the
structure unfolds, which exposes the thiol group. These unfolded proteins (on fat globule
surfaces and proteins) with exposed thiols can potentially interact, leading to formation of
disulphide bonds and resulting in a decrease in the availability of free thiol groups [18,57].
Additionally, other factors during micro�ltration, such as protein adsorption onto the �ltra-
tion membrane, may also have contributed to the lower content of free thiols in the �ltered
milk. In support of this idea, Ye, et al. [17] established that milk proteins can interact with
milk fat membrane proteins even at temperatures lower than the protein denaturation tem-
perature. This suggests that protein�fat interactions could occur during processing steps
such as micro�ltration during the production of �ltered milk. This aligns with the �ndings
described in Figure 1, where the remaining fat in the �ltered milk after centrifugation
was higher than in the pasteurised milk samples. These results indicate the probability of
intermolecular interaction (thiol�disulphide exchange reactions and intra- and interprotein
thiol�disulphide interchange reactions) between proteins and fat; thus, the decrease in free
thiol groups in �ltered milk correlates with the increase in the Z-average and the decrease
in fat separation. Previous studies have shown that homogenisation and pasteurisation
enhance the interaction of casein, whey, and fat [6,17,32]; so, we can assume that �ltration
can also enhance this interaction. Correlation analysis between the particle size and the free
thiol group content revealed signi�cant insight into the impact of micro�ltration on milk
particle characteristics, compared with pasteurisation. Strong and moderate negative corre-
lations were observed between the Z-average (r = �0.76, p < 0.05) and the free thiol group
content and between the particle size distribution (r = �0.63, p < 0.05) and the free thiol
group content, respectively. These correlations re�ect the interplay between micro�ltration
and particle properties. While micro�ltration increases the particle size, it decreases the
content of free thiol groups, potentially due to the shear force enhancing the intermolecular
interactions. Previous research has shown that milk processing, such as heat treatment and
homogenisation, can induce interactions between milk proteins (whey, casein, and fat glob-
ule membrane proteins), mediated by thiol�disulphide exchange reactions. In this study,
all samples (commercially �ltered and pasteurised milk) had undergone pasteurisation
and homogenisation; however, the �ltered milk samples had additionally been subjected
to micro�ltration to extend their shelf-life. The results showed that the �ltered milk had a
lower content of free thiols and a larger particle diameter than the pasteurised milk. The
lower content of free thiols in �ltered milk suggests that these groups might be involved
in protein�fat linkages via thiol�disulphide exchange reactions. Additionally, the larger
particle size in the �ltered milk may have been another consequence of this interaction.
Furthermore, as Figure 1 demonstrates, the percentage of fat separated from the �ltered
milk after centrifugation was less than the fat separated from the pasteurised samples.
Mechanical processes cause migration of the membrane fat globule proteins from the sur-
face of the membrane to the aqueous face, resulting in interaction between these proteins,
as mentioned by Anderson and Brooker [26]. This observation supports the hypothesis
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that, during micro�ltration, more proteins interact with fat globule membrane proteins via
thiol�disulphide bonds and cause an increase in the particle diameter size. This interaction
links the fat with protein in the aqueous phase and prevents their subsequent separation.
Protein�fat interaction occurs in some milk-processing techniques [58], and this effect may
also occur during micro�ltration. Further research is needed to fully elucidate the speci�c
mechanisms behind the protein�fat interactions observed during micro�ltration.

3.4. Milk Microstructure

CLSM is widely used to visualise changes in protein and fat as a result of food
processing or digestion [36,37]. The distribution of protein aggregates and fat globules in
the �ltered and pasteurised milk samples was observed via CLSM. Fast Green �uorescent
dye was used to label the protein, and a Nile Red �uorescent probe was used to label the
fat. The distribution of protein aggregates and fat globules in the milk samples is shown
in Figure 3. The images visualise the interaction between the proteins and fat globules
in the �ltered and pasteurised semi-skimmed milk samples. These samples underwent
heating and homogenisation, leading to protein denaturation and aggregation [8]. Filtered
milk samples (Figure 3), which underwent heating, homogenisation, and micro�ltration,
showed more interaction between protein (stained green) and fat (stained red), resulting in
more yellow-orange colouration compared with the pasteurised milk samples, according to
the interaction areas stained with Fast Green and Nile Red. The CLSM images revealed that
more protein aggregates and more interactions between protein and fat were present in the
�ltered milk compared with the pasteurised samples. This observation agrees with the size
measurements and free thiol results, where �ltered milk samples showed larger particle
size and fewer free thiol groups compared with the pasteurised milk samples, leading
to the conclusion that protein and fat interacted via exchange reactions and intra- and
interprotein thiol�disulphide interchange reactions. Micro�ltration may be a promising
process leading to structural changes in proteins and resulting in properties that cannot
be achieved through pasteurisation. Such structural changes or thiol-related reactions can
in�uence protein structure, potentially affecting nutrient bioavailability, digestibility, and
allergenicity [18,23,59,60], while also impacting functional properties [1,50].
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Figure 3. CLSM micrographs of pasteurised (P) and �ltered (F) milk from three different brands
(T, Co, and A), with Nile Red-stained fat globules appearing red and Fast Green-stained proteins
appearing green. The dark areas correspond to the serum. Images were captured with a 60 � oil
objective lens. The �rst image has a 2� magni�ed area to highlight detail. Samples were diluted
50 times with distilled water. The scale bars are 10 �m in length.

3.5. Percentage of Protein Digestion

Determining digestion of protein and its derived products is essential for understand-
ing its biological effects and nutritional and health implications [9,61,62]. Investigating
the relation between the protein�peptide pro�les as a result of the digestion process could
provide valuable insights into protein structure functionality, allergenicity, and bioactiv-
ity [63�65]. The percentage of protein in the �ltered and the pasteurised milk digested
(% Dig) at the gastric stage was relatively low, with values ranging between 15 to 39% and
21 to 43.9% for �ltered and pasteurised milk, respectively (Table 5). These results align with
the �ndings of Huang, et al. [65], who reported that some intact proteins remained undi-
gested after the gastric digestion of fresh milk. Overall, the % Dig value after in vitro gastric
digestion of the �ltered and pasteurised samples was 29 � 7.4%. However, brand-to-brand
variability in % Dig suggested that factors beyond the basic composition of the milk, such as
differences in protein structure or the food matrix [6,7], as well as differences in processing
conditions [3], might in�uence digestion. Moreover, the % Dig values of the proteins in
both the �ltered and pasteurised samples after 2 h of gastric digestion and 3 h of intestinal
digestion (Table 5) were within the range reported by Van Hekken, et al. [66] (80�95%). No
signi�cant differences (p > 0.05) were observed between �ltered and pasteurised samples
within the same brands. After the intestinal stage, a higher degree of protein hydrolysis
(% Dig) was observed within the tested samples compared with the gastric phase.
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Table 5. Percentage of protein digested in �ltered (F) and pasteurised (P) milk samples after the
in vitro gastric and intestinal stages.

Milk Brand Process % Dig After
Gastric Stage

% Dig After
Intestinal Stage

A
F 39.1 � 5.1 85.2 � 6.3
P 43.9 � 6.5 86.8 � 5.5

Co
F 26.2 � 3.2 84.5 � 5.0
P 26.5 � 2.0 85.0 � 6.1

DM
F 32.5 � 6.1 83.3 � 4.3
P 27.3 � 5.9 84.6 � 5.7

CB
F 31.2 � 5.2 * 84.1 � 5.2
P 23.1 � 5.6 82.6 � 4.1

T
F 32.9 � 5.5 * 86.3 � 4.5
P 21.1 � 4.7 87.2 � 3.1

S
F 15.1� 4.3 * 84.2 � 5.6
P 29.5 � 6.3 85.7 � 4.4

W
F 29.4 � 3.3 83.4 � 3.7
P 32.1 � 4.5 82.6 � 4.2

* Signi�cant differences (p < 0.05) were observed between �ltered and pasteurised samples within the same brand.

3.6. Peptides After the In Vitro Intestinal Stage

Figure 4i shows that, overall, the �ltered samples released slightly more peptides
than the pasteurised samples. As shown in Figure 4ii, no signi�cant (p > 0.05) differences
were observed between the numbers of peptides released from the �ltered and pasteurised
samples of each brand, although the �ltered samples generally tended to release more
peptides than the pasteurised samples (p > 0.05).
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Figure 4. (i) Average numbers of peptides released from all �ltered and pasteurised milk samples
after the intestinal stage. (ii) Total numbers of peptides released from �ltered and pasteurised milk of
each brand. No signi�cant difference (p > 0.05) between F and P samples of the same brand.

The length distribution of peptides that were released after in vitro intestinal digestion
is reported in Figure 5. The lengths of the peptides identi�ed ranged from 2 to 24 amino
acids. The most abundant peptides contained 4 to 7 amino acids (Figure 5i). Digested
�ltered milk released larger peptides, containing 14, 18, or 19 amino acids, compared with
digested pasteurised milk (p > 0.05). On average, peptides with lengths of 2�8 amino acids
made up the majority, accounting for approximately 75 � 6.1% of total peptides in the
�ltered milk and 76 � 3.6% of total peptides in the pasteurized milk (p > 0.05) (Figure 5ii).
Slightly more variability was observed in the �ltered samples, with percentages ranging
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from 73 to 78% of total peptides, compared with a narrower range of 75 to 78% of total
peptides in the pasteurised samples (Figure 5ii).
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Figure 5. (i) Heatmaps of peptide length distribution in each of the in vitro intestinal digested �ltered
(F) and pasteurised (P) milk brands (A, Co, DM, CB, T, S, and W). Colours ranging from green to red
indicate low and high recurrence of speci�c peptides, respectively. Unidenti�ed peptide sequences
are shown as white stretches. (ii) Percentages of length distribution of peptides identi�ed from the
in vitro intestinal digestion of �ltered and pasteurised milk and the overall process. (iii) Heatmap of
peptide size distribution in all �ltered and pasteurised samples. (iv) Distribution of peptides from
the parent proteins �S1, �S2, �- and �) -casein, �Lg, and �Lac from each of the in vitro intestinal
digested �ltered and pasteurised milk samples. (v) Heatmap of peptide length distribution from the
parent proteins �S1, �S2, �- and �) -casein, �Lg, and �Lac from each of the in vitro intestinal digested
�ltered (F) and pasteurised (P) milk samples. (*) indicates signi�cant difference (p < 0.05) between F
and P samples from the same brand.

Regarding peptides longer than 14 amino acids, for the �ltered milk, the distribution
range was 0.4 to 2% of the total peptides, while those in the pasteurised milk ranged from
0.4 to 1.4% of the total peptides (p > 0.05), representing only a small fraction of the peptide
pro�le in both milk types (Figure 5ii). Meanwhile, the distribution of peptide length from 9
to 14 amino acids represented the second largest group, comprising about 22 � 2.4% of the
total peptides in both milk types (Figure 5ii). The variability in the �ltered milk suggested
some differences in proteolysis between brands during digestion, which may have been
due to variations in micro�ltration conditions that impacted structural changes.

A heatmap illustrating the sizes of the peptides released after in vitro intestinal diges-
tion can be seen in Figure 5iii. Overall, in all the digested �ltered and pasteurised milk
samples, the peptides present in the highest proportion were those with a mass less than
1200 Da. (between 600 Da.�1200 Da.), followed by smaller peptides (less than 600 Da.).
Noticeably higher values were obtained for the �ltered milk (p > 0.05).

Overall, the peptides released after in vitro intestinal digestion of the �ltered and
pasteurised milk were most frequently derived from �S1, followed by �cas, �S2, and
�Lg, accounting for about 26 � 5.3%, 25 � 3.9%, 17 � 3.5%, and 13 � 2.8% of the total
peptides, respectively (Figure 5iv). No signi�cant differences were found between the
peptides released after in vitro intestinal digestion of �ltered and pasteurised milk from
the same brand.

Figure 5v presents a heatmap showing the distribution of peptide lengths (as a percent-
age of total peptides) derived from different milk proteins after in vitro intestinal digestion
of �ltered and pasteurised milk. From the heatmap, it is evident that certain peptide
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lengths were more frequently generated from speci�c proteins. Small peptides (<7 amino
acids) were abundantly released from �S1 and �Lac, followed by �-casein and �-casein,
while shorter peptides (2�6 amino acids) associated with �Lg were less common. Both
�Lac and �-casein in the �ltered samples released fewer small peptides compared with
the pasteurised samples (p > 0.05). Medium peptides (7�11 amino acids) were released at
a higher percentage from �S2, �-casein, and �-casein in both the �ltered and pasteurised
samples. In addition, medium peptides were released from �Lg in the pasteurised sam-
ples at a higher percentage than in the �ltered samples (p > 0.05). In contrast, �S1 and
�Lac in both the �ltered and pasteurised samples had the lowest percentages of medium
peptides. The heatmap visualisation provides insights into how different proteins release
peptides of varying lengths and highlights some differences between the �ltered and
pasteurised samples.

The pooled analysis of the peptides released from all the �ltered and pasteurised milk
samples identi�ed about 579 and 510 peptides, respectively. The main parent proteins
of the identi�ed bioactive peptides were �cas, �S1, �Lg, �Lac, and �S2, in that order.
Distribution of peptides among the �ltered and pasteurised samples varied and some
differences in peptide pro�les were noticed. The peptide sequences released after in vitro
intestinal digestion of the �ltered and pasteurised milk samples were compared with
reported epitopes reviewed by Xu, et al. [67] and Fan, et al. [68]. Approximately 7.3% and
6.0% of the total peptides released from the �ltered and pasteurised milk were potential
bioactive peptides, representing 12 different categories of possible bioactivity.

Many of these bioactive peptides have the capacity to bind IgE, acting as linear epitopes
that correspond to established allergenic sequences (Table 6). While numerous peptides are
known to trigger allergic symptoms, only a few of these peptides were detected in our study.
This can be attributed to the analysis method used; most studies on allergenic peptides
rely on trypsin [67�69], while, in contrast, our study employed pepsin and pancreatin. The
peptide distribution results suggest that �ltered milk may have a distinct peptide pro�le.
Additional studies are necessary to understand how micro�ltration in�uences the release
of bioactive and allergenic peptides, particularly regarding their IgE-binding properties.

Table 6. The most abundant bioactive peptides from all in vitro intestinal digested �ltered (F) and
pasteurised (P) milk samples. (

p
) = present; blank = not present 1.

Peptide
Milk Sample Bioactivity of the Peptide

F P ACE-
Inhibitory Antimicrobial DPP-IV

Inhibitory Antioxidant IgE-Binding

AMKPW
p p p p

AYFYPE
p p p p

DVENLHLPLPL
p p p

EMPFPK
p p p p

EQLTK
p p p

FFVAP
p p p

FVAPFPEVFG
p p p

FYPEL
p p p p

GLDIQK
p p p p

GVSLPEW
p p p p

HLPLP
p p

IPAV
p

IVP
p p p

LHLPLP
p p p

LIVTQTMK
p p
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Table 6. Cont.

Peptide
Milk Sample Bioactivity of the Peptide

F P ACE-
Inhibitory Antimicrobial DPP-IV

Inhibitory Antioxidant IgE-Binding

LNVPGEIVE
p p p

LPQ
p p

LVYPFPGP
p p p

LVYPFPGPI
p p p p

MPFPKYPVEP
p p

NVPGEIVESL
p p p

PIVLNP
p p

PMHIR
p p

PVVVPPFLQPE
p p p p

RELEEL
p p p p

SDIPNPIGSENSEK
p p p p

TEDELQDKIHPF
p p p

TPEVDDEALEK
p p p p

TTMPLW
p p p p

VLDTDY
p p p p

VLPVPQ
p p

VPSERYL
p p p p

VSLPEW
p p p

VYPFPGPI
p p p

VYPFPGPIPN
p p p p p

YFYPEL
p p p p

YPFPGPIP
p p p p

YPVEPF
p p p p p

YQEPVLGPVRGPFPI
p p

1 Peptide sequences obtained from Q-TOF LC/MS analysis of in vitro digested milk samples identi�ed and
searched against the Milk Bioactive Peptide Database (MBPDB) to determine potential bioactivity [42].

4. Conclusions
In summary, this study demonstrated that the free thiol content in �ltered milk was

lower than in pasteurised milk, while the particle size in the �ltered milk was larger. CLSM
analysis showed differences in the distribution of protein and fat between the �ltered
and the pasteurised milk, suggesting the presence of additional protein�fat interactions in
the �ltered milk. These observations indicate that micro�ltration may in�uence protein�
fat interaction, potentially through thiol�disulphide interchange reactions. Given these
structural differences, further research is needed to determine the impact of micro�ltration
on the bioavailability and functionality of protein in milk.
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