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Abstract: Whey protein-enriched cheese can be produced by means of a high-temperature treat-
ment of a part of the cheese milk. In this way, the nutritional quality of the resulting cheeses
can be increased while resources are conserved. High-performance thin-layer chromatography-
immunostaining (HPTLC-IS) using specific $-lactoglobulin (3-LG) antibodies was applied to study
the implementation and stability of 3-LG in two different sample sets of whey protein-enriched
Edam model cheeses, including industrial-scale ones. Two methods were compared for the extraction
of the proteins/peptides from the cheese samples. By applying tryptic hydrolysis directly from a
suspended cheese sample instead of a supernatant of a centrifuged suspension, a better yield was
obtained for the extraction of 3-LG. When applying this method, it was found that selected epitopes
in the tryptic 3-LG peptides remain stable over the ripening period of the cheese. For four of the
tryptic B-LG peptides detected by immunostaining, the amino acid sequence was identified using
MALDI-TOF-MS/MS. One of the peptides identified was the semi-tryptic peptide VYVEELKPTP.
A linear relationship was found between the content of this peptide in cheese and the proportion
of high-heated milk in the cheese milk. 3-LG enrichment factors of 1.72 (n = 3, sample set I) and
1.33 £ 0.19 (n = 1, sample set II) were determined for the cheese samples containing 30% high-heated
milk compared to the non-enriched samples. The relative 3-LG contents in the cheese samples with
30% high-heated milk were calculated to be 4.35% =+ 0.39% (sample set I) and 9.11% =+ 0.29% (sample
set II) using a one-point calibration. It can be concluded that the HPTLC-IS method used is a suitable
tool for the analysis of whey protein accumulation in cheese, being therefore potentially directly
applicable on an industrial scale. For more accurate quantification of the whey protein content in
cheese, an enhanced calibration curve needs to be applied.

Keywords: whey protein-fortified cheese; HPTLC immunostaining; cheese ripening; tryptic digestion;
epitopes; 3-lactoglobulin

1. Introduction

In traditional cheese production, whey with its proteins is removed, and only the
casein fraction remains in the curd [1,2]. Consequently, whey has traditionally not been
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used for human nutrition but only for animal feed or has been discarded. Nevertheless,
whey is increasingly used in the food industry due to its valuable constituents [1,3-6].

Whey proteins have a significant biological value due to their high content of cysteine,
tryptophan, and branched amino acids. Whey even exceeds the biological value of egg
white by about 15% [1,4,5,7]. Its proteins account for about 20% of the total milk proteins,
with -lactoglobulin (3-LG), a-lactalbumin, and bovine serum albumin being the most
abundant ones, besides minor proteins such as lactoferrin, immunoglobulins, growth
factors, and enzymes [5,7,8]. B-LG is the major whey protein in bovine milk, with a
concentration of 3.2 g/L [8,9].

For a more resource-efficient process and an increase in the nutritional value of cheese,
modern techniques are developed for potentially incorporating whey proteins into the
cheese matrix on an industrial scale [10-12]. Thereby, the whey proteins are applied either
in their native or in a denatured form [1,10]. They can be retained in their native form by
concentrating the milk using ultrafiltration [1,10,13]. For an incorporation of denatured
whey proteins, intensified heat treatment of the initial milk can be performed [1,10,11,14].
As a result, thermally induced denaturation of the whey proteins leads to the exposure of
reactive thiol groups, which are responsible for the aggregation of the whey proteins with
each other or with the caseins through neo-formed disulfide bonds. The whey proteins
become precipitable by acid and end up in the cheese matrix [1,3,9,14-16]. In addition,
whey protein enrichment can be achieved by combining membrane filtration and high-
temperature heating, or denatured, particulated whey proteins can be added to the milk or
the curd before pressing [10-12,14,17].

During the ripening of cheese, proteolysis occurs, which has a significant influence
on the texture and the flavor of the final cheese [16,18-20]. Many different enzymes
from various sources are responsible for this proteolysis, but all result in degradation
products such as peptides, amino acids, and volatile organic compounds [13,18,21]. The
proteases and peptidases mainly originate endogenously from the initial milk, the enzyme
preparations added for casein denaturation, starter culture bacteria, or ubiquitously cultures
such as mold and non-lactic acid bacteria [16,18,22]. While chymosin and pepsin are the
most common coagulant enzymes, plasmin is the most important endogenous enzyme
in milk [18,21]. Cheese ripening can be divided into two phases. In this process, the
coagulant is mainly responsible for the first phase of proteolysis, which lasts one to two
weeks [13,16,18,19]. During this period, hydrolysis of proteins occurs, leading to the
formation of larger to medium oligopeptides [13,18,21]. In contrast, the second phase of
cheese ripening is much slower and lasts weeks to months [13]. Over this time, the initial
peptides are further hydrolyzed by the proteinases and peptidases of the microorganisms,
yielding short peptides and amino acids [16,18,21].

In the production of whey protein-enriched cheese, ripening may be negatively af-
fected. On the one hand, this is due to complexes between (3-LG and k-casein formed via
disulfide bonds as described above, so that the accessibility of k-casein for chymosin is
reduced. On the other hand, the activity of plasmin is decreased as the enzyme undergoes
complexation with 3-LG [1,10,14,16,23].

Being a fermented product, cheese represents a complex matrix for food analysis,
as the enzymes and microorganisms have led to various degradation processes of the
ingredients such as proteins, carbohydrates, and lipids [24]. As already mentioned, the
complex mixture of proteins continuously changes qualitatively and quantitatively during
cheese production [22,25]. However, there are many different methods for analyzing the
cheese proteome. In most of these methods, the proteins and peptides are fractionated
before analysis [18,22,25,26]. This is often followed by two-dimensional gel electrophoresis
(2D-GE) and identification of the proteins using tandem mass spectrometry (MS/MS)
or, as performed in former times, by Edman degradation [18,22,25,26]. Other detection
methods such as Coomassie blue staining for proteins, periodic acid-Schiff base staining
for identifying glycoproteins, silver staining for minor proteins, or even immunoblotting
are also applicable following 2D-GE separation [22,27,28]. More recently, other separation
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techniques such as liquid chromatography (LC) or capillary electrophoresis (CE) are used
and coupled to mass spectrometry for the analysis of the milk proteome [18,22,25,26].

However, one- or two-dimensional high-performance thin-layer chromatography (1D-
or 2D-HPTLC) can serve as an alternative chromatographic technique but has not yet been
applied to the analysis of cheese proteins. Especially, novel cheese products, in which whey
proteins are enriched, have not yet been analyzed in this way. HPTLC, in combination
with different detection methods such as MS, ninhydrin or fluorescamine staining (FS),
immunostaining (IS), or aptastaining, has been already successfully applied exemplarily
for the analysis of intact and tryptically hydrolyzed milk proteins [29-37]. It is a cost-
effective method as many samples can be analyzed simultaneously with only small solvent
consumption. In addition, various stationary and (gradient) mobile phases as well as
detection options are available [38—46]. Through the application of fingerprinting, HPTLC
can also provide a simple and reliable method for quality control. For example, the quality
control of herbal medicinal substances has been performed using HPTLC-fingerprinting
for already quite a long time [47].

Compared to GE, HPTLC allows the analysis of peptides with a molecular weight
below 3 kDa so that hydrolyzed samples or the proteome of fermented products such as
ripened cheese can be analyzed [35,48]. Moreover, effect-directed analysis (EDA) can be
applied directly on the same HPTLC plate [35]. This is not the case with electrophoresis,
where a transfer of the sequences of interest (e.g., Western blotting) is required prior to
EDA [35].

With HPTLC, there is also no loss of analytes (especially posttranslational modifica-
tions) during the chromatographic separation, as happening during LC in the pre-column
or at the beginning of the separation column [33,40]. With regard to bioactivity, it is
not possible to determine the allergenicity or the presence of epitopes of the analytes in
high-performance liquid chromatography (HPLC), but using HPTLC-immunostaining
(HPTLC-IS) [35]. However, HPLC is a more robust technique compared to HPTLC and is
more precise and sensitive in replication and quantification [49,50].

Although being enriched in cheese, the yield of whey proteins is still only low and in a
smaller proportion compared to the caseins. Guinee et al. (1995) estimated that whey proteins
accounted for 1.6-14.7% of the total protein content in cheeses where the milk was heated
differently in terms of temperature and treatment times (72-100 °C/15-120 s) [14]. This
makes it difficult to quantify the whey proteins in these whey protein-enriched cheeses,
especially when considering the proteolysis during ripening. By coupling HPTLC with IS,
it is possible to stain very sensitively and specifically with antibodies against 3-LG and its
peptides [35,40].

The cheese samples investigated in this work were of the Edam type. Edam belongs
to the semi-hard cheeses and ripens for at least four weeks [51]. For this reason, the
progression of ripening should be considered, as only ripened products are supplied to
the consumer. During the ripening process, proteolysis of proteins occurs. In traditional
cheese, this mainly involves the caseins; the degree to which the whey proteins are affected
by proteolysis has not yet been adequately clarified [16].

The aim of this work was to evaluate an HPTLC-IS methodology for the analysis of
whey proteins and peptides in cheese. The HPTLC-IS method should be applied for the
detection of B-LG (and its peptides) by the specific binding of polyclonal antibodies. It
should be characterized to which extent the intensive heat treatment of the milk leads
to an increase in whey proteins in the cheese. Further, it should be evaluated whether
correlations can confirm the linearity of the initial whey protein accumulation or if other
mathematical relationships apply. In addition, the ripening-induced degradation of whey
proteins was characterized at the hand of samples along the production line from cheese
milk to cheese ripened for 13 weeks. Finally, it answers the first questions for a potential
industrial roll-out for this very promising methodology.
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2. Materials and Methods
2.1. Materials
2.1.1. Reagents

Acetone, acetic acid, ammonia, ethanol, and methanol (HPLC-grade) were obtained
from VWR International GmbH (Darmstadt, Germany). Fluorescamine and iodoacetamide
(IAA) were purchased from AppliChem GmbH (Darmstadt, Germany). 2-Butanol, potas-
sium carbonate, potassium dihydrogenphosphate, sodium bicarbonate, sodium carbonate,
and sodium chloride (NaCl) were obtained from Griissing GmbH (Filsum, Germany).
Acetonitrile (MS-grade), ammonium bicarbonate, citric acid monohydrate, disodium hy-
drogen phosphate, dithiotreitol (DTT), isoleucine, 3,3',5,5'-tetramethylbenzidine (TMB),
trifluoroacetic acid (TFA), tris-(hydroxymethyl)aminomethane (Tris), tris-(hydroxymethyl)-
aminomethane hydrochloride (Tris-HCI), and urea were purchased from Carl Roth GmbH
& Co. KG (Karlsruhe, Germany). 3-Lactoglobulin (>85% purity), 2,5-dihydroxybenzoic
acid (2,5-DHB), dioctyl-sulfosuccinate sodium salt (DONS), hydrogen peroxide, N-acetyl-
L-cysteine (NAC), o-phthalaldehyde (OPA), potassium chloride, pronase E (from Strep-
tomyces griseus, 4,000,000 PU/g), trypsin (from porcine pancreas, 13,000-20,000 BAEE
units/mg protein), and polyoxyethylene sorbitan monolaurate (Tween® 20) were obtained
from Merck KGaA (Darmstadt, Germany). Pyridine was obtained from Fisher Scientific
GmbH (Schwerte, Germany). The peptide calibration standard II for MALDI-TOF-MS
analysis was purchased from Bruker Daltonik GmbH (Bremen, Germany). Purified water
was obtained from a water purification system with bacteria <1 CFU/10 mL and bacterial
endotoxin <0.001 EU/mL (ELGA LabWater, Veolia Water Technologies Deutschland GmbH,
Celle, Germany). Unless otherwise specified, ACS-grade was used for all reagents.

2.1.2. Preparation of Cheese Samples

The cheese samples of Edam type were prepared in one of the pilot plants (Milk-
Innovation Center (MIC) at Edewecht, Germany) of Deutsches Milchkontor GmbH (DMK),
Germany and the Department of Safety and Quality of Milk and Fish Products, Max Rubner
Institute (MRI), Kiel, Germany, according to the procedure described by Hoffmann et al.
(2019) [52]. On the one hand, control cheeses were made purely from pasteurized milk (0%
high-heated milk—0% HH milk). On the other hand, 10%, 20%, or 30% (w/w) HH milk was
mixed with pasteurized milk and used as cheese milk for the production of three different
whey protein-enriched Edam cheeses. The high-temperature treatment was carried out at
95 °C for 120 s.

For sample set I, each production line (10%, 20%, and 30% HH milk) had a reference
cheese (0% HH milk) made from the same raw milk. The samples were collected at different
stages of the cheese manufacturing process. These included the pasteurized and the cheese
milk, a whey mixture, and cheese samples before and after the salt bath and after one to six
weeks of ripening. The whey mixture is composed of whey obtained at three different times
of the cheese-making process and was added together according to their mass balances
(w/w/w).

At one of DMK'’s MIC, four different and separate approaches under industrial condi-
tions were undertaken in an up-scaled procedure (sample set II). Cheese samples with 0%
and 30% HH milk as well as with 10% and 20% HH milk were produced from the same
batch of raw milk, respectively.

Table 1 gives an overview of the samples analyzed in this study, including the number
of sample replicates per proportion of HH milk in the cheese milk and the different stages
of production at which the samples were taken. In addition, the two cheese production
processes differed in the performance and number of pasteurizations. In the case of sample
set I, the high-heating of the milk was carried out without prior pasteurization of the raw
milk. After mixing the pasteurized milk (72-73 °C, 18 s) and the HH milk, no further
pasteurization was carried out before the cheese-making process. For sample set II, HH
milk was produced from milk that had already been pasteurized (74.5 °C, 15-30 s). The
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respective mixture of pasteurized and HH milk was pasteurized again (74.0 °C, 15-30 s)
before cheese making.

Table 1. Overview of the analyzed cheese samples from sample set I and sample set II; PM: pasteur-
ized milk, CM: cheese milk (pasteurized milk containing 30% HH milk), WM: whey mixture, BSB:
cheese before salt bath, ASB: cheese after salt bath.

Samples of Different Cheese Production Stages

Sample Set HH Milk [%] n Milk Samples Whey Samples Chseae;e; ﬁ:;rd Riperéi:rtglfhirslg[&ezfl( S]heese

0 9 - - - 6
10 3 - - - 6

! 20 3 - - - 6
30 3 CM(n=1) WM (n=1) BSB, ASB (n=1) 1-6
0 1 PM - - 6,13
10 1 - - - 6,13

I 20 1 - - - 6,13
30 1 M WM BSB, ASB 3,6,13

2.1.3. Antibodies

Polyclonal primary antibodies raised in rabbits and directed against human and
bovine 3-LG were purchased from GeneTex Inc. (Irvine, CA, USA). The antibodies were
dissolved in phosphate-buffered saline (PBS) at a concentration of 1 mg/mL. As secondary
antibodies, polyclonal goat anti-rabbit antibodies labeled with horseradish peroxidase
(HRP) (0.25 mg/mL) were used (Dako GmbH, Glostrup, Denmark).

2.1.4. HPTLC Plates

HPTLC silica gel 60 plates (20 x 10 cm) were purchased from Merck KGaA (Darmstadt,
Germany).

2.2. Methods
2.2.1. Sample Preparation
Protein Extraction

Two slightly different protein extractions were performed. According to a method
described by Pellegrino and Tirelli (2000), in the one method, 1 g of each liquid sample or of
each shredded cheese sample was mixed with 5 mL of 1 M NaCl and then homogenized for
3 min each using a disperser (Ultra-Turrax®) (n = 2 for sample set II) [53]. The suspensions
were then centrifuged (3220 g, 20 min, 4 °C), and 1.5 mL as well as 0.5 mL of the resulting
supernatants were lyophilized and subsequently subjected to enzymatic digestion using
trypsin (n = 2 for sample set II) and pronase E (1 = 1 for sample set II), respectively. Another
0.5 mL of the supernatant was used for the quantification of amino groups by means of
an o-phthalaldehyde assay (OPA assay, c.f. Section 2.2.3) (n = 1 for sample set II). In the
other method, 1 g of the same samples was homogenized with only 4 mL of the 1 M NaCl
solution, and 80 puL of this suspension was directly used for tryptic hydrolysis (n =1 for
sample set I, n = 2 for sample set II). The method involving enzymatic digestion from the
lyophilized supernatants is hereinafter referred to as the “supernatant method”, and the
method involving direct hydrolysis of the suspensions is referred to as the “suspension
method”.

Hydrolysis by Trypsin
The lyophilizates of the 1.5 mL supernatants and the 80 pL of the suspensions (c.f.

Protein Extraction) were hydrolyzed with trypsin according to Giansanti et al. (2016) [54].
For the suspension method, the volume of solvent (2M urea and 50 mM ammonium
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bicarbonate in water) was reduced correspondingly by 80 uL; otherwise, the digestion
was performed identically for both sample preparations. As a reference standard for the
HPTLC analyses, 2 mg of a lyophilized 3-LG standard was also digested under the same
conditions. In brief, after treatment with DTT and IAA, samples were incubated with
26.6 pL of 0.1% trypsin solution in 50 mM ammonium bicarbonate in water (w/v) for
12 h at 37 °C. This was followed by a cleanup of the samples by solid-phase extraction
using Sep-Pak® C18 cartridges (Waters GmbH, Eschborn, Germany). Conditioning of the
cartridges was performed using 100% acetonitrile. Equilibration and washing were carried
out with 0.6% acetic acid in water, and elution of the peptides was achieved by 80% (v/v)
acetonitrile and 0.6% (v/v) acetic acid in water. The eluates were lyophilized and then
re-dissolved in 167 uL of the elution buffer and subjected to HPTLC-IS and HPTLC-FS
analysis (1 = 2 for sample set II and supernatant and suspension method; n = 1 for sample
set I and suspension method) (c.f. Section 2.2.2) and the OPA assay (n = 1 for sample set I
and supernatant and suspension method) (c.f. Section 2.2.).

Hydrolysis by Pronase E

Pronase E digestion was performed according to Kiihn et al. (2018) and Krell et al.
(2021) [55,56]. A total of 2 mL of a PBS buffer (pH 7.4) was added to the lyophilizates of the
0.5 mL supernatants (c.f. Protein Extraction). Subsequently, pronase E solution (1 mg/mL
in PBS buffer, protein:enzyme ratio 100:1) was added, and the mixture was incubated for
18 h at 37 °C on a thermoshaker at 400 rpm. The protein content in the sample extracts of
the supernatant method was estimated by the OPA assay (c.f. Section 2.2.3). Hydrolysis
was stopped by the addition of 5 uL TFA (>99%), and the resulting suspensions were
centrifuged (3220x g, 10 min, 4 °C) afterwards. The obtained supernatants were analyzed
by the OPA assay (1 = 1 for sample set II and supernatant method) (c.f. Section 2.2.3).

2.2.2. High-Performance Thin-Layer Chromatography (HPTLC)

HPTLC separation and detection procedures were performed according to
Morschheuser et al. (2017) [35].

Separation of the Tryptic Hydrolysates

First, a pre-wash of the silica gel HPTLC plates with methanol and their activation
at 100 °C for 10 min was performed. Subsequently, depending on the detection method,
5 uL for FS or 15 uL for IS of the tryptic sample digests were sprayed onto the HPTLC
plates as 6 mm bands using an HPTLC autosampler (ATS4, CAMAG AG, Muttenz, Switzer-
land). In addition, 2 pL of an intact 3-LG solution (1 mg/mL in water) and 10-15 uL
of the tryptically hydrolyzed 3-LG solution were applied as reference standards. De-
velopment was performed in twin-trough chambers with a solvent system consisting of
2-butanol/pyridine /ammonia/purified water (39/34/10/26; v/v/v/v) up to a solvent
migration distance of 80 mm under room temperature and atmospheric pressure. Residual
solvents were evaporated in air overnight.

Fluorescamine Staining

Protein- or peptide-specific derivatization was performed by immersing the HPTLC
plates in a fluorescamine solution (0.05% in acetone) for 1 s at a speed setting of 1 using
the chromatogram immersion device III (CAMAG AG, Muttenz, Switzerland). Following
evaporation of the solvent, the analytes were visualized under UV light (254 nm, 366 nm)
using a photodocumentation system (TLC Visualizer, CAMAG AG, Muttenz, Switzerland).

Immunostaining

Immunostaining was performed following Morschheuser et al. (2017) [35]. All subse-
quent incubations of the IS procedure were performed on a horizontal shaker at 100 rpm
and room temperature. The developed and evaporated HPTLC plates were first shaken
twice for 15 min each in a blocking reagent (buffer A) consisting of 0.5% (w/v) Tween® 20,
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0.9% (w/v) sodium chloride, and 0.6% (w/v) Tris in water. This was followed by incubation
with the primary antibody solution (100 pL primary antibody solution in 70 mL buffer A)
for 2 h. Thereafter, washing was performed twice for 5 min each with buffer A, followed by
a one-hour incubation with the secondary antibody solution (93.3 puL secondary antibody
solution in 70 mL buffer A). The HPTLC plates were washed again twice with buffer A
for 5 min each before the pH was lowered by a one-minute incubation with 0.06% (w/v)
Tris-HCl in water. Dyeing was performed with a staining reagent composed of two staining
solutions: 15 mL of a freshly prepared staining solution 1 (0.24% (w/v) TMB and 0.80%
(w/v) DONS in ethanol) was added to 45 mL of staining solution 2 (0.94% (w/v) citric acid
monohydrate and 1.5% (w/v) disodium hydrogen phosphate in water). Immediately prior
to coloration, 30 uL of hydrogen peroxide was added to the staining reagent and shaken
until the turbidity cleared. At last, the HPTLC plates were incubated in the final staining
reagent until blue bands became visible (approximately 15 min). The plates were then
dried under room temperature conditions and detected under white light using the TLC
visualizer. In order to compare the bands colored by IS, they were quantified by the image
processing software Image J (developed at the National Institutes of Health, United States
of America, open source) using the integrated density function. The integrated density
describes the sum of the values of the pixels in a selection (here: the peptide band) and is
defined as the product of the mean gray value and the pixel number. The mean gray value
corresponds to the average intensity of the units in the selection [57].

2.2.3. o-Phthalaldehyde Assay (OPA Assay)

The OPA assay for quantification of o- and e-amino groups was performed according
to Aswad (1984) [58]. The samples were diluted differently for the OPA assay depending
on their preparation: the non-hydrolyzed samples were diluted with 1 M NaCl to three
different ratios, each between 1:1 and 1:50. The samples digested by trypsin and pronase E
were also diluted three times each with a 50 mM potassium carbonate buffer at ratios be-
tween 1:5 and 1:200. The OPA reagent was prepared by dissolving 25 mg OPA and 58.25 mg
NAC in 500 pL ethanol. The solution was then added to 50 mL of the 50 mM potassium
carbonate buffer. For external calibration, eight isoleucine or methionine standard solutions
were prepared in 50 mM potassium carbonate buffer with concentrations ranging from 1.34
to 67.0 mg/L or 1.28 to 115 mg/L, respectively. Photometric measurement was performed
using a microplate reader (Synergy® HT, BioTek, Winooski, VT, USA). A total of 100 uL of
the OPA reagent were pipetted into the wells of a microtiter plate, and 100 uL of the sample
dilutions or of the isoleucine standard solutions or a blank were added. After shaking the
microtiter plates for 2 min, photometric measurement was carried out at 340 nm.

2.2.4. Identification of Amino Acid Sequences by MALDI-TOF-MS/MS

Mass spectrometric identification of the amino acid sequences of selected peptide
bands was performed according to a recently described protocol [33]. Briefly, the
fluorescamine-derivatized peptide bands of tryptically digested 3-LG (n = 1) were scraped
out from the plate with a scalpel, and the peptides were re-solvated with a solution of
60% (v/v) acetonitrile and 0.1% (v/v) formic acid in water. After centrifugation (1700 g,
10 min, 4 °C), the supernatants were filtered (regenerated cellulose, 0.45 pm, 25 mm) and
concentrated. 2,5-DHB was used as matrix for analysis by MALDI-TOF-MS/MS (ultra-
fleXtreme™, Bruker Daltonik GmbH, Bremen, Germany). Measurement was performed
in positive reflector mode with a mass range of m/z 340—4000 for MS spectra. The LIFT™
technique was used for MS/MS spectrometry with a mass range of m/z 10-2500. Amino
acid sequences were determined via database research (UniProtKB database in combination
with the peptide cutter ExXPASy and the PROTEOMICS TOOLKIT Fragment Ion Calculator
(Institute for Systems Biology, Seattle, WA, USA).
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3. Results and Discussion

The stability of 3-LG epitopes with regard to a transformation during cheese ripening
and a reproducible IS throughout the whole process (from the milk until the final cheese) is a
requirement for the validity of the HPTLC-IS method to quantify the whey protein content
in the cheese samples. Therefore, the extent to which 3-LG still provides antigenicity
as intact epitopes after tryptic digestion should be checked primarily. Peptides that are
stable during ripening are highly suited as potential process markers for the analysis of
whey protein enrichment. Thereby, samples taken at variable times of ripening could be
compared with regard to determining the whey protein content. At the hand of such stable
process markers, a determination of the extent of the accumulation of whey proteins in the
cheese and a correlation with the initial HH milk content would be possible.

3.1. Proteolysis of B-Lactoglobulin during the Ripening of Whey Protein-Enriched Cheese

First, the extent to which -LG and its corresponding peptides are stable to the
manufacturing process and to proteolysis of ripening needs to be evaluated. Figure 1 shows
exemplarily one HPTLC-FS and one HPTLC-IS chromatogram of the tryptically hydrolyzed
cheese samples of sample set II in the course of the manufacturing process.

The non-hydrolyzed 3-LG was applied as a control to verify that the IS detection
procedure succeeded (Figure 1a.). Although only a comparatively small volume of non-
hydrolyzed (3-LG solution (2 pL, 1 mg/mL) was applied to the HPTLC plates, the protein
band turned very intensely blue, and the detection procedure could be considered as
successful. In contrast, only weak staining of the 3-LG band (also 2 puL, 1 mg/mL) was
obtained by FS (Figure 1b.). This means that IS with antibodies directed against 3-LG
detects intact 3-LG more sensitively than FS. This is due to the fact that IS is a more specific
method compared to FS, which is based on the recognition of epitopes against which the
polyclonal antibodies are directed. After HPTLC separation, the undigested 3-LG still
remains in its native form, allowing both structural and linear epitopes to be bound by the
polyclonal antibodies [35]. This is not the case with the tryptically hydrolyzed samples, as
the proteins denature when digestion is carried out. This results in a restructuring of the
protein and thus a loss of structural epitopes [35,59]. For comparison, Morschheuser et al.
(2017) determined a limit of detection of 61.89 ng for the analysis of non-hydrolyzed 3-LG
by HPTLC-IS. The amount applied here was 2 ug, which corresponds even to approximately
the 32-fold of the detection limit determined by Morschheuser et al. [35]. Thus, it is not
surprising that the band detected herein has a very intense blue coloration.

When comparing the results of the tryptic hydrolysis of 3-LG, 20 bands were detected
by IS, while 23 bands were detected by FS. This means that a large proportion of the
peptides obtained by tryptic hydrolysis still possess at least one (linear) epitope that
leads to the binding of the primary B-LG antibodies. Thus, it can be concluded that
the HPTLC-IS method is also suitable for the analysis of tryptically hydrolyzed samples.
Morschheuser et al. (2017) were only able to stain four peptides by HPTLC-IS and detected
only 15 peptides by HPTLC-FS. Using the UniProtKB database in combination with the
peptide cutter ExPASy, the possible peptides theoretically generated by tryptic degradation
without any miscleavages were predicted. Considering peptides consisting of at least three
amino acids resulted in a number of 15 possible peptides. This would fit very well with the
15 tryptic 3-LG peptides detected via FS by Morschheuser et al. (2017) [35]. However, in
the present study, up to 23 peptide bands could be detected by HPTLC-FS for tryptically
digested (3-LG, which could be due to miscleavages or self-digested trypsin [60]. Then,
non-tryptic or semi-tryptic peptides may also be formed in which one or more amino acids
are truncated at one or both ends (N-terminus and/or C-terminus) of the peptide [61]. In
addition, previous experiments have demonstrated (data not shown) that some synthetic (3-
LG peptide standards also showed multiple bands after HPTLC-IS or HPTLC-FS separation.
The appearance of multiple bands could possibly be caused by the formation of dipeptides
resulting from newly formed disulfide bridges in the protein or the presence of impurities
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Suspension method

in the peptide standards [62]. All described phenomena could then lead to a higher number
of bands on the HPTLC-FS plate than calculated via the UniProtKB database and ExPASy.

In a follow-up approach, it was aimed at identifying the amino acid sequences of the
peptide bands from the tryptically hydrolyzed -LG, which were detected by HPTLC-IS.
Thereby, it was possible to determine the amino acid sequence of four peptides (1, II, 111, IV)
by MALDI-TOE-MS/MS. In Figure 2, the identified peptides in both the HPTLC-IS and the
HPTLC-FS chromatogram of the tryptically digested 3-LG are framed with white boxes.
Three of these peptides (I, II, IV) were also detectable by IS in the cheese samples even after
13 weeks of ripening, indicating that they do not lose their epitope during the proteolysis
(c.f. Figure 1a; 13 w).

Supernatant method

{
\ f 1 A
) (1 \
[ © S R
— s — '>: RS e S 1
. oA A MY‘, B
" ' o %3
s O
| ——
% \ c
2 e S
-\— co— —_— — — T 1 - ‘— ~ o

“0% 30% 30% 30% 30% 30% 30% 30% nat. trypt. 0% 30% 30% B0% 30% 30% 30% 30%
PM CM WM BSB ASB 3w 6w 13w B-LG B-LG PM CM WM BSB ASB 3w 6w 13w

(a)

Suspension method Supernatant method

0% 30% 30% 30% 30% 30% 30% 30% nat. trypt. 0% 30% 30% 30% 30% 30% 30% 30%
PM CM WM BSB ASB 3w 6w 13w (B-LG B-LG PM CM WM BSB ASB 3w 6w 13w
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Figure 1. (a) HPTLC-IS and (b) HPTLC-FS of sample set II of various cheese production stages,
containing 30% high-heated milk (HH milk) and of native and tryptically hydrolyzed p-lactoglobulin
(nat. and trypt. 3-LG). The tryptic hydrolysates of both extraction methods (suspension method
or supernatant method) were compared; PM: pasteurized milk, CM: cheese milk (pasteurized milk
containing 30% HH milk), WM: whey mixture, BSB: cheese before salt bath, ASB: cheese after salt
bath, 3 w: cheese after three weeks of ripening, 6 w: cheese after six weeks of ripening, 13 w: cheese

after 13 weeks of ripening.
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Figure 2. Identified peptide bands of tryptic 3-LG by MALDI-TOF-MS/MS after scraping from the
HPTLC-FS plate. (a) Detection by IS. (b) Detection by FS.

Figure 3 shows exemplarily the fragment mass spectrum of the parent ion m/z 1663.69.
Via the mass differences between the signals of the y- and b-fragments of this peptide, the
individual amino acids of the primary amino acid sequence could be identified: Peptide I
was identified as TPEVDDEALEKFDK (m1/z 1663.69). The other three peptides II-1V are
listed in Table 2. Among the four peptides, only one is a full-tryptic peptide without a
miscleavage, two peptides show one miscleavage, and one is even a semi-tryptic peptide.
Thereby, full-tryptic peptides are the peptides that follow the trypsin cleavage rules. This
means that the peptide bond is hydrolyzed adjacent to the basic residues arginine and
lysine unless these amino acids are followed by proline [61]. In contrast, a miscleavage
would mean that trypsin has failed to hydrolyze a cleavable bond [63]. In semi-tryptic
peptides, part of the amino acid sequence is truncated at either the N-terminal or C-terminal
end, leaving this peptide with only one trypsin cleavage site [61]. Thereby, semi-tryptic
peptides are often formed, depending on the conditions of the digestion [61].

1663.691

D — F—/—K—E LAY E~ DDV E—FP T |

537.376
666.467
1496.402
779.558
455.253
850.606
356.143
979,643
1094.648

129.053

! 240,093

1308.775
200 400 600 800 1000 1200 1400 1600 1800

Figure 3. MALDI-TOF-MS/MS spectrum of the parent ion m/z 1663.69. The amino acid sequence
TPEVDDEALEKFDK was identified by the characteristic y- and b-fragments.
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Table 2. Peptides containing at least one epitope that binds antibodies directed against 3-LG identified
by MALDI-TOF-MS/MS. The Roman numbers correspond to those in Figure 2 and throughout the
main text [64].

mlz

Mass Difference

Peptide Rf Value (MS1) Position Amino Acid Sequence Miscleavages M + H)*[u] [ul Adducts
I 0.03 1663.69 141-154 TPEVDDEALEKFDK 1 1635.77 28 dimethylation
i 0.05 1537.55 141-151 TPEVDDEALEK 0 124558 292 (260 + 32) fluorescamine +
methanol
Im 0.09 1163.57 92-99 TKIPAVFK 1 903.57 260 fluorescamine
v 0.25 1198.62 57-66 VYVEELKPTP semi-tryptic  1156.62 (of the 0 trimethylation

peptide b-fragment)

The MALDI-TOF-MS/MS results showed that peptide band IV was the semi-tryptic
peptide VYVEELKPTP. However, it cannot be completely excluded that truncation of the
complete peptide VYVEELKPTPEGDLEILLQK occurs during the mass spectrometric mea-
surement. In the amino acid sequence of the peptide, two proline residues follow each
other very closely, which could lead to an increased risk of special fragmentation [65].
This assumption is also strengthened by the fact that the synthetic reference peptide
VYVEELKPTPEGDLEILLQK showed the same retardation factor as the peptide IV (R¢
value = 0.25) in the HPTLC-FS measurements (data not shown). In addition, spiking
of a cheese sample (six weeks ripening, 30% HH milk) with the peptide VYVEELKPT-
PEGDLEILLQK directly on the HPTLC plate did not result in a separation of the bands
(data not shown). When calculating the probable position of the two peptides on the
HPTLC plate on the basis of their amino acid composition, or more precisely on the basis
of their percentage of non-polar amino acids, an R¢ value of 0.33 could be obtained for the
complete peptide VYVEELKPTPEGDLEILLQK and an R value of 0.36 for the semi-tryptic
peptide VYVEELKPTP [33]. Both calculated R values are higher than the measured R¢
value of 0.25. As these two peptides have a similar polarity (the complete peptide contains
45% non-polar amino acids, and the semi-tryptic peptide has 50% non-polar amino acids
in their amino acid sequences), they probably differ only slightly in their R¢ values after
separation by HPTLC. Thus, for a complete clarification of the amino acid sequence of the
investigated peptide band, a peptide standard of the semi-tryptic peptide VYVEELKPTP
would also have to be analyzed. At this stage, based on the mass spectrometric results, it is
reasonable to assume that peptide IV is the semi-tryptic peptide VYVEELKPTP.

The four peptides (I-1V) identified by MALDI-TOF-MS/MS are expected to have at
least one specific epitope that can bind 3-LG antibodies, despite tryptic hydrolysis. The
presence and intactness of 3-LG epitopes have also been described in the literature for
these four peptides (or part of their amino acid sequences):

Parts of the amino acid sequence from the peptides TPEVDDEALEKFDK and TPEVD-
DEALEK serving as epitopes have been already described by Williams et al. (1998), Miller
et al. (1999), Jarvinen et al. (2001), Niemi et al. (2007), and Li et al. (2015) [66—70]. Three
of these studies also described an epitope activity of the peptide III with its sequence
TKIPAVFK [67,68,70]. Furthermore, sequences of the semi-tryptic peptide VYVEELKPTP
(peptide IV) were also identified as potential epitopes by Miller et al. (1999), Jarvinen et al.
(2001), and Niemi et al. (2007) [67-69].

When comparing the samples stained with the two detection methods, the first no-
ticeable aspect is that the two different extraction methods resulted in different peptide
patterns and intensities (Figure 1). After both detection with IS and FS, the supernatant
method showed higher band intensities than the suspension method. However, for the
former method, 1.5 mL supernatant of 5 mL extractant was used, and for the latter method,
only 0.080 mL of the 5 mL suspension (1 g sample + 4 mL solvent) was used for digestion.
If the extraction power and the tryptic digestion are initially assumed to be the same, the
peptide bands of the first method should be more intense by a factor of 18.8. However, this
is clearly not the case, so this provides a first indication of a poorer extraction strength of
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the supernatant method. Furthermore, the number of peptide bands detected by IS was
also higher for the supernatant method than for the suspension method. On the one hand,
this may be due to the higher amount of lyophilizate used for digestion as compared to the
suspension, so that possibly the detection limit was exceeded only for the first method. An-
other reason could be the extraction of different peptides/proteins or possible differences
in the enzymatic generation of the peptides with the two extraction methods. Moreover,
the milk samples (pasteurized milk (PM) and cheese milk (CM)) and the whey mixture
(WM) showed much lower intensities and numbers of peptide bands on the HPTLC-FS
plate when applying the suspension method than with the supernatant method. This is
again probably due to the insufficient peptide concentration in the sample hydrolysates
from the suspension method. However, on the HPTLC-IS plate, these samples showed
excellent visible bands with both extraction methods, but the number of bands remained
higher for the supernatant method. The high intensity of the bands on the HPTLC-IS plate
again suggests that the detection limit by IS is much lower than using FS.

In the following, the individual samples taken during the cheese manufacturing
process will be considered for both extraction and detection methods: For example, the
whey mixture separated during cheese production showed quite different results in the
intensity of the peptide bands. While it showed the highest intensity of all samples on the
HPTLC-IS plate for the supernatant method, it showed the lowest intensity of the samples
prepared with the suspension method.

The result for the whey mixture obtained by the suspension method was rather
as expected, as 30% HH milk was used for the preparation of the samples shown in
Figure 1. High-temperature treatment of a part of the CM usually leads to an intensified
incorporation of whey proteins into the cheese matrix by denaturing 3-LG [1,10]. Thus,
a smaller proportion of the whey proteins should run off with the whey. However, not
all whey proteins denature to the same extent by high-temperature heating. In addition,
temperature and duration of the heating process have an influence on the retention of the
individual whey proteins in the cheese [14,71]. The washing of the cheese curd leads to
further dilution of the whey so that the protein content in the whey mixture should have
by far the lowest protein concentration of all samples. The whey mixture also exhibited the
lowest intensities of all samples on the HPTLC-FS plate for both extraction methods. For
FS, which is universally used for detecting all primary amino groups, it is not surprising
that the whey mixture showed the lowest intensity. This is due to the fact that the protein
concentration in whey is only 0.6-1.1%, while a ripened Edam cheese contains about 25%
protein [51,72,73]. This underlines that 3-LG accounts for a large proportion of the low
protein content in the whey mixture, as a strong coloration was obtained by IS anyway.
However, the more intense coloration of the WM on the HPTLC-IS plate when analyzing
the supernatant compared to the analysis of the suspension does not correspond to the
expected lower (3-LG content.

Using IS, medium to high intensities were determined with both extraction methods
for the two milk samples (PM, CM) compared to the other samples. The intensities of
the milk peptide bands even exceeded those of the cheese samples. However, different
results were again found on the HPTLC-FS plate. Using the suspension method, higher
band intensities were obtained for the milk samples than for the whey mixture, but all
cheese samples showed significantly higher intensities than the milk samples. For the
supernatant method, the band intensities of the milk samples were not only higher than for
the whey mixture but also higher than for the unripened cheese samples (cheese before
salt bath (BSB) and after salt bath (ASB)). The FS results also indicate a higher extraction
power for the suspension method than for the supernatant method, as bovine milk has
a protein content of approximately 3.3% and cheese, as already described, of 25%. Thus,
the FS band intensities for the suspension method are consistent with the expected protein
concentrations in the samples [72,74]. Both the PM and the CM containing 30% HH milk
showed similar intensities to each other on both plates. The reason for this is that even
though the high-temperature treatment of the milk leads to the denaturation of the whey
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proteins, the protein content in the milk samples remains the same. The tryptic digestion led
to denaturation of the proteins anyway, so that no relevant difference in intensity between
the milk samples was to be expected, as generally only linear epitopes in tryptic peptides
are detected by IS.

Comparing the cheese samples obtained by the supernatant method in the course
of the ripening, the intensities of the bands decrease visually with time for IS, while the
intensities of the peptide bands increase for FS. In contrast, neither an increase nor a decrease
is observed in the suspension method during the cheese ripening with both detection
methods. As the samples used here are foil-ripened cheeses, the protein concentrations in
the cheeses should remain relatively stable during ripening, which again is more consistent
with the results of the suspension method. [51].

Figure 4 shows the values of the integrated densities of the bands of peptide IV
(VYVEELKPTP) detected by IS for all samples during the cheese manufacturing process.
The integrated densities of the peptide bands were determined using the image processing
software Image]J. To ensure comparability between the different HPTLC-IS plates, the
values obtained for the integrated densities of the samples were divided by the integrated
density of the same peptide band of the tryptically hydrolyzed 3-LG standard.

I:l Supernatant method

1.00 5 - Suspension method

0.75

0.50

0.254

0.00 -4
PM CM WM BSB ASB 3w ow 13w

Normalized integrated density of peptide IV [AU]

Samples during the cheese manufacturing process

Figure 4. Integrated densities of peptide IV (VYVEELKPTP) normalized to the integrated density of
B-LG detected by HPTLC-IS in all samples during the cheese manufacturing process (1 = 2). The
supernatant method was compared with the suspension method; PM: pasteurized milk, CM: cheese
milk (pasteurized milk containing 30% HH), WM: whey mixture, BSB: cheese before salt bath, ASB:
cheese after salt bath, 3 w: cheese after three weeks of ripening, 6 w: cheese after six weeks of ripening,
13 w: cheese after 13 weeks of ripening.

This evaluation also reveals that peptide 1V loses intensity during ripening when
evaluating with the supernatant method. This suggests that the proteolysis during ripening
leads to the degradation of the epitopes that would bind to the primary -LG antibodies
during IS. This effect can also be found in the number of bands detected: On the HPTLC-FS
plate, the samples showed no decrease in the number of peptide bands in the course of
ripening. In contrast, 13 IS bands were still detectable for the unripened cheese samples BSB
and ASB, and only 7 IS bands were detected for the 13-weeks ripened cheese (13 w). On
the contrary, the samples obtained by the suspension method showed no trend within the
course of ripening, but there is some variation in the values. However, these fluctuations
can be considered negligible with respect to the standard deviations (error bars in Figure 4)
of the duplicate measurements. This, in turn, means that with the suspension method, it
must be presumed that peptides stained by IS remain stable during ripening and are not
affected by proteolysis. Looking at the number of detected bands, the peptide pattern does
not clearly change between the different samples during the cheese manufacturing process.
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In all samples, five peptide bands are clearly stained by IS; in some samples, more peptides
can be estimated.

For both extraction methods, peptide IV appears to be representative of the intensities
in the different samples for the other peptides as well. Peptides I and II were also evaluated
using Image] via the integrated density and showed similar results (data not shown).

In addition to the intensities of the bands on the HPTLC plates, the protein concentra-
tions in the sample extracts should also be taken into account. For this purpose, the tryptic
sample hydrolysates of both extraction methods were analyzed by the OPA assay. Figure 5
shows the different concentrations of free - and e-amino groups in the two alternative
sample preparations.

0.020 - I:I Supernatant method
- Suspension method
0.015 +

0.010 4

0.005 -

Free aminogroups [mol/L]

0.000 -
PM M WM BSB ASB 3w 13w

Samples during the cheese manufacturing process

Figure 5. Concentration of free amino groups measured by the OPA assay of tryptically digested
samples taken during the cheese production process. The supernatant method was compared with
the suspension method; PM: pasteurized milk, CM: cheese milk (pasteurized milk containing 30%
HH milk), WM: whey mixture, BSB: cheese before salt bath, ASB: cheese after salt bath, 3 w: cheese
after three weeks of ripening, 13 w: cheese after 13 weeks of ripening.

The results of the OPA assay of the tryptic peptide extracts were in agreement with
the detected intensities of the peptide bands on the HPTLC-FES plate. In contrast to the
strong increase in amino groups with ripening in the sample extracts of the supernatant
method, there is a decrease in the intensity of the IS bands. As previously suggested, this
could be due to a certain degradation of the epitopes resulting from the proteolysis during
cheese ripening. For the suspension method, there seems to be no trend in the content of
free amino groups in the sample extracts in the course of ripening, just as for the intensities
of the bands on the HPTLC-IS/FS plates.

To clarify the conflicting results for the supernatant method, both the undigested
sample extracts and the samples hydrolyzed by pronase E were analyzed by the OPA assay.
The ratio of the results for the undigested and pronase E digested sample extracts was
intended to clarify what type, or more precisely size, of peptides/proteins was extracted
from the samples. Digestion with pronase E ideally leads to the complete digestion of
proteins and peptides down to their amino acids.

A high ratio of amino groups between the samples digested with pronase E and the
undigested samples indicated the presence of larger peptides/proteins in the samples. This
can be explained by the fact that in the undigested samples, only the amino groups are
measured that are not bound in the peptides and proteins. Only by pronase E digestion do
the peptide bonds become hydrolyzed and the amino groups become measurable.

Figure 6 shows the concentrations of free amino groups in the two alternative sample
preparations for the supernatant method. The undigested samples, as well as the samples
digested by pronase E, showed a very similar trend for the free amino group concentrations
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in the samples and fit well with the OPA results for the tryptic hydrolysates. As expected,
the concentrations in the samples digested with pronase E are always higher than in the
undigested samples, which is due to the hydrolysis by pronase E to the individual amino
acids and thus to the release of many free amino groups. However, the ratios of the contents
of amino groups for the undigested and with pronase E digested samples differ within the
different samples.

[ ]Undigested protein extracts

6x102 Il 7:otcin extracts digested by pronase E
X102 4

5x1072 A
4x107%
3x102 -

2x1072 1

Free aminogroups [mol/L]
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PM CM WM BSB ASB 3w 6w 13w

Samples during the cheese manufacturing process

Figure 6. Concentration of free amino groups measured by the OPA assay in the undigested and with
pronase E digested samples taken during the cheese production process. The samples were prepared
by the supernatant method; PM: pasteurized milk, CM: cheese milk (pasteurized milk containing 30%
HH milk), WM: whey mixture, BSB: cheese before salt bath, ASB: cheese after salt bath, 3 w: cheese
after three weeks of ripening, 6 w: cheese after six weeks of ripening, 13 w: cheese after 13 weeks of
ripening.

The highest ratios for the free amino group contents between the pronase E digested
and the undigested samples were obtained for the two milk samples, with 3.9:1 for the
PM and 3.0:1 for the CM. This means that in the milk samples, the largest peptides or
proteins were obtained by the supernatant method. However, for the CM containing 30%
HH milk, a smaller ratio was obtained than for the entirely pasteurized milk. In contrast,
the smallest ratios were determined to be 1.9:1 in the WM, 1.3:1 in the BSB, and 1.2:1 in the
ASB. With ripening, the ratio of free amino group contents between the samples digested
with pronase E and the undigested samples then increased again, so that a ratio of 2.2:1 was
calculated for the 3 w cheese sample and a ratio of 2.7:1 for each of the cheese samples 6 w
and 13 w. These results suggest that the supernatant method extracts mostly free peptides
and non-denatured proteins and peptides. The WM mainly contains whey proteins, which
have smaller molecular weights than caseins [71]. In the cheese samples, 3-LG is mainly
present as a denatured protein because of the high-temperature treatment. It is bound to
the k-casein by disulfide bridges or generally to the caseins by hydrophobic or electrostatic
interactions [1]. As a result, the peptides and proteins might not be well-accessible for
extraction with the sodium chloride solution. With cheese ripening, proteolysis of caseins
occurs, leading to the release of the peptides that can then be extracted as a result [18].
Dumpler et al. (2017) also described that high-temperature heating of the milk leads
to the formation of colloidal casein submicelles to which the whey proteins are bound.
These heat-dissociated proteins are less soluble in the extractant and are separated by
centrifugation [75]. This also might explain why the suspension method seems to be
apparently more suitable for the quantitative extraction of whey proteins from cheese:
By digesting the suspensions, not only the whey proteins and peptides dissolved in the
extractant but also the proteins/peptides bound to the caseins are subjected to tryptic
hydrolysis. The tryptic digestion yields a larger number of unbound peptides, in which
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(a)

water solubility increases due to an increasing polarity. The only disadvantage of this
method is that a suspension never contains exactly the same ratio of solids to liquids, which
can also be seen in the variations between individual cheese samples and is reflected in a
poorer reproducibility (c.f. Figure 4).

The repeatability of the method should be investigated using samples from another
manufacturer with slightly modified cheese-making conditions (c.f. Section 2.1.2). For
this purpose, a production line with 30% HH milk of sample set I was processed by the
suspension method and also analyzed by HPTLC-IS and HPTLC-FS. The chromatograms
obtained are shown in Figure 7.

0% 30%

5\1’»‘ 6w -LG 1w
(b)

Figure 7. (a) HPTLC-IS and (b) HPTLC-FS of sample set I of various cheese production stages
containing 30% high-heated milk (HH milk) and of native and tryptically hydrolyzed p-lactoglobulin

(nat. and trypt. B-LG). The samples were prepared by the suspension method; CM: cheese milk
(pasteurized milk containing 30% HH milk), WM: whey mixture, BSB: cheese before salt bath, ASB:
cheese after salt bath, 1-6 w: cheese after one to six weeks of ripening.

Very similar results were obtained for sample set I as for sample set II. The band
intensities on the HPTLC-FS plates again show that the lowest protein concentration is
found in the WM, followed by the milk sample. The cheese samples show the highest
intensities of all samples, and there appears to be no trend with ripening time either.
However, it is noticeable that the cheese sample after 4 weeks of ripening stands out with
an increased intensity compared to the other cheese samples. The intensities of the peptides
on the HPTLC-IS plate also show that the cheese samples actually have the strongest
staining. However, it is visually apparent from this chromatogram that the WM exhibits
similar intense staining to the cheese milk and is not lower as in sample set II. This indicates
that the WM contains a particularly high proportion of 3-LG peptides that possess an
epitope. In contrast, the cheese sample BSB shows exceptionally low coloration. For the
HPTLC-IS chromatogram, the integrated densities for peptide band IV of the samples were
also determined using ImageJ and normalized to the integrated density of the same peptide
band of 3-LG (Figure 8). The results of the integrated densities match well with the visually
detectable band intensities, although the integrated density of the 6-week ripened cheese
sample is slightly too low because this band is skewed. The integrated densities of the
cheese samples seem to increase until the fourth week of ripening and then decrease again
until the sixth week. However, this result should also be interpreted that the 3-LG epitopes
in the cheese samples remain relatively stable during ripening, and just the individual
samples taken after different times of ripening vary from each other. This is also shown by
the fact that for both detection methods, the 4-week ripened cheese sample stands out with
particularly high band intensities, and thus, the protein content of this sample is probably
generally above average.
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Figure 8. Integrated densities of peptide IV (VYVEELKPTP) normalized to the integrated density
of B-LG detected by HPTLC-IS in all samples of a production line of sample set I during the cheese
manufacturing process. The samples were prepared by the suspension method; CM: cheese milk
(pasteurized milk containing 30% HH milk), WM: whey mixture, BSB: cheese before salt bath, ASB:
cheese after salt bath, 1-6 w: cheese after one to six weeks of ripening.

It can be summarized that different results were obtained for the two different extrac-
tion methods regarding the stability of the 3-LG epitopes in the tryptic peptides during
cheese ripening. For the supernatant method, a decrease in detectable 3-LG epitopes
could be assumed. However, it was also found that this extraction method is likely to
extract mainly free peptides and native peptides and proteins, so the results cannot be
considered reliable. In contrast, no trend for 3-LG epitopes with ripening time was ob-
served for the suspension method for two different sample sets. This means that the 3-LG
peptides studied here remain relatively stable during the ripening period and are thus
generally well suited as biomarkers for the quantification of the whey protein content in
whey protein-enriched cheese.

3.2. Enrichment of B-Lactoglobulin in Whey Protein-Enriched Cheese

For the investigation of whey protein enrichment in whey protein-enriched cheese,
four different model cheeses containing 0%, 10%, 20%, or 30% HH milk (sample set
II) were analyzed. For this purpose, the study was limited to cheese samples that had
ripened for 6 and 13 weeks, respectively, in order to represent products that could also be
similar to commercially available products. In Figure 9, one HPTLC-IS and one HPTLC-
FS chromatogram of the tryptically hydrolyzed cheese samples are shown as examples.
Moreover, the two extraction methods (supernatant method and suspension method) were
compared again.

First, looking at the HPTLC-FS plate, it is noticeable that a large number of bands were
detected when the cheese samples were stained with FS universally, with some bands even
overlapping (c.f. Figure 9b). Thereby, no differences were detectable between samples with
different levels of HH milk (0-30%) and between the ripening durations of 6 and 13 weeks.
Only the cheese sample ripened for 13 weeks, made with 30% HH milk and prepared by
the suspension method, shows comparatively particularly high band intensities on the
HPTLC-FS plate. The reason for the non-FS detectable differences between the cheese
samples with varying contents of HH milk is probably due to the low content of 3-LG
(and correspondingly the other whey proteins) in the cheese compared to the caseins. As a
result, the casein peptides overlap with the whey protein peptides so that no enrichment
can be observed. Thus, by HPTLC-FS, only an approximate estimation of the number and
intensity of peptides present in the cheese samples can be obtained, but the protein origin
(caseins/whey proteins) of the peptides remains unknown.
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In contrast, peptides can be detected very specifically using the HPTLC-IS method,
allowing the protein origin to be identified. In this work, the peptides of 3-LG were
selectively stained in the ripened cheese samples using IS (c.f. Figure 9a). On the HPTLC-IS
chromatogram, only a few but very well separated bands were detected. It can already
be observed visually that the intensity of the bands increased with the increasing content
of HH milk. Thereby, for the supernatant method, the intensities of the peptide bands
from the 6 weeks ripened cheese samples are slightly higher than those from the 13 weeks
ripened cheese samples. In the suspension method, on the other hand, no difference can
be seen on the HPTLC-IS plate between the different ripening times. These two trends are
consistent with the results from Section 3.1. For the supernatant method, this indicates
a decrease in 3-LG epitopes with increasing ripening time, whereas, for the suspension
method, stability of 3-LG epitopes can be assumed.

Supernatant method Suspension method
[ | [ |
. d— 8 2 o -_ S — —— — | p— __; ——
‘ O T T e o
=
-
| -
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(a)
Supernatant method

\ \
P
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(b)

Figure 9. (a) HPTLC-IS and (b) HPTLC-FS of sample set II and of native or tryptically digested
B-LG (nat. B-LG, trypt. -LG). Cheeses were ripened for 6 and 13 weeks (6 w, 13 w), respectively,

containing 0-30% HH milk (0%, 10%, 20%, and 30%). The supernatant method was compared with
the suspension method.

Nevertheless, in contrast to the HPTLC-FS method, this methodology enables detecting
differences between samples with different contents of HH milk. The level of tryptic 3-LG
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peptides increased with the level of HH milk in the CM. For each of the two extraction
methods, the integrated density was determined for the band of peptide IV (VYVEELKPTP)
and normalized to the integrated density of the same band of 3-LG as previously described
in Section 3.1. This peptide band was chosen as it showed the highest intensity of all
peptides stained by IS and was very well separated from the other peptides. In Figure 10, the
values obtained for the integrated density were plotted against the initially HH milk content
added for both extraction methods. For this, the values for the integrated densities of the 6-
and 13-weeks ripened cheese samples were averaged. As already visually recognizable,
the determination of the integrated density also showed a positive correlation between the
concentration of the tryptic 3-LG peptides and the content of HH milk in the cheese samples
(c.f. Figure 9a). The relationship was found to be linear, with R? values of 0.74 for the
supernatant method of 0.99 for the suspension method. However, for both methods, one of
the two HPTLC-IS measurements yielded a value that was too low for the 13-week ripened
cheese made with 30% HH milk and was not included in the calculation as an outlier. The
worse R? value of 0.74 for the supernatant method could be due to averaging of the values
obtained for the 6- and 13-weeks ripened cheeses on the one hand and to the incomplete
extraction of denatured peptides and proteins on the other hand (c.f. Section 3.1).
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Figure 10. Linear regression of the concentration of tryptic 3-LG peptides plotted as normalized
integrated density of peptide IV (VYVEELKPTP) in relation to the content of HH milk in the cheese
milk used for the production of the 6- and 13-weeks ripened cheeses of sample set II (1 = 2). Again,
the supernatant method was compared with the suspension method.

To determine an enrichment factor for the accumulation of 3-LG in the cheese samples
studied, the integrated density of peptide IV (VYVEELKPTP) of the cheese samples made
with 30% HH milk was divided by the integrated density of the same peptide of the cheese
samples made with 0% HH milk. Unfortunately, with both extraction methods, one of the
two HPTLC-IF measurements for the cheese ripened for 13 weeks showed an integrated
density value that was too low for the cheese with 30% HH milk. As outliers, these
two values were not included in the calculation of the enrichment factor, but the values
for the integrated density of the cheese containing 20% HH milk were used instead [14].
Enrichment factors of 1.24 £ 0.11 were determined for the supernatant method and of
1.33 £ 0.19 for the suspension method. Interestingly, the enrichment factors differ only
slightly between the two extraction methods. This is likely due to the fact that similarly aged
samples were compared, so the influence of the poorer extraction power of the supernatant
method is small. The reason for this may be that all samples, regardless of the percentage
of HH milk used to prepare the cheese samples, ripened similarly.
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For comparison, Guinee et al. (1995) determined enrichment factors of 1.81 to 4.63 for
the whey proteins in three differently produced whey protein-enriched cheeses.

However, as different amounts of the cheese milk were high-heated and the heat treat-
ment conditions (temperature, time) differed in the cheese production processes (Guinee
et al. vs. the sample sets I and II used here), the results are not properly comparable. For
example, Guinee et al. determined a denaturation rate of 51.5% of the whey proteins for
cheese with the highest heat treatment of the milk and in the cheeses studied in the present
study, only up to 30% of the milk was high-heated at all [14].

The relative enrichments of 3-LG of 24% or 33% determined in the present study,
using HPTLC-IS, refers only to the behavior of peptide IV (VYVEELKPTP). Its rates cannot
be generalized to all peptides generated from 3-LG by tryptic digestion because the various
peptides may be affected differently during ripening by proteolysis. As mentioned above,
proteolysis can occur endogenously from the initial milk, the enzyme preparations added
for casein denaturation, starter culture bacteria, or ubiquitously cultures such as mold
and non-lactic acid bacteria [15,17,21]. Consequently, the release of certain peptides might
differ. Moreover, VYVEELKPTP is a semi-tryptic peptide, so the degree of hydrolysis
by trypsin in addition to ripening is unknown. Indeed, it is not known in what ratio
the semi-tryptic peptide VYVEELKPTP is formed compared to the full-tryptic peptide
VYVEELKPTPEGDLEILLQK during tryptic hydrolysis. However, the enrichment factor
can only be applied to 3-LG and not to all whey proteins, as, due to the handling procedures,
different proportions of whey proteins can remain in the cheese [10,11].

Nevertheless, in order to obtain an estimation of the relative content at least of 3-LG
(Cp-Lc%) in the cheese samples studied, the following Equation (1) was used for calculation
for both extraction methods. Here, mg_1 G 0r mgample correspond to the mass of 3-LG used
for tryptic digestion or the mass of the weighed sample, IDgample 01 D1 G stands for the
integrated density of peptide IV of the samples or of 3-LG, respectively, and DF for dilution
factor. The dilution factor for the supernatant method is 3.33, and for the suspension
method, it is 62.5.

C[5-LG% = (mB-LG X IDsample x DF x 1000/0)/(msample X IDB-LG) (1)

Very different results were obtained with this calculation for the relative content of
-LG in the cheese samples for the two extraction methods. Using the supernatant method,
a relative -LG content of 0.25% =+ 0.09% was determined in cheeses made with 30% HH
milk. On the other hand, using the suspension method, the relative 3-LG content was
determined to be 9.11% =+ 0.29%, which is 36 times higher than with the other method. This
again makes it very clear how much more quantitative the suspension method is versus
the supernatant method. If the determined 9.11% (-LG in the entire cheese is related to
protein content in Edam of approximately 25%, about one-third of the total protein of the
cheese produced with 30% HH milk consists of 3-LG. This seems to be a rather high value
if one considers that only 30% of the milk was high-heated and that the caseins in the initial
milk are four times more concentrated than the whey proteins. The increased value is
probably due to the fact that only a one-point calibration with a tryptically hydrolyzed
-LG standard was performed and the intensity of the band of peptide IV was much higher
with the tryptically hydrolyzed 3-LG than with the cheese samples. For a more accurate
result, a calibration curve should be used. Either tryptically digested 3-LG could continue
to be used as the standard, or a synthetic peptide standard could be employed.

Peptide IV (VYVEELKPTP) might have the potential to serve as a process marker. In
practice, cheese samples could be compared using the HPTLC-IS method to determine
the enrichment factor of peptide IV and thus infer the content of the HH milk used in
cheese production. The relative content of 3-LG in the cheese can also be calculated via a
calibration curve. However, this does not yet clarify the extent to which the 3-LG content
can be extrapolated back to the total whey protein content. In addition, a targeted LC-
MS/MS approach to quantify peptide IV could also be used to determine a whey protein
enrichment factor or the relative content of 3-LG in cheese samples.
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As in Section 3.1, it is now also to be checked to what extent the results are reproducible
for other samples from different manufacturers. For this reason, the 6 weeks ripened cheese
samples of all 18 cheese production lines of sample set I were processed by the suspension
method and analyzed by HPTLC-IS and HPTLC-FS (Figure 11).
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Figure 11. (a) HPTLC-IS and (b) HPTLC-FS of the cheese samples of sample set I and of native
or tryptically digested 3-LG (nat. B-LG, trypt. B-LG). Cheeses were ripened for 6 weeks (6 w),
containing 0-30% HH milk (0%, 10%, 20%, and 30%). The samples were prepared by the suspension
method.

6w 6w 6w

As already found for the industrial-scale DMK Edam cheese samples, an increase in
band intensities can be visually observed on the HPTLC-IS plate with increasing content of
HH milk used for the production of the different cheese samples. In contrast, no trend can
be detected on the HPTLC-FS plate in terms of band intensities related to the content of
HH milk used.

With the help of the software Image], the integrated densities of the different samples
for peptide IV were also determined for the measurement of sample set I. Figure 12 shows
the results for the average normalized integrated densities against the content of HH milk
used for the production of the cheeses. Two outliers were not included in the calculation:
In each case, the third sample with 10% or 20% HH milk applied to the HPTLC-IS plate
showed values that were very low. In the case of the cheese sample with 10% HH milk,
this is due to an uneven band shape, and in the case of the sample with 20% HH milk,
this is due to the light background coloration at that position on the HPTLC-IS plate (c.f.
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Figure 11a). Furthermore, only an R? value of 0.76 was obtained for the linear regression.
In Figure 12, it can be seen that the cheese samples made with 20% HH milk had very low
values for the integrated density. The enrichment factor was calculated to be 1.72, which is
higher than the values for sample set II. However, both samples sets are in the same range,
and only one HPTLC-IS measurement was performed for sample set I, where the value for
the cheese with 30% HH milk is slightly above the calibration curve (c.f. Figure 12).

0.4 4 2=0.76

024 L

Integrated density of peptide IV [AU]

00 T T T T
0 10 20 30
Content of high-heated milk in the cheese milk [%]

Figure 12. Linear regression of the concentration of tryptic 3-LG peptides plotted as normalized
integrated density of peptide IV (VYVEELKPTP) in relation to the content of HH milk in the cheese
milk used for the production of the different cheeses of sample set I. The samples were prepared by
the suspension method.

The mean relative content of 3-LG determined via Equation (1) in the cheese samples
of sample set I prepared with 30% HH milk is 4.35% = 0.39%. Thus, only about half was
detected with the same extraction method in sample set II. However, the value of 4.35% or
about one-sixth of the total protein in the cheese samples seems more realistic. As only an
estimation of the content via a single-point calibration was performed for both sample sets,
the quantification of the 3-LG content in cheese requires further research.

4. Conclusions

Using HPTLC-IS, it was not only possible to stain intact 3-LG very sensitively, but
even to detect 20 bands of 3-LG peptides, indicating the presence of 3-LG epitopes in these
peptides. This demonstrated that it is generally possible to apply HPTLC-IS for the analysis
of 3-LG peptides in tryptically hydrolyzed samples.

Different results were obtained when comparing the two different extraction methods
and the two detection methods in relation to the cheese manufacturing process: it was
found that the supernatant method is not quantitative. In contrast, the suspension method
resulted in a quantitative extraction of proteins/peptides from the cheeses. Thereby,
the 3-LG epitopes proved to be stable toward proteolysis with increasing ripening time,
which is why these peptides seem to be appropriate as potential process markers for the
quantification of whey protein content in cheese. In addition, the comparison of ripened
cheese samples produced with different levels of HH milk in the cheese milk showed that
only the HPTLC-IS method, which is selective for 3-LG (and its peptides), was able to
detect the accumulation of whey proteins in the cheese samples.

The positive relationship between the accumulation of the semi-tryptic peptide
VYVEELKPTP and the content of HH milk in the cheese samples was found to be lin-
ear. Thereby, similar whey protein enrichment factors of 1.24 4 0.11 and 1.33 & 0.19 were
determined between the cheese samples containing 30% HH milk and 0% HH milk for the
supernatant method and the suspension method, respectively. Nevertheless, the method
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presented herein can only be used to determine a factor estimating the enrichment between
two samples. In order to be able to calculate the absolute or relative content of whey
proteins in any cheese samples, a factor is missing by which the content of whey proteins
can be determined from the concentration of a specific tryptic B-LG peptide. However,
this requires the assumption that the whey protein composition is kind of uniform in the
different cheese samples and types.

A one-point calibration with the tryptically hydrolyzed 3-LG allowed at least an
estimation of the relative concentration of 3-LG in the cheese samples. For the supernatant
method, the insufficient extraction power was again evident, while for the suspension
method, a value of 9.11% =+ 0.29% was determined.

In addition, the method was demonstrated to be applicable to cheese samples from
other manufacturers and with slightly different manufacturing protocols. Here, a whey
protein enrichment factor of 1.72 was determined between the samples with 30% and
0% HH milk, and the estimated content of 3-LG in the cheese samples obtained was
4.35% + 0.39%.

Based on the results obtained, it is not possible to emphasize which of the slightly
different procedures used to prepare the two sample sets resulted in a higher enrichment
of whey protein in the cheese. In fact, a higher enrichment factor was calculated for sample
set I, but a lower relative content of 3-LG was observed in those cheese samples.

The advantages of the HPTLC-IS method are the specific detection of 3-LG peptides,
which can be used to quantify the whey protein content in cheese. However, so far, only the
B-LG content has been primarily taken into account, and a calibration curve with at least
five calibration points should be used for more accurate quantification. In order to infer the
whey protein content from the marker peptide, further experiments need to be performed
to determine a conversion factor. In addition, it should be considered that inconsistent
background staining of the HPTLC-IS plates may cause inaccurate results.

Nevertheless, it can be finalized that the HPTLC-IS method presented here is a promis-
ing method for the quantification of the whey protein content in cheeses. Therefore, it bears
the potential for being a promising and valuable tool for industrial implementation.
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