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Abstract: This work investigates the composition of whey protein phospholipid concentrate (WPPC),
an underutilized dairy stream, and reveals that it is a source of many bioactive compounds that can
benefit the immune system and gut health. Our glycoproteomics approach uncovered that proteins
derived from the milk fat globule membrane (MFGM) represent 23% of the total protein relative
abundance and identified 85 N-glycans. Released sialic acid, an additional marker of glycosylation,
ranged from 1.2 to 2% of the total weight. Xanthine oxidase, a glycosylated marker of MFG bioactivity,
was found in high abundance and displayed higher antimicrobial activity than bovine milk, despite
its similar fat and solids content. An average MFG diameter of 2.64 ± 0.01 µm was found in liquid
WPPC, compared to 4.78± 0.13 µm in bovine milk, which likely explains the unusually high presence
of glycosylated membrane-bound proteins and phospholipids, whose total fatty acids accounted
for 20% of the WPPC total fatty acid pool. Free and bound oxylipins (mainly derived from linoleic
acid) were also identified, together with other less abundant anti-inflammatory lipid mediators
derived from eicosapentaenoic acid and docosahexaenoic acid. Our study demonstrates that WPPC
represents a promising starting material for bioactive compound extraction and a functional vehicle
for the delivery of small MFGs.

Keywords: whey protein phospholipid concentrate (WPPC); procream; xanthine oxidase; milk
fat globule membrane (MFGM); antimicrobial activity; proteomics; dairy co-product; lipidomics;
anti-inflammatory; oxylipins

1. Introduction

Milk is a complex biofluid with a unique composition that makes it optimal for
newborn growth and development [1]. Milk contains a diverse set of bioactive components
and nutrients with the potential to modulate gut microbial populations, promote healthy
gut development, and reduce inflammation linked to dysbiosis [2–4]. Among this diverse
set of bioactive components and nutrients, milk fat globules (MFGs) act as a unique delivery
system for biologically active molecules in the gastrointestinal tract [5–7]. MFGs range in
size from 0.2 to 15 µm and have an average diameter of ~4 µm, depending on cow breed,
lactation time, and season [8,9]. MFGs are naturally occurring lipid droplets consisting
of a triglyceride core and a three-layer natural biological membrane, called the milk fat
globule membrane (MFGM), which originates from the mammary gland epithelium [10].
The unique macrostructure and biochemical assembly of MFGs distinguish them from
simpler plant-derived oils [11]. The MFGM has a complex structure comprised of about 40%
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lipids (e.g., phospholipids) and 60% proteins (e.g., glycoproteins) [5,12]. MFGM proteins
contribute 1–2% of the total protein content in bovine milk [13].

The MFG has several demonstrated health benefits, including supporting brain de-
velopment, pathogen deflection, modulation of the host immune system, and acting as
a potential delivery system for probiotics [14–16]. The protective mechanisms associated
with the MFG are thought to be related to its membrane’s unique protein and lipid com-
position. For example, xanthine oxidase, the second most abundant protein component
of MFGM [17], exemplifies a complex mechanism for providing antimicrobial protection
to mammalian newborns [18,19]. There are several other bioactive proteins embedded
in the MFGM, including butyrophilin, glycosylation-dependent cell adhesion molecule
1 (GLYCAM-1), mucin 1 and 15, lactadherin (also known as globule epidermal growth
factor 8 protein (MFG-E8; PAS VI/VII)), adipophilin (also known as perilipin 2), fatty
acid-binding protein heart, polymeric immunoglobulin receptor, and platelet glycoprotein
4 (also known as cluster of differentiation 36, CD36). The lipid fraction of the MFGM is
mainly composed of polar phospholipids.

While the beneficial effects of dairy polar lipids on cardiovascular function were first
shown in animal models [20] and clinical trials [21], additional activities in maintaining
hepatic function [22,23], protecting against gastrointestinal infection [24], inflammation,
and anti-thrombotics [25,26], and preventing tumor growth [27] were also demonstrated.
Notably, dietary phospholipid or phospholipid supplements improve cognitive function in
aging animals [28] and elderly humans [29,30]. Additional benefits have also been shown
in animal models [31] and human studies [32,33] for early brain development. In addition,
bioactive lipid mediators derived from lipid oxidation, known as oxylipins, can play a role
in regulating in vivo inflammation [34,35].

It is known that some dairy streams contain MFGM, but the content and physical
structure of the MFGM is differentially preserved among dairy products [7,36]. For example,
cream contains twice as much MFGM as butter per gram of fat, while butter has a relatively
low MFGM content, as most of the MFGM is transferred to the buttermilk fraction with the
churning process [36]. Cheese whey, the co-product of cheesemaking, is also considered a
potential source of MFGM, since it contains some residual fat that is left after the classical
centrifugal separation of whey cream from the whey feed. Initially, whey was considered as
a waste product, and its accumulation represented a serious environmental problem due to
its high organic content and high biochemical oxygen demand (BOD). Because of this, the
dairy industry was not allowed to dispose of whey conventionally, and additional treatment
steps to reduce the pollution index were required, with unavoidable associated costs [37].
The use of membrane separation processes represented a breakthrough in whey processing
and valorization [38]. In particular, ultrafiltration, a pressure-driven membrane separation
process, is now a widely-adopted process used commercially to recover whey protein
concentrate (WPC). This membrane process enables the recovery of whey proteins and
residual fat in the retentate, whereas lactose and minerals are separated in the by-product
known as permeate (Figure 1). Consumers’ desire for products with higher-purity whey
proteins and lower in fat drove further process improvements from the manufacture of
conventional WPC (with protein content in the range of 35–80%) into higher purity protein,
namely whey protein isolate (WPI, protein content > 90%). During the manufacturing of
WPI, WPC is microfiltered, and this process separates the majority of the whey proteins
from the residual fat. As a consequence, there has been a significant accumulation of a
co-product known as whey protein phospholipid concentrate (WPPC) [39]. The dramatic
increase in WPI production has resulted in parallel accumulation of WPPC and calls for the
identification of suitable avenues for its valorization [40].
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Figure 1. Manufacture of whey protein concentrate and isolate, which results in the accumulation 
of whey protein phospholipid concentrate (WPPC). Figure adapted from [40]. 
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whey processed, estimating 30–35 × 106 ton/year worldwide [40,41]. This co-product lacks 
standardization, and it is known under several commercial trade names in the industry, 
such as PRO-Cream, Salibra® 700, and Whey Cream [40]. Commercial WPPC products 
vary widely in chemical composition, yet they all contain protein, fat, lactose, and miner-
als as the main ingredients [40]. The American Dairy Products Institute (ADPI) recently 
proposed a marketing standard sheet for WPPC, which states that WPPC should contain 
a minimum of 50% protein (dry basis), consisting primarily of whey protein, and 12% fat 
dry basis) (ADPI, 2020). Although the gross composition of WPPC is known, a detailed 
characterization of WPPC remains to be conducted, and the economic and nutritional 
value has yet to be explored. As the residual fat in the whey accumulates in WPPC during 
the manufacture of WPI, we hypothesized that WPPC may serve as an ideal source for 
recovering valuable smaller MFG and thus MFGM. This may represent an opportunity to 
leveraging MFGM functionality, investigate its broader health implications, and guide the 
development of innovations that go beyond the traditional vision of dairy components 
used for nutritional purposes, but that will rather focus on improving human health. The 
goal of this study is to characterize the composition of bioactive compounds in WPPC 
through a combination of glycoproteomic and lipidomic analyses. 

2. Materials and Methods 
2.1. Samples and Chemicals 

The whey protein phospholipid concentrate (WPPC) used in this study was kindly 
supplied by multiple dairy companies, either in powder or liquid form (Joseph Gallo 
Farms (Atwater, CA, USA.), Milk Specialties (Eden Prairie, MN, USA.), Glanbia Nutri-
tionals (Fitchburg, WI, USA.), Hilmar Ingredients (Hilmar, CA, USA.), Leprino Foods 
(Denver, CO, USA.), and Agropur Inc. (Appleton, WI, USA). Each sample was assigned 
an alphanumeric or numeric code, and the samples with the same number and different 
letters were from the same producer as 1, 1A, 1B, 2, 3A, 3B, 4A, 4B, 5, 6A, and 6B. Figure 

Figure 1. Manufacture of whey protein concentrate and isolate, which results in the accumulation of
whey protein phospholipid concentrate (WPPC). Figure adapted from [40].

The dairy industry currently underutilizes WPPC, which represents 14 to 18% of the
whey processed, estimating 30–35 × 106 ton/year worldwide [40,41]. This co-product lacks
standardization, and it is known under several commercial trade names in the industry,
such as PRO-Cream, Salibra® 700, and Whey Cream [40]. Commercial WPPC products vary
widely in chemical composition, yet they all contain protein, fat, lactose, and minerals as the
main ingredients [40]. The American Dairy Products Institute (ADPI) recently proposed a
marketing standard sheet for WPPC, which states that WPPC should contain a minimum of
50% protein (dry basis), consisting primarily of whey protein, and 12% fat dry basis) (ADPI,
2020). Although the gross composition of WPPC is known, a detailed characterization
of WPPC remains to be conducted, and the economic and nutritional value has yet to be
explored. As the residual fat in the whey accumulates in WPPC during the manufacture of
WPI, we hypothesized that WPPC may serve as an ideal source for recovering valuable
smaller MFG and thus MFGM. This may represent an opportunity to leveraging MFGM
functionality, investigate its broader health implications, and guide the development of
innovations that go beyond the traditional vision of dairy components used for nutritional
purposes, but that will rather focus on improving human health. The goal of this study is
to characterize the composition of bioactive compounds in WPPC through a combination
of glycoproteomic and lipidomic analyses.

2. Materials and Methods
2.1. Samples and Chemicals

The whey protein phospholipid concentrate (WPPC) used in this study was kindly
supplied by multiple dairy companies, either in powder or liquid form (Joseph Gallo
Farms (Atwater, CA, USA), Milk Specialties (Eden Prairie, MN, USA), Glanbia Nutritionals
(Fitchburg, WI, USA), Hilmar Ingredients (Hilmar, CA, USA), Leprino Foods (Denver, CO,
USA), and Agropur Inc. (Appleton, WI, USA). Each sample was assigned an alphanumeric
or numeric code, and the samples with the same number and different letters were from the
same producer as 1, 1A, 1B, 2, 3A, 3B, 4A, 4B, 5, 6A, and 6B. Figure 1 presents the overall
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schematic process for the manufacture of whey protein concentrate and isolate, which
results in the accumulation of WPPC. Bovine milk was obtained from the UC Davis dairy
farm (Davis, CA, USA) and stored at −20 ◦C. Xanthine was purchased from Sigma-Aldrich
(St. Louis, MO, USA), ethylenediaminetetraacetic acid (EDTA) was from ThermoFisher
Scientific Inc., (Waltham, MA, USA), trifluoroacetic acid (TFA) was from Sigma Aldrich
(St. Louis, MO, USA), dithiothreitol (DTT) was from ACROS Organics (Morris Plains, NJ,
USA), and Bio-Safe Coomassie G-250 stain and Laemmli sample buffer were from Bio-
Rad Laboratories (Hercules, CA, USA). Oxylipin standards were obtained from Cayman
Chemical (Ann Arbor, MI, USA) or Larodan (Solna, Sweden). Lipid standards were from
Nucheck Prep or Avanti Polar Lipids.

2.2. Selection of Samples for Specific Analyses

We first screened the gross composition of WPPC by measuring its total protein, fat,
solids as well as protein profile by SDS PAGE and the milk fat globules’ size, to obtain
a general understanding of the dataset. Because there were compositional variations in
between WPPC samples, representative samples for the liquid and powder samples were
selected and used for more in-depth analysis. Specifically, we selected a liquid sample (6B,
see Table 1) for the measurement of the MFGM and xanthine oxidase activity before the
product was exposed to thermal drying. The selection was based on the idea of performing
a direct comparison of liquid WPPC with bovine milk, which has a similar content of fat
and total solids, and so we could evaluate the degree to which xanthine oxidase and small
MFG are enriched in WPPC production. Subsequently, we performed targeted proteomics
on the xanthine oxidase band to confirm its identity, since the molecular weight of xanthine
oxidase is similar to that of immunoglobulins (140 kDa and 150 kDa, respectively), and
the SDS PAGE alone could not provide a defined identification. Upon confirming that
xanthine oxidase was the predominant protein in the gel band, we continued to use sample
6B for the remaining proteomic analyses to identify and measure relative quantities of key
MFGM glycosylated proteins in WPPC. Because a direct method to quantify MFGM does
not currently exist, we then enzymatically released N-linked glycans from the said proteins
and also quantified the total sialic acid as an additional marker of glycosylation. For that
analysis, we decided to focus on sample 1 because commercial WPPC is in powder form
and has the highest lipid among the powder samples (see Table 1), and therefore a higher
milk fat globule membrane content, because glycans are located on the proteins attached
to the milk fat globule membrane. Finally, we profiled lipids in sample 1 (see Table 1)
because, again, it had the highest fat content, and we wanted to maximize our chances of
identifying low abundant compounds, such as oxylipins; specifically, we measured (1) total
fatty acids and cholesterol concentrations, (2) fatty acids within various phospholipids and
sphingomyelin (SM), and (3) total (i.e., mostly esterified) and free oxylipins.

Table 1. Comparison between %solids, %protein, and %fat of the fat globule population measured
from all WPPC samples.

Sample Description Total Solids (%) Protein (%) Fat (%)

Sample 1A (liquid) 20.47 65.46 * 27.25 *
Sample 1B (liquid) 21.56 62.15 * 28.10 *
Sample 1 (powder) - 62.7 24.4

Sample 2A (powder) - >72 -
Sample 2B (powder) - >73 -
Sample 3 (powder) - 75.09 18.11

Sample 4A (powder) - 76.19 13.08
Sample 4B (powder) - 69.39 16.45
Sample 5 (powder) - 67.61 -

Sample 6A (powder) - 52.63 13.08
Sample 6B (liquid) 13.40 63.43 20.20

Bovine milk (liquid) 13 24.92 * 26.92 *
* % Fat and protein values were converted to dry basis values.
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2.3. Compositional Analysis of Whey Protein Phospholipid Concentrate (WPPC) and Bovine Milk

The dairy companies provided the product specification sheets that included most of
the values for total protein, fat, and total solids for the WPPC samples and we measured
total protein and fat in raw bovine milk for comparison, according to standard AOAC
methods [42]. Measurements were performed in triplicate.

2.4. Identification of Proteins in WPPC and Comparison with WPI by SDS-PAGE

The proteins in all WPPC samples were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). Each sample was normalized to 20 µg of
protein and combined with 6.65 µL 4× Laemmli sample buffer and 2.75 µL 1 M dithiothre-
itol (DTT). Samples were incubated at 95 ◦C for 5 min. Each sample mixture (20 µL) was
then loaded onto a 12% acrylamide gel (12-well comb), and proteins were separated using
200 V. Precision Plus Protein Standard was used as a positive control. Gel was stained with
Coomassie blue. All the major protein lanes for the WPPC samples were excised with a
razor and placed into microcentrifuge tubes and saved for proteomic analysis. After having
analyzed the protein profile of the whole dataset, representative samples for the liquid and
powder samples were selected and used for more in-depth analysis.

2.5. In-Gel Digestion and Proteomics

Proteins bands from sample 6B were de-stained and digested with trypsin according
to commonly used proteomic protocols [43]. Briefly, each gel piece was de-stained by
washing with 50% acetonitrile (ACN) containing 12.5 mM NH4HCO3, followed by a water
wash. Gel pieces were dehydrated with acetonitrile and dried in a vacuum centrifuge.
Disulfide bonds were cleaved and methylated by adding 100 µL 10 mM DTT to each
gel piece and incubating at 55 ◦C for 45 min, followed by 100 µL 55 mM iodoacetamide
with a 30 min room temperature incubation. The gel pieces were further washed with
50% ACN containing 25 mM NH4HCO3, dehydrated with ACN, and dried in a vacuum
centrifuge. To digest the proteins into peptides, 150 µL of a solution containing ~20 µg/mL
trypsin was added to each gel piece, and the tubes were incubated on ice for 1 h to en-
sure the enzyme’s access into the gel. The excess enzyme solution was then removed
and replaced with 200 µL 25 mM NH4HCO3, and the samples were incubated at 37 ◦C
overnight for protein digestion. The liquid from each sample was transferred to a new
tube, and the gel pieces were washed twice with 200 µL 50% ACN containing 1% trifluo-
roacetic acid (TFA). This peptide-containing solution was dried by centrifugal evaporation,
and the resulting peptides were purified by C18 solid-phase extraction, as previously
described [44]. Briefly, the C18 microplate was activated with 0.1% TFA in 99.9% ACN
and equilibrated with 1% ACN/0.1% TFA in water. The peptides were loaded, washed
with 6 column volumes 1% ACN/0.1% TFA in water, and eluted with 80% ACN/0.1% TFA
in water. The purified peptide solutions were dried by centrifugal evaporation and re-
dissolved in 2% ACN/0.1% TFA in water before analysis. The samples (roughly 3 µg per
injection) were separated with a Waters Nano Acquity Ultra-High-Performance Liquid
Chromatograph (UHPLC) with a Proxeon nanospray source. The chromatograph em-
ployed a 100 µm × 25 mm Magic C18 100 Å 5U guard column and a 75 µm × 150 mm
Magic C18 200 Å 3U analytical column. Elution solvents were (A) 0.1% formic acid in
water and (B) 100% ACN. A flow rate of 300 nL/min was used with a linear gradient of
5–35% B, 0–50 min; 35–80% B, 50–53 min; 80% B, 53–54 min; 80–5% B, 54–55 min; and
5% B, 55–60 min. After each sample run, the column was washed for 30 min. The eluted
peptides were analyzed by an Orbitrap Q Exactive Plus mass spectrometer (ThermoFisher
Scientific, Waltham, MA, USA). The data-dependent acquisition was used with 15 tandem
(MS/MS) scans following each precursor (MS) scan. Dynamic exclusion was set to 20 s. MS
spectra were collected with a resolution of 70,000 and a target of 106 ions or a maximum
injection time of 30 milliseconds. For MS/MS spectra, a resolution of 17,500 was used with
a target of 5 × 104 ions or a maximum injection time of 50 milliseconds. Fragmentation was
performed using higher-energy collision dissociation (HCD) with a normalized exclusion
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energy (NCE) value of 27. Ions with unassigned charges, charge +1, or charges above 5+
were excluded from fragmentation.

2.6. Proteomics Data Analysis

The raw files from the mass spectrometer were analyzed using the software Proteome
Discoverer (ThermoFisher Scientific, Waltham, MA, USA) to identify the proteins from
the tandem-MS data. The software referenced a library containing the bovine proteome
(downloaded from uniprot.org (accessed on 10 May 2017)). The false discovery rate (FDR)
was controlled at 1% for protein and peptide, with match-between-runs and second pep-
tides enabled. The following search parameters were used: precursor and fragment mass
tolerance at 10 ppm and 0.02 Da, respectively; fixed modifications (carbamidomethylation
of cysteine); and variable modifications (phosphorylation of serine and threonine, oxidation
of methionine, and deamidation of asparagine and glutamine). A maximum of two missed
tryptic cleavages was allowed. Two or more peptides from a protein were required for
protein identification. All protein identifications met a minimum p-value threshold of
p < 0.05.

2.7. N-linked Glycans: Release from Glycoproteins and Analysis by Mass Spectrometry

N-linked glycans were harvested in duplicates from sample 1 (Table 1) following
the protocol described in Karav et al. [45]. The WPPC powder was dissolved in Milli-Q
(18.2 MΩ·cm) water at a concentration of 40 g/L by thorough vortexing and bath sonication.
A 450 µL aliquot of this WPPC solution was mixed with 50 µL 200 mM sodium hydrogen
phosphate, pH 5. An endo-β-N-acetylglucosaminidase was acquired from GeneTarget Inc
(San Diego, CA, USA) and added at a 1:500 enzyme:protein ratio, and the mixture was
incubated overnight at 37 ◦C. The following morning, 3.5 mL cold ethanol was added
to each vial, and the samples were incubated at −20 ◦C for 2 h. Precipitated proteins
were collected by centrifugation at 4000× g for 10 min at 4 ◦C and the supernatant was
dried by centrifugal evaporation. The N-glycans were re-dissolved in 500 µL of water
and purified by microplate C18 solid-phase extraction. The microplate wells were acti-
vated with acetonitrile (ACN) and equilibrated with water. Samples were loaded, and
each well was washed with three column volumes of water. All eluate generated during
and after sample loading was collected and further purified by microplate graphitized
carbon-solid-phase extraction. Each microplate well was activated with 80% ACN/0.1% tri-
fluoroacetic acid (TFA) and equilibrated with water. Samples were loaded, and each well
was washed with six column volumes of water. The N-glycans were then eluted with 3 col-
umn volumes of 40% ACN/0.1% TFA, dried by centrifugal evaporation, and re-dissolved
in water prior to mass spectrometry analysis. N-glycans were analyzed by nano-liquid
chromatographic-chip quadrupole time-of-flight mass spectrometry [45]. N-glycans sepa-
ration was performed with a 65 min gradient delivered by the nanopump at a flow rate
of 0.3 µL/min. The 65 min gradient used the following program: 0% B (0.0 to 2.5 min),
0 to 16% B (2.5 to 20.0 min), 16 to 44% B (20.0 to 30.0 min), 44 to 100% B (30.0 to 35.0 min),
and 100% B (35.0 to 45.0 min). The gradient was followed by equilibration at 0% B (45.0 to
65.0 min). Data were acquired within the mass range of 450 to 3000 m/z for N-glycans in
the positive ionization mode, with an acquisition rate of 1 spectrum/s for N-glycans. An
internal calibrator ion of 922.010 m/z from the tuning mix (ESI-TOF tuning mix G1969-
85000; Agilent Technologies) was used for continual mass calibration. For tandem MS
analysis, N-glycans were fragmented with nitrogen as the collision gas. Spectra were
acquired within the mass range of 100 to 3000 m/z. The collision energies corresponded
to voltages (Vcollision) based on the following equation: Vcollision = m/z (1.5/100 Da) V −
3.6 V; the slope and offset of the voltages were set at 1.5/100 Da and −3.6, respectively.
Acquisition was controlled by MassHunter workstation data acquisition software (Agilent
Technologies, Santa Clara, CA, USA).

uniprot.org
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2.8. Sialic Acid Quantification

The total concentration of N-acetylneuraminic acid (NeuAc) in sample 1 was measured
according to the methods of Hurum and Rohrer [46]. Briefly, the WPPC samples were
mixed with 100 mM of sulfuric acid in a 1:1 ratio. The mixture was incubated at 80 ◦C
for 1 h to hydrolyze the glycan-bound NeuAc. The tubes were centrifuged at 2000× g
and 5 ◦C for 10 min to collect the solids, and the supernatants were purified with Dionex
OnGuard II A 1 mL solid-phase extraction cartridges (ThermoFisher Scientific, Waltham,
MA, USA). The cartridges were washed with 10 mL Milli-Q water prior to sample loading.
After loading the samples, the cartridges were washed with an additional 10 mL Milli-Q
water, and NeuAc was then eluted with 12 mL 50 mM NaCl. The samples were dried
and re-dissolved in Milli-Q water. All samples were measured in duplicate. Total NeuAc
was quantified using a high-performance anion-exchange chromatography system with
pulsed amperometric detection (Thermo Scientific Dionex ICS-5000+), equipped with an
electrochemical cell with a disposable gold working electrode and a pH-Ag/AgCl reference
electrode. The chromatographic separation of NeuAc was carried out with a Dionex
CarboPac PA20 analytical column (3 × 150 mm, Thermo Scientific) and a Dionex CarboPac
PA20 guard column (3 × 30 mm, Thermo Scientific), with a solvent flow of 0.5 mL/min.
Eluents consisted of water (A), 200 mM sodium hydroxide in water (B), and 500 mM
sodium acetate in water (C). The samples were analyzed using a 20 min gradient with
eluent B held isocratic at 50%. Eluent C was increased from 2–40% from 0–15 min, then
held constant at 40% from 15–20 min. The column temperatures were 30 ◦C.

2.9. Determination of Xanthine Oxidase Activity in WPPC and Kinetic Parameters

The activity of xanthine oxidase in sample 6B and raw bovine milk was measured by
spectrophotometry on a GENESYS 10S UV-Vis system (ThermoFisher Scientific, Waltham,
MA, USA). The rate of oxidation of xanthine to uric acid was measured at 290 nm over 6 min,
according to previously published protocols [47,48]. The enzymatic reaction was performed
at 37 ◦C and pH 7.5 in a Tris-HCl buffer solution. Xanthine oxidase activity was determined
using a final concentration of 2000 µM xanthine. The enzymatic reaction was terminated
by the addition of 20% trichloroacetic acid. With xanthine as a reducing substrate, uric acid
production was monitored as described above, by using a molar absorption coefficient (ε) of
1.22 mM−1cm−1. Measurements were performed in triplicate. Steady-state kinetic studies
were conducted to determine the Michaelis–Menten kinetic model parameters, Vmax, and
Km, for WPPC xanthine oxidase and xanthine oxidoreductase using GraphPad Prism
7.0 software with non-linear plotting techniques [49]. Xanthine oxidase kinetic parameters
were determined using final xanthine concentrations of 0, 100, 200, 400, 800, and 1600 uM.
Accordingly, the reaction rate (v) of xanthine oxidase and the substrate concentration [S]
were determined according to the Michaelis–Menten equation:

v = (kc[Eo][S])/(S + Km) (1)

where [Eo] is the concentration of enzyme, and kc and Km are the catalytic constants of
hydrolysis and the Michaelis constant.

2.10. Measuring Fat Globule Size Distribution in WPPC and a Comparison to Bovine Milk

The fat globule size distribution was determined for all the powder and liquid WPPCs,
and bovine milk was used as a control. A procedure to determine the MFG size was
optimized for both WPPC and bovine milk [8]. Before use, the desired volumes of frozen
WPPC and bovine milk samples were gently thawed over ice at 4 ◦C for 3 days [50]; MFG
samples (liquid and powder) were diluted with Milli-Q water in a 1:9 ratio. Diluted samples
were treated with 35 mM EDTA (pH 7.0) at a 1:5 volume ratio. EDTA, a calcium chelator,
was added to the samples to dissociate casein micelles and eliminate their interference
with measurements of the particle size distribution of MFGs. Particle size distribution
was measured using a Microtrac S3500 (Microtrac, Montgomeryville, PA, USA), which
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uses laser light scattering to quantify the particle size. Measurements were conducted at
room temperature. Measurements were performed in triplicate. Deionized water with
a refractive index of 1.33 was used as a dispersant. The dispersed phase, milk fat, was
measured with a refractive index of 1.46 [8].

2.11. Folch Extraction for the Total Lipids

In brief, prior to extraction, sample 1 and a blank (water) were placed on ice. A total
of 3 replicates of approximately 100 mg of samples from the same batch was weighed and
added to a set of glass tubes pre-cooled on ice. To each glass tube containing samples,
400 µL of cooled solution of 1 mM ethylenediaminetetraacetic acid disodium salt dihydrate
(2Na-EDTA, E5134-50 g, Sigma) containing 0.9% potassium chloride (KCl, P217-500, Fisher
Scientific) was added, followed by 2.4 mL of chilled mixtures of chloroform (C607-4, Fisher)
and methanol (A454-4, Fisher) (2:1, v/v) containing 0.002% butylated hydroxytoluene (BHT,
#W218405-SAMPLE-K, Sigma). The mixture was vortexed and centrifuged at 10 min,
2000 rpm, 0 ◦C (Rotor RORVALL H1000B, Sorvall RT 6000D). The bottom layer was then
collected to a new 2nd glass tube. Another 1.6 mL of chilled chloroform was added to
the remaining upper layer in the original tube, followed by vortex and centrifugation
(10 min, 2000 rpm, 0 ◦C). The bottom layer was collected into the 2nd glass tube. This
combined total lipid extract dissolved in organic solvent was dried under nitrogen, followed
by reconstitution in 1 mL of chloroform and methanol (2:1, v/v). This lipid extract was
vortexed and transferred into a 2 mL amber vial, which was subject to storage in −80 ◦C
freezer until use.

Minor modification was applied when Folch extraction was prepared for total oxylipin
extraction [51]. The samples were placed on dry ice instead of ice during weighting.
Additionally, 50 mg of samples were weighed (instead of 100 mg) for the Folch extraction.
The resulting Folch extract was resuspended in the 1 mL mixture of chloroform and
isopropanol (2:1, v/v) instead of chloroform/methanol.

2.12. Thin-Layer Chromatogram (TLC) Separation of the Major Phospholipid Classes

A portion of the Folch extract amounting to ~1 mg of total lipids was separated by
TLC (Silica gel 60 plates, Cat#105721.0001, Millipore Sigma) to fractionate and estimate the
abundance of phospholipid species and their respective fatty acids [52]. Phospholipids
were separated by TLC into 56 species, including sphingomyelin (SM), choline glycerophos-
pholipids/phosphatidylcholine (PC), phosphatidylserine (PS), phosphatidylinositol (PI),
and ethanolamine glycerophospholipids/phosphatidylethanolamine (PE), which appear
sequentially from the closest to the furthest distance relative to the baseline of the TLC
plate. The TLC plate was first scored into 4 sample lanes (4 cm width) and 3 standard lanes
(1 cm width), followed by pre-rinsing the TLC chambers and pre-washing the TLC plate
with 100 mL of 21:12 (v/v) chloroform and methanol. The TLC plate was then air-dried in
a fume hood for a few minutes and further dried in a vacuum oven maintained at 80 ◦C
overnight. A mixture of 60 mL chloroform, 50 mL methanol, 4 mL water, and 1 mL acetic
acid was used to resolve the bands [20]. A total of 2 square thick plot papers (Cat#1703955,
Bio-Rad) per TLC chamber were used to assist insolvent equilibration in the TLC chamber
for at least 30 min prior to being added to the TLC plates. The TLC plates were loaded with
100 µL volume of each sample containing ~2 mg of lipid in each 4 cm sample lane using a
Hamilton syringe (rinsed at least 4 times with 2:1 (v/v) chloroform–methanol mixture before
and between samples) and 3–4 drops of pig brain lipid extract as standards containing
PE, PI, PS, PC, and SM in the 1 cm standard lane. The TLC plate was then placed into the
TLC chamber equilibrated with the mobile phase, and 45 min of elution time was applied.
After separation, TLC plate was carefully removed from the chamber and allowed to dry
to evaporate the solvent. The TLC plate was sprayed with a solution of 0.02% (w/v) 2′,7′-
dichlorofluorescein (Acros, cat# 191530050) in methanol prior to drying and visualization
under a UV light. During visualization, the visible bands were identified with a pencil. The
marked TLC bands were then scraped individually and transferred into the labeled test
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tubes, which were pre-spiked with 0.1 mg 22:3n-3 ethyl ester internal standard. In each
test tube, 0.4 mL of toluene was added. The samples were then stored at −80 ◦C prior to
further methylation.

2.13. Derivatization of Total Lipids and TLC-Separated Lipid Fractions

A portion of the Folch total lipid extract (50 µL from ~100 mg WPLC) and the TLC-
separated lipid fractions were transesterified with methanolic HCl and subjected to GC-FID
analysis to capture the fatty acids and cholesterol. For the total lipids, 50 µL of the Folch
extract was added to a test tube pre-spiked with 0.1 mg 22:3 n-3 ethyl ester and 0.05 mg
5-alpha cholestane, followed by the addition of 0.4 mL of toluene. As pointed out above,
the TLC-separated lipid fractions were only spiked with 0.1 mg 22:3 n-3 ethyl ester and
0.4 mL pf toluene (because they did not contain cholesterol). To each sample (total lipid and
phospholipids), 3 mL of methanol followed by 600 µL of methanolic HCl (37% concentrated
HCl in methanol (92:8, v/v)) were added. The samples were then vortexed and placed into
the heating block at 90 ◦C for 60 min [53]. After the reaction, the samples were cooled to
room temperature for 4–5 min, and 1 mL of hexane and 1 mL of distilled water were added.
The samples were vortexed and phase separation of the hexane layer from the aqueous
layer was achieved by allowing the samples to sit at room temperature for 15 min. The
upper hexane layer was transferred into a 2 mL tube and mixed with 450 µL water. After
vortexing and centrifugation (15,871× g, 2 min at room temperature) (FA-45-24-11 motor),
the upper hexane layer was transferred into a new 1.5 mL tube and dried under nitrogen.
The derivatized fatty acid extract was re-suspended in 100 µL of hexane. The samples were
stored in a −80 ◦C freezer until GC-FID analysis.

2.14. GC Analysis of Fatty Acid Methyl Ester (FAME)

The GC-FID analysis of the derivatized FAME was performed on a Perkin Elmer
Clarus 500 instrument controlled by TotalChrom Navigator software. FAME separation
was achieved on a DB-FFAP column (30 m × 0.25 mm inner diameter, 0.25 µm film
thickness). The total run time per sample was 65 min. The injection volume was 1 µL
and a 10:1 split ratio was applied. The injector temperature was set to 285 ◦C. The oven
temperature program was as follows: the oven was set to 80 ◦C for 2 min, followed by
1 ◦C/min ramp to 185 ◦C, then 6 ◦C/min ramp to 249 ◦C, and a prolonged hold for 42 min
at 249 ◦C. The detector temperature was set to 300 ◦C. Helium was used as the carrier gas;
the flow rate was 1.3 mL/min. Fatty acids were quantitated by proportional comparison of
the GC peak areas to that of the 22:3n-3 ethyl ester internal standard.

2.15. Extraction of Free Oxylipins from the WPPC Samples

Free oxylipins were extracted, as previously reported [51,54]. The powder samples
were placed on dry ice and triplicates of approximately 50 mg of samples were weighed.
The samples were mixed with 10 µL of oxylipin surrogate spike solution containing 2 µM
d11-11(12)-EpETrE; d11-14,15-DiHETrE; d4-6-keto-PGF1α; d4-9-HODE; d4-LTB4, d4-PGE2;
d4-TXB2, d6-20-HETE; and d8-5-HETE in methanol, followed by 600 µL methanol-water
(1:4, v/v) containing 0.002% BHT, 250 µM EDTA, and 0.01% acetic acid to precipitate the
proteins. The samples were vortexed and centrifuged (10 min, 13,000 rpm/15,871× g, FA-
45-24-11 motor, 0 ◦C). The supernatant was loaded onto 100 mg tC18 Sep-Pak solid-phase
extraction (SPE) columns (Waters Corp, Milford, MA, USA) that had been pre-washed
with 750 µL of methanol twice and equilibrated with 750 µL 20% methanol twice. The
column containing the sample supernatant was washed with 750 µL 20% methanol twice,
followed by 750 µL of hexane twice. Free oxylipins were then eluted from the column
into polypropylene tubes using 2 aliquots of 1 mL methanol. The extracts were dried
under nitrogen and reconstituted in 100 µL LC-MS/MS grade methanol. The samples were
vortexed, placed on wet ice for 15 min, and centrifuged through Durapore centrifugal filter
(0.1 µm, Millipore) for 2 min at 13,000 rpm (15,871× g, FA-45-24-11 motor), 0 ◦C. The filtrate
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was stored in a 150 µL glass insert fitted in a 2 mL autosampler vial and stored in −80 ◦C
until mass-spectrometry analysis.

2.16. Liberation of the Free Oxylipins from Total Oxylipins from the Folch Extract

Total oxylipins consisting of both bound (i.e., esterified) and free oxylipins were mea-
sured as reported [54]. An aliquot of 100µL Folch extract dissolved in chloroform:isopropanol
(2:1, v/v) was dried under nitrogen and spiked with a (1) 10 µL methanol–water (1:1, v/v)
solution of antioxidant mixture containing 0.2 mg/mL BHT, EDTA and triphenylphosphine
(TPP); (2) 10 µL oxylipin surrogate standard containing 2 uM d11-11(12)-EpETrE, d11-14,15-
DiHETrE, d4-6-keto-PGF1α, d4-9-HODE, d4-LTB4, d4-PGE2, d4-TXB2, d6-20-HETE and
d8-5-HETE in methanol; (3) 200 µL of methanol containing 0.1% BHT and 0.1% acetic
acid; and 4) 200 µL of 0.4 M sodium hydroxide in methanol-water (1:1, v/v). The mixture
was heated at 60 ◦C for 30 min, followed by 5 min of cooling at room temperature. After
hydrolysis, acetic acid (25 µL) and water (1575 µL) were added to the reaction mixture. The
mixture was loaded onto a 60 mg Waters Oasis HLB 3cc SPE column (Waters, Milford, MA,
USA) pre-rinsed with 1 column volume of ethyl acetate and 2 column volumes of methanol,
and pre-conditioned with 2 column volumes of SPE buffer composed of 5% methanol and
0.1% acetic acid. After loading the samples, the SPE column was rinsed twice with the SPE
buffer. The SPE column was dried with light vacuum for 20 min, and the oxylipins were
eluted with 0.5 mL of methanol followed by 1.5 mL ethyl acetate. The eluents were dried
under nitrogen, reconstituted in 100 µL of methanol, vortexed, sat on wet ice for 15 min,
pipetted into Durapore centrifugal filter (0.1 µm, Millipore), and centrifuged for 2 min
(13,000 rpm/15,871× g, FA-45-24-11 motor, 0 ◦C). The filtrates were transferred into 150 µL
glass inserts in 2 mL LCMS vials and stored at −80 ◦C freezer until they were analyzed by
mass-spectrometry.

2.17. UPLC-MS/MS Analysis of the Free and Total Oxylipins

The UPLC-MS/MS analysis of oxylipins was performed on an Agilent 1290 Infinity
UPLC system coupled with an Agilent 6460 Triple Quadrupole mass-spectrometer (MS)
(Agilent Technologies, Santa Clara, CA, USA). Oxylipin separation was achieved using a
ZORBAX RRHD Eclipse Plus 95Å C18 column (2.1 × 150 mm, 1.8 µm, Cat#959759-902,
Agilent). Mobile phases consisted of A) 0.1% acetic acid in Milli-Q water and B) acetonitrile–
methanol solution (80:15, v/v) containing 0.1% acetic acid. The following gradient was used
to separate the oxylipins: mobile phase A was set to (1) 65% A at a flow rate 0.25 mL/min
at 2 min, (2) 15% A at a flow rate of 0.25 mL/min at 12 min, (3) 0% A at flow rate of
0.4 mL/min at 15.1 min, (4) 65% A at flow rate of 0.4 mL/min at 17.1 min, and (5) 65% A at
flow rate of 0.3 mL/min at 19.0 min. The total run time was 20 min. During the analysis,
the auto-sampler was kept at 4 ◦C and the column at 45 ◦C.

3. Results and Discussion
3.1. Compositional Analysis of Whey Protein Phospholipid Concentrate (WPPC) and a Comparison
to Bovine Milk

The average total solids, protein, and fat content in the liquid and powder whey
protein phospholipid concentrate (WPPC) provided by several dairy manufacturers are
reported in Table 1.

The values in Table 1 comply with the standard of identity published by the American
Dairy Products Institute, which state that WPPC composition should consist of, on a dry
basis, a minimum of 12% fat, minimum of 50% protein, a maximum of 8% ash, maximum of
6% moisture, and a pH between 5.7 and 7.5 [55]. One recent study by Levin et al. analyzed
the moisture, fat, protein, lactose, ash, and pH of WPPC powders from four suppliers,
including two lots produced six months apart by each supplier [56]. Fat, protein, ash,
moisture, lactose, and pH values varied significantly between lots, and ranged from 10.85%
to 38.11%, from 50.26% to 69.97%, from 1.88% to 4.08%, from 1.90% to 4.78%, from 1.01%
to 10.72%, and from 5.10 to 6.46, respectively. There are two main observations reported
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by that prior study, which are also relevant to the present work: (i) significant differences
were observed between lots in all WPPC composition categories and pH values, and (ii) the
greatest variations were observed in the fat and protein content. These differences were not
surprising since no standardization is performed on WPPC by the industry. These findings
demonstrated that WPPC composition was highly variable between suppliers and lots, and
it begs for more in-depth proteomic and lipidomic analysis to obtain a complete overview
of the various proteins and lipids in WPPC in order to promote its valorization.

3.2. Identification of Proteins in WPPC by SDS-PAGE

The visual inspection of SDS-PAGE revealed the presence of many proteins in all
WPPC samples (Figure 2). It is apparent that these WPPC samples all contain proteins
derived from MFG, such as xanthine oxidase and other membrane-bound proteins, and milk
proteins, such as, β-lactoglobulin, α-lactalbumin, and caseins. There was some variation in
the relative amounts of some proteins, such as α-lactalbumin, across the dataset. Although
samples 4A and 4B originated from the same manufacturer, we observed that sample 4B
contained a higher portion of α-lactalbumin than sample 4A. β-lactoglobulin was the most
abundant protein in samples 6A, 2A, and 2B.
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Figure 2. SDS-PAGE profile of whey protein phospholipid concentrate (WPPC) from different
manufacturers. Lane 1: standard; Lane 2: sample 1A; Lane 3: sample 1B; Lane 4: sample 6B; Lane 5:
sample 2A; Lane 6: sample 2B; Lane 7: sample 3; Lane 8: sample 4A; Lane 9: sample 4B; and Lane 10:
sample 5. Annotation based on [57] with the exception of xanthine oxidase and IgG.

Since the molecular weight of xanthine oxidase is similar to that of immunoglobulins
(140 kDa and 150 kDa, respectively), we purchased and analyzed standards of each protein
by SDS-PAGE, using IgG as a representative immunoglobulin. The gel-band patterns
indicated that IgG was separated into its heavy and light chains during sample preparation
by reducing agents, at approximately 23 kDa and 53 kDa on the gel, confirming that any
IgG in the WPPC sample did not have a substantial contribution to the protein bands
observed near 140 kDa. This suggested that, indeed, xanthine oxidase was the predominant
protein at that molecular weight in WPPC (Figure S1).
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3.3. Proteomic Analysis

Nearly 180 milk proteins were identified, many of which are known to be glycosylated
(e.g., lactoferrin (N-linked), immunoglobulins (N-linked), and mucin (O-linked)) (see
Table S2 for the full protein list). Figure 3 presents the relative abundance of the major
proteins in WPPC, listed in decreasing order.

Not surprisingly, β-lactoglobulin had the highest relative abundance among all the
proteins identified, followed by serum albumin (Figure 3). In whey, which is the starting
material for WPPC production, β-lactoglobulin and serum albumin are the most abundant
proteins, making up 65% and 10–15%, of the total protein, so it is expected to also find them
highly represented in WPPC. It was surprising to observe Lactoferrin (lactotransferrin) in
the top 10 most abundant proteins, as lactoferrin is generally only found at the trace level
in bovine milk and whey. Lactoferrin is a multifunctional protein and a key component in
innate immunity [58].

Following thermal treatment, both whey proteins and caseins as well as MFGM
proteins are susceptible to thermally induced lactosylation. Those lactosylated milk proteins
have been shown to increasingly incorporate into fat globules following processing, which
could explain the higher abundance of β-lactoglobulin in WPPC enriched in MFGM [59].

Interestingly, the relative abundance of glycosylation-dependent adhesion molecule-1
(GLYCAM-1), previously described as a milk glycoprotein associated with MFGM [56],
was highest in MFGM proteome in WPPC. It is known that during milk expression in
the mammary gland, glycosylated proteins, such as butyrophilin, ADPH (also known
as perilipin 2), and xanthine oxidase are necessary for the budding and release of lipid
globules from the apical surface and formation of the MFGM. Xanthine oxidase is required
for the fusion of the apical plasma membrane onto the fat globules through structural
interactions with butyrophilin and ADPH [60–62]. Until recently, xanthine oxidase was
only considered to have a structural function in the milk fat globule membrane. However,
recent research has shown that both human and bovine milk xanthine oxidase produce
antimicrobial metabolites, reactive oxygen species, notably H2O2 [18,19], and reactive
nitrogen species in the gut [63].

Other abundant glycosylated membrane proteins in WPPC included the milk fat
globule epidermal growth factor 8 protein (MFG-E8; PAS VI/VII, also known as lactad-
herin), which prevents symptomatic rotavirus infection in breast-fed infants [64,65]. The
polymeric immunoglobulin receptor is a highly glycosylated type I transmembrane protein,
previously identified as being present in bovine MFGM [12]. It was found in WPPC in
relatively high abundance. It mediates transcytosis to transport polymeric IgA and IgM
across mucosal epithelial cells by binding polymeric IgA and IgM at the basolateral surface
of epithelial cells [66] and also functions as an innate immune factor [67]. Mucin, a primary
MFGM protein, is highly glycosylated and when expressed on mucosal epithelial cells, it
is known to inhibit binding of S-fimbriated Escherichia coli in the oral cavity [68,69]. In
WPPC, we identified mucin-1 and mucin-15 in low-to-moderate abundance (Figure 3).

Noteworthy non-glycosylated MFGM proteins included fatty acid-binding protein-
heart, which contributes to the intracellular transport of long-chain fatty acids and their
acyl-CoA esters [70].

All four caseins (αs1-casein, αs2-casein, β-casein, and κ-casein [71]) were identified in
WPPC in moderate to low abundances relative to the total proteome (Figure 3), as expected
for a product that is generated starting from cheese whey.

It is important to note that particular sample preparation and enrichment procedures
may influence the depth to which the sample proteome is profiled. For example, a recent
study investigated the composition of commercial sources of MFGM samples (commer-
cial whey-based Lacprodan MFGM-10, as well as five cream-based fractions, a standard
formula, and a premium formula containing whey-based MFGM) through proteomic
(EASY-nLC UHPLC Q Exactive Plus Orbitrap) analyses [72]. That study implemented
the use of ultrasonication to release protein sequences from the MFGM, followed by a
trypsin digestion that employed a suspension trapping technique (S-Trap). Therefore,



Dairy 2022, 3 289

the proteomic analysis of whey-based Lacprodan MFGM-10 fractions and whey-based
MFGM containing formula revealed a more comprehensive proteome, identifying over
500 proteins [72]. However, this list included many uncharacterized proteins as well as
proteins not associated with lactation. Yet, such a detailed extraction was beyond the
scope of the present study, which employed conventional methods to unravel the overall
composition and activity of the major compounds in an undervalorized dairy stream.
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To facilitate the comparison with the literature, in Figure 4a, we visually present the
overall composition of WPPC by grouping protein into three classes: MFGM proteins, milk-
derived proteins (casein and whey), and other proteins. Figure 4b,c detail the breakdown
of each group of proteins. Based on the obtained abundance values, we determined that
WPPC contains approximately 23% MFGM proteins, 45% milk proteins, and 31.76% other
proteins (Figure 4a). These findings are relevant to valorizing WPPC, because others
reported MFGM proteins representing only 1–2% of the total protein fraction in milk [73],
making WPPC a more desirable starting material for MFGM isolation. Historically, MFGM
has not been included in infant formulas and only a handful of manufacturers nowadays
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supplement it in their products, although many individual components of MFG membrane,
such as glycoconjugates (glycoproteins and glycolipids), are thought to have antimicrobial,
anti-inflammatory, and prebiotic functions in the gut [71]. In WPPC, the most abundant
MFGM protein was glycosylation-dependent cell adhesion molecule 1 (GLYCAM-1, at 7%
abundance), followed by butyrophilin (5%), lactadherin (4.45%), xanthine oxidase (2.25%),
and fatty acid-binding protein heart with an abundance of less than 2% (Figure 4b).

In examining milk proteins in WPPC, β-lactoglobulin (30%) was still the predominant
protein, whereas caseins (αs1-casein 1.22%, αs2-casein 0.48%, β-casein 0.36 %, and κ-
casein 0.24%) were found in low abundance (Figure 4c and Table 2). Serum albumin was
the second most abundant milk protein (11%) in WPPC, followed by lactoferrin (3.80%).
Lactoferrin concentration in bovine milk ranges from 0.03–0.4% and in bovine colostrum is
0.2% by volume [74,75]. The discovery of such a large quantity of lactoferrin in WPPC is
promising for the translation of this bioactive molecule into functional foods, given its role
in iron transfer and immunity.
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In view of these results, we compared the relative protein quantities in WPPC with the
recent literature (Table 2) for whey and cream-based MFGM samples, as well as with infant
formula (standard formula (SF) and a premium formula containing whey-based MFGM).
All samples contained an abundance of milk-derived proteins (casein and whey), from
45.42% to 68.5%, and among those, SF had the highest milk protein (68.5%). WPPC and pre-
mium infants formula PF had the highest lactoferrin abundance among the values reported
in the literature, with MFGM-10 and cream-based MFGM samples having lactoferrin levels
lower than 0.1%.

WPPC and cream-based MFGM samples (PL-20 (Lacprodan PL-20), PBC-50 (Bovine
Serum Concentrate), BSP2 (Bovine Serum Product), PLC1 (Phospholipid Concentrate),
and SM2 (Sweet Buttermilk Powder)) contained a higher abundance of MFGM proteins
than the whey-based fraction (MFGM-10 (Lacprodan MFGM-10)) (approx. 23–26% vs.
10.71%, Table 2), and infant formula SF had the lowest (2.85%). WPPC and cream-based
MFGM samples (PL-20, PBC-50, BSP2, PLC1, and, SM2) had a similar abundance of MFGM
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proteins, such as GLYCAM-1, butyrophilin, lactadherin, and xanthine oxidase; however,
MFGM-10 had the lowest levels of almost all MFGM proteins. This result is surprising
because WPPC also originated from whey and yet had a higher protein abundance than
MFGM-10. WPPC and cream-based samples had the highest xanthine oxidase abundance
among the values reported in the literature, with MFGM-10 and formulas having xanthine
oxidase levels lower than 0.1% (Table 2). These findings highlight that the origin of MFGM
fractions can significantly affect protein composition and may further explain the variance
among commercial MFGM samples.

Table 2. Comparative protein results in each sample expressed as the relative percentage of total and
relative percentages of the milk fat globule membrane (MFGM), milk, other protein results.

This
Study Brink et al. (2020)

Whey Based Formula Cream Based

WPPC MFGM-10 PF SF PL-20 BPC-50 BSP2 PLC1 SM2

MFGM proteins 22.81 10.71 5.06 2.85 24 25.73 23.33 23.93 26.39
Butyrophilin 5.11 1.65 1.14 0.1 4.99 5.7 5.42 5.44 5.2

Fatty acid-binding protein 1.75 2.35 1.35 1.03 2.60 4.26 4 4.54 3.18
GLYCAM-1 7.00 3.94 2.17 1.32 7.16 3.88 3.64 4.52 7.74
Lactadherin 4.45 1.36 0.1 0.1 5.42 4.93 4.21 4.24 4.26

Adipophilin (Perilipin-2) 0.44 0.1 0.1 0.1 2.3 3.63 2.94 3.11 3.13
Platelet glycoprotein 4 (CD36) 0.74 1.21 0.1 0.1 0.1 1.05 1.15 0.1 1.09

Xanthine oxidase 2.25 0.1 0.1 0.1 1.43 2.28 1.97 1.98 1.79
Mucin-15 0.90 - - - - - - - -
Mucin-1 0.18 - - - - - - - -

Milk proteins 45.42 55.64 61.64 68.5 56.5 50.58 51.39 52.4 52.34
α-lactalbumin 2.07 0.1 1.4 2.65 1.05 1.12 1.2 0.1 1.4
α-S1-casein 1.22 0.1 8.20 12.23 9.80 9.45 9.90 10.45 9.07
α-S2-casein 0.48 0.1 8.24 11.92 11.60 10.64 11.24 14.5 10.22

β-lactoglobulin 30.11 46.29 13.62 14.14 15.30 10.07 13.64 10.69 10.91
Serum albumin 10.95 7.10 4.58 4.17 1.97 1.70 2.23 1.51 2.03

β-casein 0.36 0.1 15.05 24.27 16.58 17.5 12.98 13.79 18.51
Kappa-casein 0.24 0.1 0.1 0.1 0.1 0.1 0.1 1.26 0.1

Lactoferrin (Lactotransferrin) 3.80 1.75 10.45 1.81 0.1 0.1 1.1 0.1 0.1
Other proteins 31.32 33.65 33.3 28.65 19.5 76.31 25.28 23.67 21.27

Milk fat globule membrane. Mucin-15, Mucin-1, and serum albumin values were not reported in the reference
paper [70]. GLYCAM-1: glycosylation-dependent cell adhesion molecule 1; WPPC: whey protein phospholipid
concentrate; MFGM -10: lacprodan MFGM-10; PF: premium formula; SF: standard formula; PL-20: lac-prodan
PL-20; PBC-5: bovine serum concentrate; BSP2: bovine serum product; PLC1: phospholipid concentrate; and SM2:
sweet buttermilk powder.

3.4. N-Linked Glycans (N-Glycans)

N-linked glycans are covalently bound to an asparagine residue of protein with the
consensus sequence of “asparagine-X-serine/threonine” with X representing any amino
acid besides proline [76], which would hinder the linkage due to its bulky nature. N-linked
glycans were released from WPPC using an endo-β-N-acetylglucosaminidase. 85 N-glycan
compositions were identified from the tandem-mass spectrometry data. These glycans span
in mass from 700 to 2100 Da and are made of 4 to 10 monosaccharide units. The relative N-
glycan abundances varied substantially by structure, as illustrated in Figure 5. N-Glycans
play important biological roles in cell-to-cell interactions, protection against pathogens, as
well as in proper protein folding and stability [77], and are thus interesting targets for novel
ingredient development. The release of N-glycans with structural similarity to human milk
oligosaccharides (HMOs) provides an attractive alternative for the recovery of glycans,
which have been shown to support the growth of key members of the gastrointestinal
microbiome, such as very specific beneficial strains of Bifidobacterium [45]. We previously
demonstrated that N-glycans released from bovine milk glycoproteins supported the rapid
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growth of Bifidobacterium longum subsp. infantis (B. infantis), a species that also grows well
on HMOs, but did not support the growth of Bifidobacterium animalis subsp. lactis (B. lactis),
a species that lacks the enzymatic ability to degrade and utilize HMOs [45].
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3.5. Sialic Acid

We measured N-acetylneuraminic acid (Neu5Ac) and N-glycolylneuraminic (Neu5Gc),
the major sialic acid compounds found on dairy glycoproteins. The concentration of
Neu5Ac was 1.51% ± 0.02% by weight, and Neu5Gc represented less than 0.1% of the
sample by weight. In bovine milk, the concentrations of Neu5Gc have been shown to
vary according to the stage of lactation, with higher concentrations early in lactation,
while, in human milk, the only form of sialic is Neu5Ac [78]. Thus, the dominance of
Neu5Ac is likely due to the presence of gangliosides in the MFGM fractions, and thanks
to this higher proportion, WPPC more closely mimics human-milk composition than
bovine colostrum/milk. A recent study compared the sialic acid quantities in whey-
based and cream-based fractions, and reported that the commercial product MFGM-10
sample had the highest percentage of both compounds (2.52 %; 0.13%); conversely, sweet
buttermilk powder (SM2) had the lowest percentage (0.66%; 0.01%) [72]. Cream-based
MFGM samples (PL-20 (Lacprodan PL-20), PBC-50 (Bovine Serum Concentrate), BSP2
(Bovine Serum Product), PLC1 (Phospholipid Concentrate), and SM2 (Sweet Buttermilk
Powder)) contained similar sialic acid Neu5Ac (1.12%, 1.13%, 1.04%, and 1.22%). Among
all samples, Neu5Ac was more abundant than Neu5GC [72].

3.6. Determination of Xanthine Oxidase Activity and Kinetic Parameters in WPPC and a
Comparison to Bovine Milk

Intrigued by the identification of xanthine oxidase as one of the abundant proteins
in the WPPC, we assessed this enzyme’s activity by measuring the rate of oxidation of
xanthine to uric acid in WPPC and compared it to bovine milk. Xanthine oxidase activity
was 3.5× higher in WPPC than in bovine milk (Figure 6).

Xanthine oxidase works in combination with the lactoperoxidase system to produce
reactive oxygen and nitrogen species that serve as antimicrobials in situ, thus protecting
the mammary gland against mastitis and the offspring against bacterial infections [79–82].
A recent study demonstrated that when human milk interacts with infant saliva, the
amount of H2O2 produced during nursing inhibits opportunistic pathogens’ growth. Infant
saliva contains hypoxanthine and xanthine, which are substrates for xanthine oxidase
activity. During nursing, the interaction between breast milk and infant saliva enables
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the production of antimicrobial reactive oxygen species, thus influencing the early oral
microbiota and possibly the infant’s gut [18]. We recently showed that the bovine milk
xanthine oxidase antimicrobial mechanism operates similarly to human milk [19].
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Figure 6. (a) Xanthine oxidase activity of whey protein phospholipid concentrate (WPPC) (sample
6B) and bovine milk, and (b) Michaelis–Menten kinetics of whey protein phospholipid concentrate
(WPPC) xanthine oxidase for uric acid generation. For the graph, the corresponding fits (solid lines)
Km, and Vmax data were obtained using the Michaelis–Menten equation.

Michaelis–Menten parameters (Km—denotes the affinity of the enzyme to the sub-
strate, and Vmax—the maximum velocity of the reaction) were obtained by fitting the
data to the Michaelis–Menten model. The direct plot was created by plotting the reaction
rate (v) against the initial substrate concentration (S). Kinetic experiments revealed Km
values of 267.2 µM and Vmax values of 21.64 µmol/min/mg for xanthine oxidase in WPPC
(Figure 6). These results demonstrate that xanthine oxidase in WPPC has a high apparent
affinity and activity for its substrate (xanthine), which is indicative of its antimicrobial
activity. This work demonstrated the presence and remarkable activity of xanthine oxidase
in WPPC, and revealed that WPPC should be considered a candidate for a variety of novel
applications for human nutrition.

3.7. Measuring the Fat Globule Size in WPPC

The process of WPPC production consists of three steps (Figure 1):

(i) A centrifugal cream separator, which fractionates MFG by density, and removes
the larger, less-dense MFG from the whey. The resulting whey contains 0.4 to 0.5%
residual fat (small MFG);

(ii) Ultrafiltration, 10 KDa cut off, separates whey proteins and small MFG from smaller
molecules, such as lactose, oligosaccharides, and salts;

(iii) Microfiltration with a 0.1 um pore size was used to produce highly purified whey
protein WPI (permeate) by the dairy industry. As a result, there is a significant
accumulation of small MFG and residual whey proteins in the microfiltration retentate.

Because large MFG had already been removed in step (i), we hypothesized that
the microfiltration retentate (or WPPC) would contain smaller MFGs. Therefore, we
measured the size of the MFG in liquid WPPC and compared it with bovine milk. The
mean diameter of the MFGs was much smaller in liquid WPPC (2.09 ± 0.10, 1.75 ± 0.02,
and 2.64 ± 0.01 µm) (Table S1) than in bovine milk (4.04 ± 0.04 µm) (Table S1). This result
is consistent with our findings that the SDS-PAGE band corresponding to xanthine oxidase
was visibly more intense in WPPC than in bovine milk, suggesting that WPPC is a source
of smaller MFGs, and that the small MFGs had a higher density of membrane protein,
such as xanthine oxidase, compared to the dairy products containing larger MFGs. This
is an important finding that could have potential implications for developing functional
foods or nutraceuticals from WPPC. The mean diameter of MFGs from all WPPC samples
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is shown in Table S1. Particle sizes ranged from 1.75–66.00 µm. Sample 1B (liquid) had the
smallest mean diameter (1.75 ± 0.02), while the powder samples (e.g., sample 5) had the
highest mean diameter (66.00 ± 0.92). When comparing the mean diameter of MFGs in
liquid samples and powder samples from the same producer, we observed an increase in
mean diameter from 1.75 µm to 15.85 µm in powder samples from manufacturer 1, and
2.64 µm to 8.14 µm in powder samples from manufacturer 6 (Table S1). This difference is
likely attributed to the formation of aggregates with whey proteins and residual caseins
caused by spray drying. The drying process is known to cause a range of structural and
physicochemical modifications, which influence the reconstitution and absorption of milk
proteins, resulting in increased MFG sizes [83].

We also compared the fat globule size distributions obtained from all WPPC samples
with raw bovine milk samples (Figure 7), in which the size distribution of MFGs was
plotted as volume distribution percent versus the diameter of MFG (µm). Liquid WPPC
samples displayed two peaks, indicating that they contain both small and large MFGs,
while bovine milk only displayed on peak, albeit with a larger size.
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The size of fat globules may influence MFG biological activities [80]. For example, a
prior comparison of the protein composition of small (3.3± 1.2 µm) and large (7.6 ± 0.9 µm)
MFG fractions obtained by the centrifugation of bovine milk revealed that the smaller
MFG contained a higher abundance of platelet glycoprotein 4 (CD36) and mucins (MUC1,
MUC15, and MUC16) [84].

The separation of milk fat globules as a function of their size requires the use of
efficient technological processes. Most of the research for the fractionation of MFG size
focuses on the density and size-based fractionation, and shear processing. For example,
a microfiltration membrane with various pore sizes was used to fractionate whole milk
(average diameter of 4.2 µm) into streams of smaller and larger MFGs with size ranges
of 0.9–3.3 µm and 5–7.5 µm, respectively [85]. However, this method is not commercially
viable due to membrane fouling. A recent study demonstrated the size-based fractionation
of native milk fat globules by two-stage centrifugal separation, and this double separation
method was able to create streams as small as 1.35 µm and as large as 4.28 µm without
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affecting the droplet integrity [86]. However, the method has not been explored at the
industrial scale.

3.8. Lipidomic Analysis

Cholesterol was detected at a concentration of 6.77 mg/g. Total fatty acid concen-
trations (in the total lipid extract) were 123.9 mg/g. This suggests that fatty acids make
up the majority of lipids in WPPC. The fatty acid data per lipid fraction are presented in
Tables 3 and S3. Several fatty acids were detected within the total fatty acid pool. The
most abundant were myristate (14:0), palmitate (16:0), stearate (18:0), and oleate (18:1n-9),
which constituted 10.8, 36.1, 11.7, and 24.8 percent of the total fatty acids. Polyunsaturated
fatty acids (PUFAs) were also detected, the main one being linoleic acid (18:2n-6; LNA)
at 5%. Other fatty acids, including alpha-linolenic acid (18:3n-3, ALA), arachidonic acid
(20:4n-6, ARA), eicosapentaenoic acid (20:5n-3, EPA), and docosahexaenoic acid (22:6n-3,
DHA) were present at 0.1–0.5% of total fatty acids.

PC and PE were the most abundant phospholipids in the sample (a concentration of
~9 mg/g each as of their fatty acid content) (Tables 3 and S3 and Figure 8). PS and PI were
less abundant, at 2.1–3.3 mg/g, followed by sphingolipids (SLs) containing sphingomyelin
(SM) at 1.0 mg/g as of their fatty acid content. These phospholipids accounted for 20%
of the total fatty acids measured in WPPC total lipid extracts, suggesting that other lipid
species are likely present (e.g., triglycerides).

Because the WPPC fraction is high in lipids, we explored fatty acids within each
fraction. The major fatty acids in the total fatty acid fraction was reflected in PC, PS PI,
PE (e.g., palmitate and others), and SM, but to varying degrees. For instance, palmitate
was much more enriched in PC (43%), compared to PE (13.6%), PI (10.2%), and PS (4.4%)
(Tables 3 and S3).

The total oxylipins (i.e., free + esterified) and free oxylipins were measured in WPPC.
As shown in Table 4 and Figure 9, most oxylipins were concentrated in the total compared
to the free pool. This suggests that the majority of oxylipins in WPPC are bound. The
bound pool is thought to represent a delivery system for free bioactive oxylipins during
digestion [87]. The findings are consistent with our prior study showing that in bovine
milk, up to 95% of oxylipins are bound [51]. The majority of oxylipins detected in both
the total and free pool were derived from linoleic acid. However, many oxylipins derived
from eicosapentaenoic acid and docosahexaenoic acid were observed. This is important
because these omega-3 derived oxylipins are highly bioactive and anti-inflammatory. Their
presence in the WPPC suggests that this fraction could be used as a natural source of
anti-inflammatory oxylipins.
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Table 3. Fatty acid amount per lipid fraction (mg/g) in sample 1.

Lipid Fraction Total Fatty Acids SM PC PS PI PE

Sum of Fatty
acids 123.91 ± 6.91 0.97 ± 0.13 8.65 ± 0.70 3.30 ± 0.18 2.07 ± 0.32 9.25 ± 0.23

C8:0 0.212 ± 0.029 ND ND ND ND 0.003 ± 0.006
C10:0 1.413 ± 0.138 ND ND ND ND ND
C11:0 0.065 ± 0.004 ND ND ND ND ND
C12:0 3.286 ± 0.177 ND ND ND ND ND
C13:0 0.460 ± 0.062 ND ND ND ND 0.095 ± 0.165
C14:0 13.341 ± 0.781 ND 0.802 ± 0.099 ND ND 0.074 ± 0.065
C14:1 1.010 ± 0.055 ND ND ND 0.042 ± 0.072 ND
C15:0 1.641 ± 0.086 ND 0.108 ± 0.095 ND ND ND
C16:0 44.722 ± 2.473 0.182 ± 0.159 3.702 ± 0.331 0.144 ± 0.125 0.211 ± 0.030 1.242 ± 0.028
C16:1 1.897 ± 0.108 0.349 ± 0.034 0.291 ± 0.091 0.357 ± 0.085 0.360 ± 0.087 0.340 ± 0.032
C17:0 0.820 ± 0.041 ND ND ND ND ND
C18:0 14.493 ± 0.778 ND 0.798 ± 0.069 1.326 ± 0.097 0.748 ± 0.092 1.168 ± 0.030

C18:1cis+trans 30.723 ± 1.655 ND 2.155 ± 0.144 1.039 ± 0.081 0.551 ± 0.054 4.259 ± 0.159
C18:2 n6 6.213 ± 0.335 ND 0.796 ± 0.055 0.433 ± 0.043 0.155 ± 0.018 1.565 ± 0.076
C18:3 n6 0.049 ± 0.003 ND ND ND ND 0.033 ± 0.058
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Table 3. Cont.

Lipid Fraction Total Fatty Acids SM PC PS PI PE

C18:3 n3 0.674 ± 0.036 ND ND ND ND 0.034 ± 0.059
C20:0 0.263 ± 0.029 ND ND ND ND ND

C20:1 n9 0.222 ± 0.096 ND ND ND ND ND
C20:2 n6 0.057 ± 0.004 ND ND ND ND ND
C20:3 n6 0.498 ± 0.027 ND ND ND ND 0.076 ± 0.066
C20:4 n6 0.559 ± 0.029 ND ND ND ND 0.155 ± 0.007
C20:3 n3 0.011 ± 0.003 ND ND ND ND 0.010 ± 0.018
C20:5 n3 0.119 ± 0.005 ND ND ND ND ND

C22:0 0.343 ± 0.042 0.233 ± 0.017 ND ND ND ND
C22:1 n9 0.023 ± 0.004 ND ND ND ND ND
C22:2 n6 0.187 ± 0.007 ND ND ND ND ND
C22:5 n6 0.051 ± 0.021 ND ND ND ND 0.059 ± 0.103
C22:5 n3 0.276 ± 0.017 ND ND ND ND 0.013 ± 0.023
C22:6n3 0.255 ± 0.036 0.209 ± 0.017 ND ND ND ND

C24:1 0.029 ± 0.002 ND ND ND ND ND
cholesterol 6.768 ± 0.101 ND ND ND ND ND

ND: Not detected.

Table 4. Total (i.e., free + esterified) and free oxylipin concentration, nmol/g in sample 1. The
samples were analyzed in triplicates and an unpaired t-test (two-tailed, two-sample equal variance
(homoscedastic)) was used to compare the total versus free oxylipins. Fatty acid amount per lipid
fraction (mg/g).

Precursors Abbreviations Compound Names
Total Oxylipins

(n = 5)
Free Oxylipins

(n = 5) p Value

Ave ± Std Ave ± Std (t-Test)

LA 9,12,13-TriHOME 9,12,13-trihydroxyoctadecamonoenoic acid 57.305 ± 5.531 0.120 ± 0.009 1.30 × 10−8

9,10,13-TriHOME 9,10,13-trihydroxyoctadecamonoenoic acid 19.147 ± 2.123 0.034 ± 0.002 3.87 × 10−8

12,13-DiHOME 12,13-dihydroxyoctadecamonoenoic acid 2.220 ± 0.205 0.391 ± 0.046 5.06 × 10−8

9,10-DiHOME 9,10-dihydroxyoctadecamonoenoic acid 3.566 ± 0.331 0.498 ± 0.059 3.49 × 10−8

13-HODE 13-hydroxyoctadecadienoic acid 85.360 ± 5.593 3.246 ± 0.369 8.22 × 10−10

9-HODE 9-hydroxyoctadecadienoic acid 21.644 ± 2.207 1.522 ± 0.181 3.59 × 10−8

13-oxo-ODE 13-oxo-octadecadienoic acid 1.246 ± 0.209 0.045 ± 0.005 1.26 × 10−6

9-oxo-ODE 9-oxo-octadecadienoic acid 1.360 ± 0.201 0.067 ± 0.008 5.39 × 10−7

12(13)-EpOME 12(13)-epoxyoctadecamonoenoic acid 23.227 ± 5.087 0.087 ± 0.050 7.47 × 10−6

9(10)-EpOME 9(10)-epoxyoctadecamonoenoic acid 31.945 ± 7.670 0.262 ± 0.150 1.53 × 10−5

DGLA 15(S)-HETrE 15(S)-hydroxyeicosatrienoic acid 1.436 ± 0.107 0.010 ± 0.001 1.75 × 10−9

ARA TXB2 Tromboxane B2 0.021 ± 0.004 0.001 ± 0.00 2.70 × 10−6

6-trans-LTB4 6-trans-leukotriene B4 0.029 ± 0.001 0.001 ± 0.00 5.74 × 10−11

14,15-DiHETrE 14,15-dihydroxyeicosatrienoic acid 0.028 ± 0.004 0.002 ± 0.00 2.15 × 10−7

11,12-DiHETrE 11,12-dihydroxyeicosatrienoic acid 0.028 ± 0.004 0.002 ± 0.00 7.24 × 10−7

8,9-DiHETrE 8,9-dihydroxyeicosatrienoic acid 0.007 ± 0.004 0.001 ± 0.001 4.36 × 10−3

20-HETE 20-hydroxyeicosatetraenoic acid 0.590 ± 0.117 0.009 ± 0.003 3.82 × 10−6

5,6-DiHETrE 5,6-dihydroxyeicosatrienoic acid 0.402 ± 0.038 0.001 ± 0.00 1.20 × 10−8

15-HETE 15-hydroxyeicosatetraenoic acid 1.050 ± 0.13 0.062 ± 0.006 1.45 × 10−7

11-HETE 11-hydroxyeicosatetraenoic acid 0.282 ± 0.044 0.030 ± 0.003 1.34 × 10−6

15-oxo-ETE 15-oxo-eicosatetraenoic acid 0.007 ± 0.002 0.006 ± 0.001 1.58 × 10−1

8-HETE 8-hydroxyeicosatetraenoic acid 0.085 ± 0.005 0.029 ± 0.003 3.05 × 10−8

12-HETE 12-hydroxyeicosatetraenoic acid 0.116 ± 0.011 0.015 ± 0.002 3.96 × 10−8

9-HETE 9-hydroxyeicosatetraenoic acid 0.392 ± 0.043 0.005 ± 0.002 4.19 × 10−8

12-oxo-ETE 12-oxo-eicosatetraenoic acid 0.004 ± 0.001 0.001 ± 0.00 1.21 × 10−3

5-HETE 5-hydroxyeicosatetraenoic acid 1.614 ± 0.147 0.064 ± 0.007 1.12 × 10−8

14(15)-EpETrE 14(15)-epoxyeicosatrienoic acid 1.406 ± 0.248 0.001 ± 0.001 1.40 × 10−6

5-oxo-ETE 5-oxo-eicosatetraenoic acid 0.048 ± 0.011 0.014 ± 0.005 2.84 × 10−4

11(12)-EpETrE 11(12)-epoxyeicosatrienoic acid 1.236 ± 0.280 0.002 ± 0.001 9.56 × 10−6

8(9)-EpETrE 8(9)-epoxyeicosatrienoic acid 1.740 ± 0.131 0.013 ± 0.009 1.99 × 10−9

5(6)-EpETrE 5(6)-epoxyeicosatrienoic acid 0.909 ± 0.177 0.002 ± 0.001 3.01 × 10−6

ALA 9-HOTrE 9-hydroxyoctadecatrienoic acid 1.877 ± 0.214 0.151 ± 0.014 9.50 × 10−8

13-HOTrE 13-hydroxyoctadecatrienoic acid 2.381 ± 0.222 0.302 ± 0.024 2.97 × 10−8
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Table 4. Cont.

Precursors Abbreviations Compound Names
Total Oxylipins

(n = 5)
Free Oxylipins

(n = 5) p Value

Ave ± Std Ave ± Std (t-Test)

EPA 8,15-DiHETE 8,15-dihydroxyeicosatetraenoic acid 0.159 ± 0.028 0.003 ± 0.001 1.77 × 10−6

5,15-DiHETE 5,15-dihydroxyeicosatetraenoic acid 0.032 ± 0.002 0.001 ± 0.000 2.72 × 10−9

5,6-DiHETE 5,6-dihydroxyeicosatetraenoic acid 4.228 ± 0.684 0.039 ± 0.06 8.00 × 10−7

17,18-DiHETE 17,18-dihydroxyeicosatetraenoic acid 0.079 ± 0.030 0.007 ± 0.001 7.53 × 10−4

14,15-DiHETE 14,15-dihydroxyeicosatetraenoic acid 0.018 ± 0.007 0.004 ± 0.002 2.59 × 10−3

11,12-DiHETE
11,12-dihydroxy-5Z,8Z,14Z,17Z-

eicosatetraenoic
acid

0.007 ± 0.001 0.001 ± 0.000 6.34 × 10−6

15-HEPE 15-hydroxyeicosapentaenoic acid 0.096 ± 0.013 0.001 ± 0.000 1.71 × 10−7

8-HEPE 8-hydroxyeicosapentaenoic acid 0.055 ± 0.009 0.006 ± 0.002 3.46 × 10−6

12-HEPE 12-hydroxyeicosapentaenoic acid 0.066 ± 0.007 0.003 ± 0.001 3.27 × 10−8

5-HEPE 5-hydroxyeicosapentaenoic acid 1.454 ± 0.070 0.012 ± 0.001 5.64 × 10−11

17(18)-EpETE 17(18)-epoxyeicosateteaenoic acid 2.368 ± 0.868 0.000 ± 0.00 2.91 × 10−4

14(15)-EpETE 14(15)-epoxyeicosatetraenoic acid 0.127 ± 0.045 0.001 ± 0.001 2.28 × 10−4

11(12)-EpETE 11(12)-epoxyeicosateteaenoic acid 0.102 ± 0.019 0.000 ± 0.000 2.45 × 10−6

8(9)-EpETE 8(9)-epoxyeicosateteaenoic acid 0.207 ± 0.059 0.000 ± 0.000 5.03 × 10−5

DHA 19(20)-DiHDPA
(±)19,20-dihydroxy−4Z,7Z,10Z,13Z,16Z-

docosapentaenoic
acid

0.001 ± 0.001 0.000 ± 0.000 9.44 × 10−2

16(17)-DiHDPA
(±)16,17-dihydroxy-4Z,7Z,10Z,13Z,19Z-

docosapentaenoic
acid

0.002 ± 0.001 0.000 ± 0.000 1.88 × 10−4

17-HDoHE 17-hydroxydocosahexaenoic acid 0.154 ± 0.079 0.000 ± 0.000 2.34 × 10−3

19(20)-EpDPE 19(20)-epoxydocosapentaenoic acid 0.082 ± 0.031 0.002 ± 0.002 4.85 × 10−4

16(17)-EpDPE 16(17)-epoxydocosapentaenoic acid 0.015 ± 0.010 0.000 ± 0.000 1.38 × 10−3

13(14)-EpDPE 13(14)-epoxydocosapentaenoic acid 0.025 ± 0.007 0.001 ± 0.001 4.27 × 10−5

10(11)-EpDPE 10(11)-epoxydocosapentaenoic acid 0.045 ± 0.012 0.001 ± 0.001 3.86 × 10−5

7(8)-EpDPE 7(8)-epoxydocosapentaenoic acid 0.047 ± 0.027 0.000 ± 0.000 4.83 × 10−3

4. Conclusions

This study investigated the composition of WPPC obtained from several commercial
dairy manufacturers, with particular emphasis on the bioactive components. By employing
glycoproteomic and lipidomic techniques, we demonstrated that WPPC contained rela-
tively higher levels of bioactive glycosylated proteins, including MFGM proteins, which
represented 23% of the total protein, and that phospholipids accounted for 20% of the total
fatty acid pool in WPPC, which also contained many anti-inflammatory oxylipins derived
from EPA and DHA in both the free and bound forms. Of relevance, xanthine oxidase, an
antimicrobial enzyme, was found in relatively high abundance. The activity of xanthine
oxidase was 3.5 times higher in WPPC, compared to bovine milk. We also demonstrated, for
the first time to our knowledge, the presence of small (2.64 ± 0.01 µm) MFGs in WPPC and
offered a comprehensive view of this co-product as a vehicle to provide a more functional
ensemble of components, such as small MFGs and glycoproteins. Since smaller globules
are expected to contain more antimicrobial glycoproteins and have increased surface area
to provide a decoy effect for pathogens, future studies should aim to elucidate the impact
of small MFGs and MFGM components on human health. WPPC is readily available and
can serve as a source of functional compounds for novel product development to improve
human health and pursue innovations beyond the traditional vision of dairy components
used for nutritional purposes. Overall, the possibility of harvesting value from novel
by-products, which are rapidly accumulating in different branches of the dairy industry,
can ensure their efficient use and aid the suitability of the industry. However, since this
work and others [56] have pointed out that the composition of WPPC is rather variable
between suppliers and lots, (which can be caused by multiple factors, including the time of
year, animal diets, genetics, and the processing itself), standardization in the dairy industry
might become necessary to provide consistency in the overall composition and ensure
successful applications.
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