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Abstract: It is widely acknowledged that casein is an important allergenic protein in milk which may
cause danger to customers. The identification and confirmation of caseins through mass spectrometry
requires the selection of suitable characteristic peptides. In this study, by means of matrix-assisted
laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS), the three most
representative specific peptides of caseins in cow milk were screened out with mass-to-charge ratios
(m/z) of 830, 1195, and 1759, respectively. By comparing 2,5-dihydroxybenzoic acid (DHB) and
a-cyano-4-hydroxycinnamic acid (CHCA) MALDI matrices, it was found that DHB was more suitable
for peptide detection with the limits of detection (LODs) of 0.1 mg/L for «, B-casein. Furthermore, on
the basis of verifying the characteristic peptides of casein from cow milk, this protocol was applied to
goat milk authentication. Cow milk addition in goat milk was investigated by using the screened
specific peptides. The results showed that the adulteration could be identified when the proportion
of cow milk was 1% or more. When applied to inspect adulteration in five brands of commercial
goat milk, specific peptides of bovine casein were detected in four of them. The method has the
advantages of strong reliability, high throughput, simple preprocessing, and fast speed, which can
provide powerful help for prewarning dairy allergen.

Keywords: goat milk authentication; allergen; bovine casein; specific peptide; matrix-assisted laser
desorption ionization time-of-flight mass spectrometry

1. Introduction

Food allergies, especially dairy allergies, are threatening the health of allergic peo-
ple. Most food allergies are type I hypersensitivity reactions, which are mediated by
immunoglobulin E (IgE) [1]. Multiple allergen proteins can be present in the same aller-
genic food. Milk, for example, contains about 3.5% protein, usually divided into casein and
whey. Of these proteins, eight were identified as allergenic, including a4;-casein, ag-casein,
B-casein and «-casein from casein fractions, and a-lactalbumin, B-lactoglobulin, bovine
serum albumin (BSA), and lactoferrin from whey fractions [2]. Caseins account for about
80% of milk protein [3]. Therefore, caseins could be used as a marker to determine whether
there is milk in food, which can serve as a basis for people with allergies to judge food
ingredients.

At present, there are many milk protein allergen detection methods, which can be
divided into two categories in terms of detection objects. One category chooses DNA as the
object, such as polymerase chain reaction (PCR) and loop-mediated isothermal amplifica-
tion (LAMP) [4-7]. However, since these methods detect the non-allergenic DNA but not
the allergen protein itself, it may be independent of the amount of protein in an unknown
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substrate. The other category focuses on allergen protein, which can mainly be further
divided into immunoassay [8-10], chromatography [11-15], electrophoresis [16-18], and
mass spectrometry. Immunological technology, for example, enzyme-linked immunosor-
bent assay (ELISA), is a highly specific, sensitive, rapid, and cheap method which identifies
proteins or peptides by corresponding antibodies. However, it has the disadvantage of
a high false positive or negative rate. In spite of many existing instrumental analytical
methods for detecting allergens, problems such as laborious and time-consuming sample
preprocessing, as well as high cost of sophisticated apparatus, cannot be ignored. Therefore,
appropriate methods are needed for accurate and facile identification and confirmatory
detection of allergens in dairy products.

The traditional LC-MS method [14] has the merits of high specificity and high sensitiv-
ity. It can clearly identify allergens or markers in various foods, but its defect lies in the long
chromatographic separation time and tedious sample preparation to protect instruments
from interference from sample matrices. Since the discovery of MALDI by Tanaka in 1988
and the construction of the first MALDI-TOF mass spectrometer in 1990, this technique has
been widely used in various analyses. It is a soft ionization mass spectrometry technique,
which is mainly used for macromolecular analysis. Due to its advantages of high sensitivity,
high throughput, and rapid detection, MALDI-TOF MS is also being gradually applied in
allergen proteins analysis [19]. In recent decades, this technology has been widely used to
explore allergens and adulteration in the food industry, especially in dairy products [20-26].
Of all the applications based on MALDI-TOF MS, specific-peptide strategy is frequently
adopted. In this method, unique and stable peptides of the allergen protein are selected
and employed to detect whether the protein exists. The merit of this method lies in its
high sensitivity, strong anti-interference ability, and simultaneous detection of multiple
characteristic peptides without heavy workload or high analysis cost.

As is mentioned above, specific peptides of allergen proteins have a widespread
application in food authentication, one of which is goat milk authentication. In terms of the
market, due to the influence of production and other factors, the selling price of goat milk is
higher than that of cow milk. Some merchants might mix the lower-value cow milk into the
higher-value goat milk to obtain more profits. This adulteration will further increase the
possibility of allergy. Therefore, a method to screen allergen proteins in milk and identify
adulterated goat milk is in urgent demand. Casein, as the most abundant allergen protein
in milk, can be used as a marker for the detection of goat milk adulteration. Sampelayo’s
group [3] revealed that the total casein content in goat milk is comparable to that in cow
milk, and several other caseins are even higher, as shown in Table S1. However, caseins
in goat milk and cow milk are different in primary structure. The amino acid sequences
of the two can be obtained by searching the Uniprot database—u;;-casein, for example
(Figure S1). Additionally, this research group evaluated the allergenicity of goat milk versus
cow milk, proving the hypoallergenicity of the former [27]. Russo et al. [20] explored a
specific marker of bovine S-lactoglobulin based on MALDI-TOF MS, which might serve as
a useful tool to detect adulteration in water buffalo ricotta. Calvano et al. [21] employed
MALDI-TOF MS to examine goat milk and sheep milk adulteration. In their work, with
necessary sample preparation, tryptic digestion, and MALDI analysis of plenty of raw milk
and binary mixtures of cow milk, goat milk, and sheep milk, some specie-specific peptides
were selected. Fifteen cow-specific peptides were screened out, two of which came from
B-lactoglobulin, while others from caseins. A special MALDI matrix synthesized by them,
a-cyano-4-chlorocinnamic acid (CCICA), was introduced to be better than the traditional
CHCA matrix. However, this experiment was carried out via direct comparison of milk
samples, screening out various peptides of different proteins with different sensitivities,
thus probably introducing uncertainty and increasing the time and difficulty of analysis.

In view of the dominant number of peptides from casein selected in Calvano et al.’s
work and the preponderant abundance of casein in milk, in the present work, to realize
rapid and convenient inspection of adulteration in goat milk, characteristic peptides of
caseins from cow milk were screened out, verified, and employed based on MALDI-TOF
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MS technology. Simple preparation of samples was performed to extract peptides in
milk. Different common MALDI matrices were compared to choose the most suitable one
to assist the ionization of specific peptides from caseins. Meanwhile, the reagent grade
casein reference substance originating from bovine was analyzed and compared to make a
certification. From all the peptides of bovine caseins, the most representative ones with high
intensity and sensitivity were selected as specific peptides after confirmation. Eventually,
the recommended representative specific peptides were applied in the examination of
adulteration in goat milk. This method has the advantages of simple preparation, fast
speed, high throughput, and accurate judgement.

2. Materials and Methods
2.1. Materials

«-Casein (02662, P02663) from bovine, S-casein (P02666) from bovine, a-cyano-4-
hydroxycinnamic acid (CHCA), and iodoacetamide (IAA) were purchased from Sigma-
Aldrich (St. Missouri, MO, USA). 2,5-Dihydroxybenzoic acid (DHB) was purchased from
TCI (Shanghai, China). Sequencing grade trypsin was acquired from Promega (Madison,
WI, USA). Dithiothreitol (DTT) was from Roche (Mannheim, Germany). Acetonitrile (ACN),
chromatographic grading, was obtained from Aladdin (Shanghai, China). Ammonium
bicarbonate (NH4HCO3) was obtained from Macklin (Shanghai, China). Phosphatic acid
(H3PO4, AR) was from SCR (Shanghai, China). Ultrapure water was obtained from Milli-Q
Ultrapure Water Preparation System from Millipore (Burlington, MA, USA). The goat milk
and cow milk were collected from Zhuomu Dairy (Hunan, China) and Mengniu Dairy
(Inner Mongolia, China). Other goat milk samples were obtained at the local retailer. The
cow milk used was skim cow milk if not otherwise specified.

2.2. Preparation of Standards

In all, 2 mg of casein was added to 2 mL NH4HCOj3 solution (100 mmol/L) to prepare
1 mg/mL casein standards. For milk, a 30 uL sample was mixed with 970 uL NH4HCOs3
(100 mmol/L) and then centrifuged at 16,873 g, 4 °C for 10 min, from which the su-
pernatant was obtained. The concentrations of other reagents were as follows: DTT
500 mmol/L, IAA 500 mmol/L, trypsin 1 mg/mL. All solutions were prepared with
100 mmol/L NH4HCOs.

2.3. Alkylation and Enzymatic Digestion

In all, 0.5 mL of standard or supernatant, mixed with 20 uL of DTT solution, reacted
at 75 °C in a water bath for 30 min. Then, the cooling mixture was added with 40 uL of
IAA and reacted at room temperature in the dark for 30 min. The above solution was
transferred to a 10 K ultrafiltration tube, centrifuged at 16,873 g, 4 °C for 20 min, and the
solution at the bottom of the collection tube was discarded. Adding 100 pL of NH4HCO;
for washing, the mixture was centrifuged at 16,873x g, 4 °C for 20 min. The washing
process was repeated three times. With the bottom collecting tube replaced, 100 pL of
NH4HCO3 and 10 uL of trypsin (enzyme to protein mass ratio of about 1:50) were added to
the ultrafiltration tube and incubated at 37 °C for 16 h. The peptide solution at the bottom
of the collection tube was obtained by centrifugation at 16,873 x g, 4 °C for 20 min.

In the test of LOD, the peptide solution (about 500 mg/L) was diluted with NH4HCO3
solution (100 mmol/L) to 2.5, 1, 0.1, 0.01 mg/L, respectively, and NH4;HCOj3 solution was
used as a blank.

2.4. Mass Spectrometry

Two kinds of MALDI matrix (DHB and CHCA), with concentrations of 20 mg/mL
and 10 mg/mL, respectively, were prepared with a mix of acetonitrile, phosphoric acid,
and ultrapure water in the volume ratio of 50:1:49. Before analysis, a 1.0 uL sample was
dropped on a MTP 384 target plate polished steel BC, and a 1.0 uL matrix after the sample
dried.
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To compensate for errors caused by the condition of instruments, casein reagents
were analyzed simultaneously with samples each time for mass control. The mass error of
samples in different batches was about 1 Da.

The identification experiment was carried out on an ultrafleXtreme MALDI-TOF/TOF
mass spectrometer from Bruker Daltonics (Billerica, MA, USA). The laser emitted at 355 nm,
and the acceleration voltage was 20 kV. Peptides were analyzed in reflection mode (positive
ion). Triplicate to quadruplicate parallel determinations were carried out for each sample
detected. Data on peptides were obtained by searching the database of PeptideMass, with
Trypsin selected, one missed cleavage allowed, and a range of m/z 500-5000.

3. Results and Discussion
3.1. Selection of MALDI Matrices

The most vital part of MALDI is the use of a chemical matrix on the analyte in the form
of small, laser-absorbing organic molecules. In the actual sample analysis, the selection
of a suitable MALDI matrix is extremely important. Matrix selection should meet the
following conditions: low sublimation temperature, non-reaction with the sample, co-
crystallization with the sample, consistent absorption wavelength with laser, and good
stability in vacuum [28].

DHB and CHCA are two commercial MALDI matrices commonly used in peptide
analysis. According to Zhang et al. [29], in peptide mass fingerprint (PMF) analysis,
CHCA is generally more sensitive at trace analyte concentrations, while DHB detects a
greater number of peptides at higher analyte concentrations. However, the applicability
of matrices is affected by different peptides. Therefore, a comparison of the two matrices
was performed for all the tested samples including a-casein, B-casein, pure goat milk, pure
cow milk, and goat milk mixed with cow milk at different volume ratios (1%, 5%, 10%,
50%). Taking a-casein, for instance, as is shown in Figure S2, in the same concentration,
the sample assisted by the DHB matrix had the advantage in the number and intensity
of peaks. When it came to the detection limit, peptides at the concentration of 0.1 mg/L
could be detected with the assistance of DHB, while CHCA could not. As a result, DHB
was chosen as a preferred matrix in this work for analyses of peptides. Another reason
for choosing DHB was that it was an easily available MALDI matrix with a lower price
compared to CHCA.

3.2. Screening of Specific Peptides

In recent decades, mass spectrometry (MS) has become the main technique for identify-
ing proteins. The method used, PMF, is an important strategy of MS-based protein analysis,
which identifies proteins by obtaining the profile of all peptides with different sequence
lengths and then comparing it directly with theoretical PMF in the protein database [30].
In this present work, assisted by the DHB matrix, peptides of cow milk, goat milk, and
casein from bovine were analyzed via MALDI-TOF MS. Based on the comparison of the
peptide spectra (Figure 1), three peptides in cow milk with high intensity were selected as
the tentative specific peptides of caseins from bovine. Two of them (m/z 1195, 1759) were
found in the mass spectrum of a-casein, one (1m/z 830) in B-casein, and none in goat milk.
Through further searching the PeptideMass database, it was confirmed that these specific
peptides were digestion products of caseins from cow milk, as was included in Calvano
et al.’s work [21]. Identifying the most representative ones of the various peptides could
reduce the time and difficulty of analysis, making the results more accurate. The database
showed that the peaks at m/z 830, 1195, and 1759 were derived from f-casein, ag-casein,
and wag1-casein, respectively, with amino acid sequences of AVPYPQR, NAYPITPTLNR,
and HQGLPQEVLNENLLR (Table 1). These peptides were recommended as the most
characteristic peptides of bovine caseins.
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Figure 1. Peptide spectra of a-casein, B-casein, cow milk, and goat milk based on MALDI-TOF MS
with DHB as matrix.
Table 1. The parameters of selected specific peptides.

Mass Protein Position #MC Peptide Sequence
830.4519 ﬁ-casein 192-198 0 AVPYPQR
1195.6793 ngp-casein 130-140 0 NAVPITPTLNR
1759.9449 ng1-casein 23-37 0 HQGLPQEVLNENLLR

Data from PeptideMass database. MC: missed cleavages.

Comparing the three characteristic peptides in cow milk, it was found that the intensity
of the peptide sequencing AVPYPQR (/2 830) from f-casein was stronger than that of the
ones sequencing NAYPITPTLNR (m/z 1195) and HQGLPQEVLNENLLR (m/z 1759) from
agp-casein and ag1-casein owing to the relative higher abundance of its source protein in
cow milk. In addition, their signal-to-noise (S5/N) ratios, consistent with the intensity, were
1449, 95, 35, respectively.

As is known, the sites where trypsin cleaves protein are lysine and arginine, but it is
not the case with proline present behind them because of steric hindrance. Considering
that caseins in cow milk and goat milk differ from each other in amino sequence, the
peptides are therefore supposed to vary. The screen-out of these bovine casein specific
peptides provides convenience to identify the two kinds of milk. Moreover, for rapid
detection methods such as ELISA mentioned above, the recommendation of the three most
representative peptides also serves to provide antigen candidates.



Foods 2023, 12,1519

60f 11

3.3. Limit of Detection of Specific Peptides

In food samples, the complex matrix and low abundance of proteins might cause
difficulties in the detection of peptides. Therefore, a high sensitivity of the method is
imperative. As is known, LOD is tightly connected with the sensitivity of a method.
Commonly, methods with lower LODs are meant to have higher sensitivity. Thus, the
problem lies in the test of LOD of the method. In the current work, the peptide solution
digested from a-casein and B-casein was then diluted to 2.5, 1, 0.1, and 0.01 mg/L by
100 mmol/L NH4HCO;3, respectively. Results showed that with the assistance of DHB, the
selected specific peptides at m/z 1195 and 1759 could be detected in 0.1 mg/L a-casein
trypsin digest, and the other one (m/z 830) in 0.1 mg/L B-casein digest. As shown in
Figure 2, with the concentration of 0.1 mg/L, the S/N ratios of the three characteristic

peptides were 8, 4, and 15, respectively, meeting the requirement of LOD which ought to be
higher than 3.
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Figure 2. The mass spectra of specific peptides in a-casein (a) and B-casein (b) at different concentra-
tions (0, 0.01 mg/L, 0.1 mg/L, 1 mg/L, 2.5 mg/L).
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3.4. Detection of Cow Milk Addition in Goat Milk

In view of the current phenomenon, there is an urgent need for proper methods to
detect cow milk adulteration in goat milk to protect the health and interests of customers.
The selected specific peptides played an important role. By mixing cow milk and goat
milk in different volume ratios (1%, 5%, 10%, 50%), the specific peptides were analyzed
via simple enzymic digestion and MALDI-TOF MS technology. Figure 3 shows that there
was an interference peak of m/z 831 in pure goat milk, which was close to the specific peak
of m/z 830 in cow milk. According to the result of database search, it was derived from
ng1-casein in goat milk. However, due to the extra-high resolution of mass spectrometry
(>40,000), it could be seen that there was no peak of m/z 830 in pure goat milk initially.
With the rise in spiking ratio, the peak intensity of m/z 830 accordingly increased. Based
on the appearance of the peak (/z 830), it could be judged that the addition exists. There
was an isotope peak of m/z 1193 in goat milk itself at m/z 1195, the intensity of which
was about 13.9% of the former according to the calculation based on data from six parallel
experiments (Figure S3). Higher than that, the peak could be inferred as the specific peptide
of bovine casein. For the peak of m/z 1759 and nearby peaks, they were not present in
goat milk. In a word, based on the presence of these peaks, we can intuitively confirm the
cow milk mixture. The results indicated that goat milk mixed with 1% cow milk could
be detected with the DHB matrix. According to the general commercial consideration of
adulteration, addition less than 5% has little profit. This sensitivity is therefore sufficient to
cope with conventional adulteration of goat milk.

Considering that the cow milk used above was skim milk, further study was carried
out using non-skim cow milk to check the effects of fat (Figure S4). The results showed that
more than 1% adulteration could still be detected, which confirmed that the presence of fat
had little interference on the detection of the specific peptides and verified the universality
of this method.
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Figure 3. Cont.
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Figure 3. Comparison of mass spectra of specific peptides in goat milk mixed with cow milk at
different volume ratios (0, 1%, 5%, 10%, 50%, 100%). m/z = 830 (a), 1195 (b), 1759 (c).

3.5. Detection of Adulteration in Actual Samples

Based on the selected specific peptides, goat milk samples from five brands in the
market were analyzed. The preparation step of these samples was consistent with that
of cow milk and goat milk mentioned above. The results showed that except for Sample
1, the specific peptides were detected in the rest of the samples (Figure 4). According to
the ingredients list, in view of the presence of condensed milk for removing the odor of
goat milk in Samples 2 and 4, which might derive from cow milk, it was hard to judge
whether there was intentional adulteration in them even when more than 1% cow milk
existed. However, the existence of bovine casein probably causes a certain risk of allergy
to consumers. Meanwhile, for Samples 3 and 5, it could be inferred that more than 1%

adulteration was present on evidence. The applicability of the proposed method is therefore
proved.
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Figure 4. The mass spectra of selected specific peptides in goat milk samples from five brands. m/z =
830 (a), 1195 (b), 1759 (c).

4. Conclusions

To conclude, in this work, caseins in milk, which may cause allergies, were identi-
fied via MALDI-TOF-MS-based detection technology. Three peptides with m/z of 830
(AVPYPQR), 1195 (NAVPITPTLNR), and 1759 (HQGLPQEVLNENLLR) were screened
out and verified by referring to bovine casein as specific peptides from cow milk. The
LOD could reach 0.1 mg/L with the assistance of a common DHB matrix. When it came
to the detection of cow milk adulteration in goat milk, 1% volume could be detected by
the selected specific peptides. Due to the advantages of MALDI-TOF MS, including high
sensitivity, high throughput, and rapid analysis, this method could serve as a useful tool for
identification of caseins in cow milk and adulteration in goat milk, contributing to reducing
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the potential risk for people allergic to cow milk. This work also paves the way towards
detecting adulteration in other high-value milks. Compared to previous work, the three
most representative specific peptides from bovine caseins were recommended assisted by
DHB, making goat milk authentication faster and more reliable. This might also serve as
evidence for future application in rapid detection technology, such as ELISA kits or sensors.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/foods12071519/s1, Figure S1: Amino acid sequence of «sl-casein
from cow milk (a) and goat milk (b); Figure S2: Comparison of peak quantity and intensity in the
mass spectra of x-casein peptides in the same concentration with the assistance of two matrices (a)
and comparison of the mass spectra of x-casein peptides at different concentrations assisted by DHB
(b) and CHCA (c); Figure S3: The intensity ratio of isotope peak to the peak at m/z 1193; Figure
54: Comparison of mass spectra of specific peptides in goat milk mixed with non-skim cow milk at
different volume ratios (0, 1%, 5%, 10%, 50%, 100%). m/z = 830 (a), 1195 (b), 1759 (c); Table S1: The
protein content of goat milk and cow milk (S1).
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