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Abstract: This study examines methods for detecting illegal manipulation of raw cow’s milk aimed at artificially
reducing the somatic cell count (SCC) through centrifugation. This practice, motivated by economic gain, compro-
mises the authenticity of the raw material and masks the true health status of the mammary gland. An experimental
analysis of 68 samples demonstrated that centrifugation reduces somatic cell count by an average of 45.9 + 11.6%.
The MALDI-TOF MS method was used to identify changes in the peptide profile in the 500—-4 000 Da range.
Although no unique peaks specific to adulterated samples were detected, Pearson’s correlation analysis revealed
significant relationships between the intensity of specific peptides and SCC values. The strongest positive cor-
relation was identified for peaks in the m/z 2 922 Da region (r = 0.69). Other relevant markers include fragments
with m/z 1 768 Da (r = 0.51) and 901 Da (r = 0.49). The results confirm that monitoring quantitative changes
in the intensity of specific peptides using mass spectrometry is a promising tool for identifying changes in the milk
peptidome associated with variations in SCC, including those induced by technological manipulation.

Keywords: dairy authenticity; MALDI-TOF MS; proteomic profiling; udder health indicators

Food adulteration is a widespread activity moti-  ditional forms of adulteration aimed at increasing
vated primarily by economic gain, resulting in prod-  the profitability of milk production, there is also the
ucts whose actual value is lower than their declared  problem of manipulation of raw milk health quality
quality. The situation is no different in the milk indicators. However, these modifications to milk
and dairy products sector, where, in addition to tra-  can not only render it unsuitable for technological
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processing but also pose health risks to consum-
ers (Ionescu et al. 2023). The term milk adultera-
tion was defined by Talkhan (2015) as the removal
or replacement of milk components with foreign
substances without the consumer’s knowledge.
Common methods of milk adulteration include
the deliberate addition of water, non-dairy proteins,
melamine, urea, sodium hydroxide, formaldehyde,
animal fat, or synthetic milk (Poonia et al. 2017).
However, a novel method of adulteration has
recently been described, leading to an apparent
improvement in the quality of raw cow’s milk.
Through artificial centrifugation, the globally
recognised indicator of milk hygienic quality, the
somatic cell count (SCC), is reduced. As a result
of this fraudulent practice, raw cow’s milk that
would otherwise fail to meet the SCC criteria
stipulated by Regulation (EC) No. 853/2004 of the
European Parliament and of the Council of April 29
(2004) can be placed on the market (European
Commission 2004). This is an unacceptable solu-
tion to possible problems with increased incidence,
especially subclinical mastitis in dairy herds. This
technology clearly violates the authenticity of raw
milk (Gwardys et al. 2025; Hanus et al. 2025).
The somatic cell count (SCC) is a key indica-
tor of the health of the mammary gland and the
hygienic quality of milk, and at the same time,
significantly affects its purchase price. Exceeding
legislative limits leads to financial sanctions or re-
jection of the raw material. This may motivate some
producers to use the aforementioned technologi-
cal or physical interventions aimed at reducing
the declared SCC without actual improving the
health of the herd. Such actions represent a specific
form of adulteration because a qualitative param-
eter that is essential for the safety and technologi-
cal quality of milk is manipulated. Similar to the
addition of milk from another animal species, this
form of adulteration can also have health and tech-
nological consequences. An increased SCC is often
associated with subclinical or clinical mastitis and
with changes in milk composition (higher enzyme
content, changes in protein fractions, poorer cheese
yield). Artificial reduction of SCC by centrifugation
can conceal the true health status of milk produc-
tion and allow the introduction of technologically
inferior or health-risk raw materials into the food
chain. Similarly, it is necessary to develop analyti-
cal approaches aimed at revealing manipulation
of the SCC, for example, by monitoring changes
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in enzymatic activity, protein spectrum, or physico-
chemical properties of milk after technological in-
tervention (Carmo et al. 2024; Gwardys et al. 2025).
Experience from the melamine incidents of 2007
and 2008 showed how far the ingenuity of fraud-
sters can go (Andel and Dlouhy 2009).

The spectrum of bioactive peptides that may oc-
cur naturally in milk or be produced through ar-
tificial modifications to milk’s structure is broad,
and studying it can provide a better understanding
of how milk functions. Milk and dairy products
are a significant source of peptides that may offer
nutritional benefits, but some secondary peptides
may also have undesirable effects. Changes that
have already been identified include, for example,
the partial breakdown of proteins during heat
treatment. The analysis of short and endogenous
peptides can be difficult, but this area can be ex-
plored using modern systems such as MALDI-TOF
MS or Mass Spectrometry. Detecting manipula-
tion of SCC is analytically more demanding than
standard SCC determination, but the integration
of multiple methods (e.g. including MALDI-TOF
MS followed by statistical analysis) can significantly
increase the number of detected samples with arti-
ficially reduced SCC and contribute to ensuring the
authenticity and safety of dairy products (Meltretter
et al. 2008; Capriotti et al. 2016; Punia et al. 2020).

The detection of milk adulteration using MALDI-
TOF MS is an advanced analytical approach that
relies on the detailed characterisation of the pro-
tein and peptide profiles of milk samples (Rysova
et al. 2022). MALDI-TOF MS is primarily used
to detect changes in the composition of major
protein fractions, such as caseins (ag;-, agy-, B-,
and k-casein) and whey proteins (p-lactoglobulin,
a-lactalbumin). Milk adulteration, such as the addi-
tion of milk from another animal species (e.g. goat
or sheep milk to cow’s milk), also leads to charac-
teristic changes in spectral profiles. Chemometrics
also plays an important role, where data from vari-
ous analytical methods are combined and evalu-
ated using multidimensional statistical models
(e.g. Principal Component Analysis, Partial Least-
Squares Discriminant Analysis), enabling more re-
liable identification of adulteration (Garcia et al.
2012; Calvano et al. 2013; Song et al. 2024; Roumani
et al. 2026).

The latest tool in the fight against milk adultera-
tion is the integration of artificial intelligence into
analytical methods for detecting fraud. Automated
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systems are already widely used, for example, in the
evaluation of spectra or chromatograms. The po-
tential of machine learning to identify specific dif-
ferences when analysing adulterated and genuine
samples represents another step that can be ap-
plied across analytical methods. The foundation lies
in creating a sufficiently large database of samples
with the required differences to serve as the basis
for machine recognition. The expansion of this
automation can increase the number of detected
counterfeits, primarily due to greater efficiency
and reduced staff requirements (Aqeel et al. 2025;
Khan et al. 2026).

This study aimed to evaluate the potential
of MALDI-TOF MS to detect the artificial reduc-
tion of somatic cell count in raw cow’s milk caused
by centrifugation and to identify peptide markers
associated with this form of adulteration.

MATERIAL AND METHODS

Collection of milk samples. During 2023 and
2024, raw milk samples were collected from four
dairy cow herds. The herds consisted of the two
predominant dairy breeds raised in the Czech
Republic, Holstein and Czech Fleckvieh, each rep-
resenting approximately 50% of the animals. Herd
sizes ranged from 100 to 400 cows. Milking on all
farms was carried out using machine milking sys-
tems. The cows were fed a total mixed ration, which
was supplemented with concentrate feed depend-
ing on the level of milk production. Some farms
also applied a seasonal grazing system. To account
for possible seasonal variation, milk samples were
collected throughout the year.

The samples were transported to the laboratory
under refrigerated conditions, maintaining a tem-
perature below 6 °C. For each sample, at least 30 1
of milk was available to perform the artificial cen-
trifugation described later. Altogether, 68 milk
samples were used for analysis. Two types of ba-
sic samples were obtained and prepared: i) orig-
inal samples (approx. 60%, number) — raw bulk
tank cow’s milk (herd of cows) with the assump-
tion of a normal SCC of up to 400 thousand/ml;
ii) modified samples (approx. 40%) based on raw
bulk tank cow’s milk (30—-70% by volume) with the
addition of selected individual milk with subclinical
mastitis (70-30% by volume), SCC above 600 thou-
sand/ml, to obtain the necessary variation range

of SCC in the set of control samples, for relevant
tests in the logic of the thesis topic.

SCC analysis. SCC was determined using two
analytical approaches: i) flow cytometry, in which
cell nuclei were stained with ethidium bromide
and analysed using a SomaCount 300 instrument
(Bentley Instruments, USA), and ii) a fluorescence-
based method, where DNA was stained with prop-
idium iodide and measured using a DeLaval Cell
Counter (DeLaval, Sweden). The final SCC value
was calculated as the arithmetic mean of the results
obtained from both methods.

Centrifugal treatment of milk samples. To re-
duce the SCC, all collected milk samples were sub-
jected to a centrifugation procedure. Before this
treatment, the entire set of 68 samples was classi-
fied as the Control group. From each 30 | sample,
a 11 portion was first taken for the SCC analysis
of untreated milk, while the remaining 29 1 were
processed by centrifugation to reduce SCC. After
this procedure, the processed milk samples were
categorised as the Adulterated group.

The SCC reduction was performed using a small
continuous-flow cream separator corresponding
to the original DeLaval separator design. The
centrifuge was equipped with a drum containing
12 plates and had a diameter of 100 mm. The sepa-
ration process was carried out under the following
operational conditions: milk temperature between
10 and 15 °C, rotational speed of 11 000 rpm, rela-
tive centrifugal force (RCF) of 3 500 x g, and a maxi-
mum centrifugal force at the outer radius of the
drum reaching 7 000 x g.

During centrifugation, a small amount of cream
(approximately 20 ml) was occasionally separat-
ed. In such cases, the cream fraction was returned
to the skimmed milk. This was done using a cross-
rule calculation to ensure that the fat content and
other major components of the centrifuged milk
corresponded to the original level of these com-
ponents measured in the Control group.

Milk sampling for MALDI TOF MS analy-
sis. After the artificial centrifugation, both
Control and Adulterated milk samples were ho-
mogenised, and a minimum of 2 ml was collected.
One millilitre was used for the main analysis. Samples
were transported at a temperature of <4 °C to prevent
the development of pathogenic microorganisms
or other physicochemical changes.

Sample preparation for MALDI-TOF MS anal-
ysis. The milk sample was prepared for analysis
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by MALDI-TOF MS using a standardised pro-
cedure. First, 1 ml of the sample was pipetted
into a centrifuge tube and centrifuged at a rela-
tive centrifugal force of 24 900 x g for 15 min
at 4 °C to effectively separate the milk fat. After
centrifugation, a representative fraction of the milk
plasma was collected and subsequently diluted
with ultrapure water in a ratio of 1 : 1 (v/v). The
mixture prepared in this way was homogenised
for 10 s using a laboratory homogeniser. When
processing a larger number of samples, dilution
could be carried out in microtiter plates. 1 pul of the
homogenised mixture was then applied to a clean
MALDI target plate and allowed to dry at labo-
ratory (room) temperature. After complete dry-
ing, the sample was covered with 1 pl of a suitable
matrix solution and allowed to dry again at room
temperature. Immediately after the matrix dried,
the MALDI plate was mounted in a steel carrier,
and mass spectra were acquired. Throughout the
entire sample preparation, laboratory safety rules
were strictly followed, and appropriate personal
protective equipment was used.

MALDI-TOF MS analysis. MALDI-TOF MS
analysis was performed using an Autoflex Speed
instrument (Bruker Daltonics) equipped with
a SmartBeamTM Il laser (355 nm) and flexControl
software (v3.4 Build 135, Bruker Daltonics). Two
linear positive methods with different mass ranges
and different spectral accumulation were devel-
oped and used for the measurements. Specifically,
the range 500—4 000 Da was measured. The molec-
ular weight protein method was measured with the
following parameters: IS1 19 890 V, IS2 18 450 V,
lens 6 000 V; 6 000 shots in 200 steps. Each milk
sample was measured in duplicate within a single
replicate. Bruker Bacterial Test Standard (Bruker
Daltonics) and Peptide Calibration Standard II
(Bruker Daltonics) were used to calibrate the meth-
od; the ppm error was 1-7. Both standards together
covered the entire measurement range from 500 Da
to 4 000 Da.

Spectrum processing. All spectra were au-
tomatically processed by flexAnalysis software
(Bruker Daltonics). The flexAnalysis software (Bru-
ker Daltonics) was utilised for the automated
evaluation of the acquired spectra. Initially, the
software identified and removed high-frequency
background noise and established a baseline for
each individual spectrum. Following this pre-pro-
cessing, the Sophisticated Numerical Annotation
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Procedure (SNAP) method was applied to detect
individual peaks. A specific threshold value was
determined by comparing the signal intensity to the
noise level, and a final peak list was generated for
further statistical analysis.

Statistical analysis. To verify the effectiveness
of adjusting the SCC, a graphic display was used.
For this analysis, all types of samples (n = 68) —
both Control and Adulterated — were used. The
degree of linear dependence between peak area
and SCC was analysed using Pearson’s correla-
tion coefficient. Statistical significance was tested
at the o = 0.05 level. The strength of the observed
relationship was interpreted based on the absolute
value of the coefficient as follows:

+ 0.00-0.19 = Very weak
+ 0.20-0.39 = Weak

+ 0.40-0.59 = Moderate

» 0.60-0.79 = Strong

+ 0.80-1.00 = Very strong

If the coefficient is positive, the correlation is di-
rect; if it is negative, the correlation is inverse. The
statistical analysis was performed by a special script
based on the Python programming language to gen-
erate Excel results tables. This created program was
used for data sorting and statistical results.

RESULTS AND DISCUSSION

The evaluation of the study began with an assess-
ment of the centrifugation system’s effectiveness
in removing somatic cells. The SCC results for all
samples can be found in Supplementary Table 1.
A comparison of the results for the control and
adulterated samples can be found in Figures 1 and 2.
Figure 1 shows all samples (control and spiked)
along with their SCC. Figure 2 shows the distribu-
tion test for all samples. The average percentage
decrease in SCC for all pairs is 45.9 + 11.6%. Similar
efficacy was achieved by (Carmo et al. 2024), where
a 55% decrease in SCC was observed after cen-
trifugation.

The next step involved analysing the obtained
spectra from various angles. First, all peaks (i.e. in-
dividual peptides) were detected in all samples
[results available in Electronic Supplementary
Materials (ESM), files 2 and 3]. Values from this da-
tabase were used for the subsequent search for dif-
ferences between control and adulterated samples.
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First, the results were examined for specific
peaks for a single group of samples (results avail-
able in ESM, file 4). It was found that none of the
peaks were characteristic of only one group of sam-
ples. For this reason, we compared peak sizes be-
tween the control and adulterated samples. Here,
we achieved certain results. When considering the
greatest possible representation of peaks across
as many samples as possible, it is worth noting the
901 Da peptide, where a 41% decrease in content
was observed in the adulterated sample compared
to the control. A similarly significant result can
be seen in the 1 768 Da compound, which shows
an increase of just under 29%. In both cases, the
literature agrees on the nature of these peptides.
The 901 Da compound is most likely a peptide
fragment of one of the milk casein proteins, while
the 1 768 Da peak is apparently one of the intact
proteins of the casein fraction (Wolk et al. 2020;
Zenk et al. 2024). Overall, these results suggest
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Figure 1. Differences in sam-
ples before and after adultera-
tion using centrifugation

Figure 2. Test of sample distri-
bution before and after cen-
trifugation

that monitoring changes in the quantitative com-
position of peptides is more suitable for detecting
adulteration than simply detecting their presence.
The identified differences could serve as potential
indicators of adulteration; however, for their reli-
able use, it would be necessary to verify their repro-
ducibility on a larger sample set and to supplement
the identification of specific peptide sequences.
Due to the lack of statistically significant differ-
ences between the groups being compared, it was
decided to take a different approach. The mass
spectra were statistically evaluated based on the
SCC in the sample, rather than solely on group
affiliation. Peaks that had already been detected
and their areas entered into the database were
compared with changes in SCC using correlation
analysis. This approach yielded significantly clearer
and more verifiable results. Table 1 presents a cor-
relation analysis of the peaks as a function of chang-
es in SCC. The colour scale in the table denotes
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the correlation strength between SCC and peak
area, while the number of samples containing the
peak provides another key piece of information.
Relevant differences in relation to SCC were evalu-
ated by combining the correlation coefficient with
the proportion of samples exhibiting each peak.

No peaks were identified that were unique
to a single group of samples, which is consistent
with findings in the field of peptidomics. Milk
peptide profiles are highly complex, and indi-
vidual peptides commonly occur across different
sample types, with differences manifesting more
in their relative abundance than in their presence
or absence (Dallas et al. 2014a; Khaldi et al. 2014;
Valletta et al. 2021).

The highest positive correlations were achieved
for peptides with m/z around 2 922 Da (n = 117;
r=0.69), which were also present in a large number
of samples, and the correlation can be described
as strong. These peptides can be considered poten-
tially robust markers of the monitored parameter.
Similar mass ranges have been described as typical
for casein fragments formed by enzymatic prote-
olysis during milk processing. Proteolytic cleavage
of caseins (especially B- and ag;-casein) leads to the
formation of a wide spectrum of peptides with vari-
ous molecular weights, with the 2 000-3 000 Da
range being particularly common (Ning et al. 2022;
Meleti et al. 2025).

Another significant finding is the high number
of peaks with lower correlation coefficients, de-
scribed as moderate, such asm/z 1768 Da (n = 133;
r=0.51) or 901 Da (n = 118; r = 0.49). These pep-
tides can be considered part of the so-called “core
peptidome,’ i.e. a group of peptides commonly pres-
ent in most milk samples (Dallas et al. 2013; Dallas
et al. 2014b; Weber et al. 2025). Peptides in this
mass range (approx. 800-2 000 Da) correspond
to short sequences of approximately 7-16 amino
acids and are primarily formed by enzymatic cleav-
age of caseins (Nielsen et al. 2024). Changes in their
intensity may be caused by differences in enzymatic
activity, processing methods, or the presence of for-
eign components in the samples.

Conversely, peaks with low frequency of occur-
rence have limited informative value, even though
they may achieve relatively higher correlations.
A low number of detections increases the likeli-
hood of statistical randomness and limits their use
as reliable markers. This phenomenon is commonly
described in peptidomic studies, where variability

between samples and the sensitivity of analytical
methods play a crucial role (Guerrero et al. 2014).

Another interesting aspect is the presence of neg-
ative correlations for some peaks (m/z 2 507 Da,
r = -0.12), which may indicate a decrease in the
concentration of these peptides as SCC values
increase. This trend may be associated with their
further degradation or conversion into smaller
fragments as a result of ongoing proteolysis (Meleti
et al. 2025). The dynamics of peptide formation and
degradation are, in fact, highly complex in dairy
systems and depend on the activity of endogenous
enzymes such as plasmin or cathepsins.

Overall, the results confirm that distinguishing
between samples should not rely on the presence
of specific peaks, but rather on quantitative chang-
es in their intensity. This approach is widely used
in peptidomics, where relative changes in peptide
abundance serve as a key tool for identifying chang-
es in the system during the SCC centrifugation.

CONCLUSION

The present study confirmed that technological
manipulation of raw cow’s milk through centrifuga-
tion represents an effective yet illegitimate method
of artificially reducing the SCC, which directly
compromises the authenticity and declared health
quality of the raw material. Experimental data dem-
onstrated that this process leads to a significant de-
crease in SCC by an average of 45.9 £ 11.6%, which
may mask subclinical mastitis in herds and result
in the introduction of technologically inferior milk
into the food chain.

In this context, the use of MALDI-TOF MS has
proven to be an effective tool for characterising
changes in the peptide and protein profile of milk.
The results of spectral analysis in the 500—4 000 Da
range suggest that the detection of this form
of adulteration cannot be based on the identifica-
tion of unique peaks. However, the decisive factor
for distinguishing adulterated milk is quantitative
changes in the intensity of specific peaks.

The key scientific contribution of this study
is the identification of peptides with m/z values
in the 2 922 Da range, which show a strong positive
correlation (r = 0.69) with changes in SCC and are
consistently present in a large number of samples
(n = 117), making them robust analytical markers.
These fragments, likely arising from the proteo-
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lytic cleavage of casein fractions, complement other
significant correlations at the 1 768 Da (r = 0.51)
and 901 Da (r = 0.49) peaks. The observed dynam-
ics of changes in the intensity of these peptides
suggest that centrifugation selectively affects the
distribution of low-molecular-weight nitrogenous
compounds in milk plasma.

In conclusion, the MALDI-TOF MS method
with statistical analysis represents a promising
approach for identifying changes in milk pepti-
dome associated with variations in SCC, including
those induced by technological manipulation. For
future application in routine laboratory practice,
it is desirable to focus on the precise sequencing
of identified markers and the use of machine learn-
ing methods that would enable automated classifi-
cation of samples based on comprehensive spectral
fingerprinting.
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