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Abstract: The aim of the present study is to evaluate the potential of mid-infrared spectroscopy in
combination with two-dimensional correlation spectroscopy (2DCOS) and partial least squares dis-
criminant analysis (PLS-DA) to monitor molecular structure evolution of milk mixtures of two species
(cow and camel) during enzymatic coagulation. Molecular structure changes and texture characteris-
tics were investigated on five different milk formulations by mixing camel milk (CaM) and cow milk
(CM) (i.e., CaM, CaM3:CM1, CaM1:CM1, CaM1:CM3, and CM, (v/v)). Regarding MIR spectroscopy,
two spectral regions were considered to monitor milk coagulation, the fatty acid acyl-chain region
(3000–2800 cm−1) and the protein region (1700–1500 cm−1). Different formulation dissimilarities were
revealed through the synchronous 2DCOS spectra and their respective auto-peaks. Moreover, using
the cross-peak symbols of the synchronous and asynchronous spectra helps to establish the sequence
of molecular structure modifications during coagulation. Finally, the analysis of the 2DCOS-MIR
synchronous and asynchronous maps by PLS-DA gave good discriminant accuracy (88 to 100%)
between each formulation. Those results highlighted that different synchronous and asynchronous
chemical phenomena occurred during milk coagulation depending on the milk formulation. Texture
attributes were influenced by camel milk ratio in mixtures based on the initial composition of milks.
Samples containing more than 50% of CM showed significantly higher hardness compared to pure
CaM and CaM3:CM; however, CM gel displayed lower springiness contrary to CaM. Textural charac-
teristics of the resulted gels also confirmed that 2DCOS MIR observations are consistent with textural
observations of the gels obtained after milk mixtures coagulation.

Keywords: milk; mixture; spectroscopy; mid-infrared; texture; TPA; 2DCOS; PLS-DA

1. Introduction

Camel milk (CaM) represents the main food source in many parts of the world, espe-
cially for people living in arid and semi-arid areas. It is generally consumed either in raw
or fermented form. Over the last decades, the interest in CaM has increased [1] and has
attracted the attention of several researchers [2–5]. This interest is mostly associated with
its nutritional composition and benefits for human health. This milk presents a high level
of minerals (e.g., K+, Cu2+, and Mn2+), vitamin C, and low cholesterol content when com-
pared to bovine milk. It contains also essential polyunsaturated fatty acids (e.g., linolenic,
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palmitinic, and myristic), various bacteriostatic enzymes (e.g., lysozyme), protective pro-
teins (e.g., lactoferrin, lactoperoxidase, and immunoglobulins) [2,6–9], potential therapeutic
properties, such as antidiabetic, antibacterial, and anticarcinogenic [3,10,11].

Unlike cow milk, obtaining satisfactory cheese products from CaM is reported to be
challenging. This is principally assigned to its low concentration of κ-casein, the small
size of the fat globules, as well as a high content of antimicrobial factors [12,13]. In order
to increase the consumption of this milk and to allow consumers and dairy companies to
benefit from its nutritional qualities and advantages, mixing CaM to bovine milk constitutes
an interesting opportunity to diversify the dairy market and to improve the nutritional,
physicochemical, and sensory properties of available dairy products [14–17].

Most of dairy products making requires good management of milk coagulation, a
process mainly based on a series of chemical, physicochemical modifications, and mi-
crobiological activities resulting in a gel formation. Moreover, the coagulation kinetics
and the structural aspects of protein-protein, protein-water, protein-lipid, and lipid-lipid
interactions determine the rheological properties of the gels and consequently the quality
features of the final cheese product [18]. Until now, the monitoring of curd formation
and the identification of curd cutting time were mainly managed by skilled operators by
controlling different process parameters, such as the vat temperature, the rennet activity,
the concentration of calcium salt concentration and pH [19]. These empirical and fastidious
monitoring strategies can result in failures in milk coagulation leading to decrease in cheese
quality and increase in food waste generally associated to economical loss.

Choosing a dairy product does not only depend on its quality but primarily on its
characteristics related to sensory acceptance, such as parameters that can be measured by
texture profile analysis (TPA) [20], which provides textural information such as hardness,
cohesiveness, adhesiveness, gumminess, springiness, and chewiness [21,22]. However, a
major inconvenience of mechanical techniques is their destructive aspect. To overcome this
condition, several studies have focused on modeling the relationship between destructive
and nondestructive techniques [23–26] to provide an alternative technology for the food
industry. Over the last decade, many researchers have been interested in non-destructive
methods such as mid-infrared spectroscopy (MIR) coupled with chemometric techniques
(e.g., principal components analysis), to investigate the molecular structure of milk and
dairy products [27–31]. The development of this technology for the rapid and simultaneous
measurement of molecular structure evolution and component interactions of milk mixtures
throughout coagulation can help dairy industries to predict the quality features of the final
product using chemometric tools.

Because of the high complexities of molecular structure modification of milk during
coagulation, most observed MIR bands cannot be simply and directly assigned to a single
structure change, and spectrum interpretation may be misleading. Therefore, in the present
paper, we proposed to use an original approach combining two-dimensional correlation
spectroscopy (2DCOS) and partial least squares discriminant analysis (PLS-DA) to delineate
molecular structure changes occurring during milk coagulation. 2DCOS is an analytical
technique that combines experimental design and data processing which was established
and generalized by Noda in 1986 and 1993, respectively [32,33], and it is very useful
to provide a high-resolution spectrum. Moreover, numerous chemometric tools can be
applied to build classification models, among them PLS-DA which is used to reduce the
dimensionality of spectral data, facilitate the extraction of valuable information, and could
allow the distinction between the different formulation samples during milk coagulation.

2. Materials and Methods
2.1. Milk Sampling and Coagulation

Milk sampling was performed for two years in 2019 and 2021. For each year, a volume
of 500 mL of fresh CaM was collected from a local dairy farm of 8 animals (Sahraoui
breed) located at Fez, Morocco. Concerning fresh cow milk (CM), in 2019 a volume of 1 L
was obtained from a local dairy farm of 30 animals (Holstein breed) located in Marmilhat,
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France. In 2021, cow milk was purchased from a local retail (label: Coeur de fermier) located
in Lempdes, France. This sampling was performed in order to increase the diversity of
the milk samples origin. For milk collected in farms, previously sterilized containers were
used. For each year, once arrived at the laboratory, milk samples were kept at −20 ◦C until
analysis. CaM was transported by plane to France in refrigerated condition using an icebox.
Before analysis milk samples were first thawed at 4 ◦C for 24 h, kept at room temperature
(~20 ◦C) for 20 min, and warmed to 40 ◦C (±1 ◦C) in a water bath. Different mixtures
containing different volume fractions of CaM and CM were prepared. The volume fractions
(%) of CaM in the different formulations were 100% (i.e., CaM), 75% (i.e., CaM3:CM1, v/v),
50% (i.e., CaM1:CM1, v/v), 25% (i.e., CaM1:CM3, v/v), and 0% (i.e., CM).

2.2. Physicochemical Composition of Milk Mixtures

The pH of the five milk mixtures was measured using a digital pH meter (Testo 205,
Testo, Germany). The pH meter was calibrated with standard buffer solutions of pH 4.0
and 7.0 (HANNA instruments). The average composition of milk mixtures was analyzed
via the Gerber method for fat, the Kjeldahl method for protein, the colorimetric method for
lactose, and dry matter by drying, according to their normative references, ISO 488:2008,
ISO 8968-1:2014, and ISO 26462:2010, respectively. The freezing point of milk samples was
determined according to the reference method using the thermistor cryoscope (Advanced
Cryoscope, Model 4D3, Advanced Instrument, Inc., Norwood, MA, USA). The result of the
freezing point was expressed in millicelsius according to the international standard [34].
All the analyses were made as the average of triplicate measurements.

2.3. Texture Profile Analysis

Texture profile analysis (TPA) was performed on milk after coagulation. Before mea-
surement, 5 µL of rennet was added to 20 mL of 40 ◦C preheated milk poured into a cup
(cylinder mold with 20 mm in diameter). The milk was maintained at 40 ◦C during the
coagulation process by a water bath for 115 min to ensure complete coagulation. The TPA
measurements were performed using the Kinexus pro+ (Malvern Instruments, Malvern,
UK) with an acrylic cylindrical probe presenting a 12.7 mm diameter and a 14 mm high
(reference: 04178C74E0). Before measurement, samples were held at 20 ◦C for 10 min with
the Peltier-heating element of the Kinexus pro+ device. The samples were then compressed
to 15% of their original height, using two compression cycles. Mechanical characteristics of
hardness, springiness, cohesiveness, and gumminess were selected from the two successive
uniaxial compression cycles of TPA as reported by Pons and Fiszman [35]. Each test was
performed in triplicate on each formulation.

2.4. Acquisition of Mid-Infrared Spectra during Coagulation

MIR spectra were recorded by using a Tensor II Series Fourier transform spectrometer
(Bruker, Billerica, MA, USA) mounted with a thermostated ATR ZnSe accessory (6 re-
flections, incident angle 45◦). Measurement range located between 3800 and 900 cm−1

has been considered in this study at a resolution of 4 cm−1. The spectra acquisition was
performed with the OPUS software version 7.5 (Bruker, Billerica, MA, USA). To improve the
signal-to-noise ratio, 32 scans were recorded per spectrum. Before spectral acquisition and
according to the manufacturer’s reference, 0.25 µL/mL of commercial rennet (CHY-MAX®

M—Chr. Hansen) was added to the 10 mL of milk mixtures (CaM, CaM3:CM1, CaM1:CM1,
CaM1:CM3 and CM (v/v)) previously heated at 40 ◦C. After gentle mixing by hand (10 s),
milk was immediately deposited on a ZnSe ATR accessory warmed at 40 ◦C. The tempera-
ture was maintained during the coagulation experiment by using a Specac temperature
controller series 4000 (Eurolabo, Paris, France). During coagulation, the MIR spectra were
recorded on the same sample formulation each 5 min for 115 min (i.e., giving a total of
24 spectra). Three replicates were performed per formulation. The spectra were subjected
to smoothing by the savgol algorithm (polynomial order: 2, sliding: 11-point spectral
window) [36] and subjected to a Standard Normal Variate (SNV) correction by using the
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PLS toolbox 8.5.2 (Eigenvector Research, Manson, WA, USA) in MATLAB 8.0.0.783 (R2012b)
(The MathWorks, Natick, MA, USA).

2.5. Two-Dimensional Correlation Spectroscopy

The two-dimensional correlation spectroscopy-mid-infrared spectra (2DCOS-MIR)
were calculated after treatment of the collections of coagulation time-dependent dynamic
spectra using an in-house software program in MATLAB. The synchronous and asyn-
chronous 2DCOS spectra were calculated by the generalized 2DCOS algorithm after consid-
ering coagulation time (0 to 115 min) as the external perturbation. This technique provides
better resolution by simplifying the spectral data, allowing for more distinct band assign-
ments, and offering the potential to explore the sequential order of the measured intensity
changes [37]. As previously reported by Noda and Ozaki [37] and Boukria et al. [38], the
reference spectra were chosen as the average spectrum. The 2DCOS spectral intensities are
organized as a function of wavelength variables. The 2D map presents two orthogonal axes
that represent spectral variables, and the third one, normal to the plane, which exhibits the
intensity. In the 2DCOS map, the blue regions are defined as negative ones, while the red
regions are defined as positive correlation intensities. To highlight detailed differences that
can emerge from fat and proteins during coagulation, the 2DCOS analysis was performed
separately on two wavelength regions for the five different formulations. The regions
between 3000–2800 cm−1 (1) essentially associated to fatty acid acyl-chain vibrations and
the 1700–1500 cm−1 (2) usually used for protein structure studies.

2.6. Statistical Analysis

The Tukey test was performed to investigate significant difference (p < 0.05) between
means of the physicochemical properties on the one hand, and on the other, of the textural
properties of the five milk formulations (CaM, CaM3:CM1, CaM1:CM1, CaM1:CM3, and
CM (v/v)) using SPSS Statistics 26.0.0 (SPSS Armonk, NY: IBM Corp.) and Microsoft®

Office Excel 2013 (Microsoft Corporation, Santa Rosa, CA, USA). The mean difference
between auto-peak spectra intensity identified on the 2DCOS synchronous maps of milk
formulations was statistically evaluated by one-way analysis of variance (ANOVA) through
LSD test (p < 0.05) using Microsoft® Office Excel 2013 (Microsoft Corporation, Santa Rosa,
CA, USA).

2.7. Partial Least Square Discriminant Analysis

PLS-DA is a supervised classification method. The objective of the method is to
separate groups of individuals as best as possible. Its fundamental principle is to create
new variables Y, of dimension n × k, formed by the indicators of the groups where n and k
represent the number of individuals and groups, respectively.

For each MIR wavelength range cited above (1 and 2), the 2DCOS spectra calculated
on the five milk formulations (CaM, CaM3:CM1, CaM1:CM1, CaM1:CM3, and CM (v/v))
were concatenated to build a new 3D-2DCOS data cube. This data cube was then analyzed
by PLS-DA after unfolding. Before performing PLS-DA, data were split into two data sets.
The data recorded during the year 2019 (24 spectra × 5 milk mixtures × 3 repetitions) was
used for calibration and cross-validation steps (venetian blinds, number of data splits: 5)
and the samples analyzed in the year 2021 (24 spectra × 5 milk mixtures × 3 repetitions)
were used for external validation. The optimum number of PLS-DA factors was defined by
analyzing the percentage of validation error and the performance of each PLS-DA model
was evaluated after considering the sensitivity (Equation (1)), specificity (Equation (2)),
accuracy (Equation (3)), and error (Equation (4)) percentages:

Sensitivity =
True positive

True positive + False negative
(1)

Specificity =
True negative

True negative + False positive
(2)
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Accuracy =
True positive + True negative

True positive + True negative + False positive + False negative
(3)

Error =
False positive + False negative

True positive + True negative + False positive + False negative
(4)

3. Results and Discussion
3.1. Physicochemical Composition of Milk Mixtures

The average data of pH, fat, protein, lactose, dry matter, and freezing point obtained for
the five milk mixtures used in this study along with their statistical analysis are presented in
Table 1. Physicochemical analyses conducted on pure milks showed a significant difference
(p < 0.05) between pH values of CaM and CM (i.e., 6.45± 0.02 and 6.55± 0.02, respectively).
This finding agrees with that reported by Gorban and Izzeldin [39]. Moreover, the pH
showed a slight decrease when increasing the CaM ratio. CM had the highest content
of fat, protein, and dry matter, whereas CaM showed the lowest contents as noted by
Kamal, et al. [40]. Therefore, these later decreased significantly (p < 0.05) with increasing
the proportion of CaM into CM. However, increasing the CaM proportion in the mixture
reduced lactose and freezing point, of which the highest values occurred for pure CaM.
Thus, as expected, the composition of milk mixtures is clearly related to the ratio of CaM
and CM and their chemical and physicochemical characteristics.

Table 1. Physicochemical composition of the five milk mixtures.

Milk pH Fat
(mg/g) Protein (mg/g) Lactose (mg/g) Dry Matter

(mg/g)
Freezing Point

(m◦C)

CaM 6.45 ± 0.02 a 25.95 ± 0.06 a 29.32 ± 0.03 a 51.63 ± 0.04 d 107.24 ± 0.05 a −563.63 ± 0.03 a

CM 6.55 ± 0.02 c 38.03 ± 0.08 e 33.82 ± 0.03 e 49.49 ± 0.03 a 131.30 ± 0.05 e −539.46 ± 0.05 e

CaM1:CM1 6.51 ± 0.03 bc 32.28 ± 0.05 c 31.03 ± 0.06 c 50.05 ± 0.07 b 123.95 ± 0.05 c −555.08 ± 0.04 c

CaM3:CM1 6.48 ± 0.02 ab 31.26 ± 0.04 b 30.64 ± 0.03 b 51.14 ± 0.05 c 121.27 ± 0.05 b −561.55 ± 0.06 d

CaM1:CM3 6.52 ± 0.02 bc 36.32 ± 0.03 d 33.12 ± 0.03 d 49.94 ± 0.05 b 129.92 ± 0.04 d −552.48 ± 0.04 b

Values are means of 3 replicates with standard deviation. Different small letters (a, b, c, d, and e) represent
statistical differences (p < 0.05) between physicochemical parameters of camel milk (CaM), cow milk (CM) and
their mixtures (CaM3:CM1, CaM1:CM1, CaM1:CM3).

3.2. Texture Profile Analysis

Hardness, springiness, cohesiveness, and gumminess results were presented in Figure 1
showing how milk mixtures affected the texture profile of the four parameters. The re-
sults of the five formulations were compared between them for each parameter separately.
Concerning hardness, milk gels containing more than 50% of CM showed a significant
difference in hardness compared to pure CaM and CaM3:CM1. These results corrobo-
rated with Kamal-Eldin et al. [41] and Abdalla et al. [42] who observed that adding CaM
increase the weakness of the gel protein network. Concerning springiness, significant
differences (p-value < 0.05) were noted between pure CaM, CM, and gel containing both
milks (Figure 1). CaM gel presented the highest value of springiness indicating the springy
character of this gel compared to the other samples as reported by Abdalla et al. [42].
Cohesiveness showed significant variation between gel samples. It decreased significantly
when increasing the proportion of CaM in samples. CM gel indicated the highest value
compared to the others. These results contradicted those of Abdalla et al. [42], who noted
that there were no significant differences between mixtures. Gumminess displayed the
same behaviors and differences as for cohesiveness. Gels containing up to 75% of CaM
exhibited the lowest values of gumminess contrary to CM gel indicating the highest value.
Gumminess increased with decreasing CaM ratio in the formulation.
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Figure 1. TPA parameters (hardness, springiness, cohesiveness, and gumminess) of camel milk
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indicate significant differences for each parameter. In order to represent the different TPA parameters
on the same graph, hardness, springiness, cohesiveness and gumminess were multiplied by a factor
of 102, 10, 10, and 10, respectively.

The results highlighted that CaM and gel containing higher CaM content (CaM3:CM1)
fails to form a firm gel which may be due to low content of total solids, especially casein [43].
Moreover, CaM has smaller fat globules compared to CM which can contribute to the
decrease of the gel firmness [44]. Additionally, CM with smaller micelles forms a more
compact and harder gel network than CaM with bigger micelles [45–47]. This difference
could be attributed to the variation in the proportion of κ-casein since the micelle size
decreased with the increase of κ-casein proportion [48]. CaM micelles can affect the
coherence of the dominant para-casein network of CM, causing weak points in the matrix
and reducing the hardness.

CaM (lower-fat milk) would have a more homogeneous and connected network than
CM, with fewer structural inhomogeneities caused by the fat. This more connected structure
could be why CaM gel had higher springiness because fat breaks up the protein matrix and
plays the role of lubricant to provide smoothness and a softer texture [49].

The physicochemical and textural results show that the addition of CaM to CM
significantly affected the texture properties of the final product. However, how the CaM
and CM micelles interact and fuse to form a coherent matrix remains unclear and requires
further investigation using advanced techniques, like MIR spectroscopy. These techniques
could provide additional information to characterize structural changes at the molecular
level during milk coagulation and their relationship with the final product texture.

3.3. One-Dimensional Description of the MIR Spectra

The MIR spectra of CM during coagulation are shown in Figure 2. MIR spectra
exhibited different wavelength bands. The first one between 3800–3000 cm−1 is associated
with strong O-H stretching vibrations. The second one from 3000–2800 cm−1 is assigned to
C-H stretching of fatty acid [50]. The third one from 1700–1500 cm−1 is generally related
to peptide and protein vibrations [51]. The fourth region from 1500–900 cm−1 is usually
associated with C-H, C-O-H bending, C-O, C-C, and P=O stretching which is reported as
the fingerprint region [52,53].
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CM milk coagulation significantly changed the intensities and the shapes of MIR
spectra (Figure 2). As coagulation time increased from 0 to 115 min, the intensity of the
broad water band (3800–3000 cm−1) decreased, which is associated to the interaction of free
water with other components, such as proteins [54]. However, the remaining wavelength
ranges showed an increase in intensity. The region between 3000–2800 cm−1 was dominated
by two bands at 2921 and 2854 cm−1, which may be attributed to the variation in the
physical characteristics of triglycerides in fat globules [30,55]. These changes can certainly
be assigned to modifications of the molecular environment of fat globules due to the
development of the protein matrix that wrapped them during coagulation [56]. The band
observed around 1650 cm−1 is generally assigned to amide I, which is classically used to
investigate the secondary structures of proteins, while the variations around 1607 cm−1 are
linked to protein aggregation [57]. The absorption band at 1540 cm−1 is attributed to amide
II [52]. The changes in intensities related to proteins (1700–1500 cm−1) can be assigned to
protein/water interaction and to the modification of casein structure due to proteolytic
activity and their rearrangement due to the coagulation process [31,51,58]. Regarding
the fingerprint range, the intensity of bands around 1500 to 900 cm−1 increased during
coagulation. The band located at 950 cm−1 is related to unsaturated fatty acids, based
on the CH out-of-plane deformation [59]. The bands at about 1050, 1100, 1150, 1220, and
1300 cm−1 are linked to the absorbance of phosphate in milk [52,60]. Moreover, the shape
of the peak at about 1050 cm−1 is sharpened.

Spectra of the five milk formulations (CaM, CaM3:CM1, CaM1:CM1, CaM1:CM3,
and CM (v/v)) at time 0 and 115 min are presented in Figure 3a,b, respectively. The
shape of the MIR spectra (Figure 3a) recorded at time 0 min is almost the same between
milk formulations with small differences between 3800–3000 and 1500–900 cm−1. These
differences could be related to differences between CaM and CM compositions cited
above [15]. However, sensitive changes in intensities and shapes of MIR spectral bands
were observed between milk formulations at the end of the coagulation time (i.e., 115 min).
Although these differences may be attributed to the physicochemical characteristics (Table 1)
of the initial mixed milk. This can highlight differences in the structure of milk gels obtained
at the end of the coagulation as confirmed by the texture profile of the gel (Figure 2). Despite
bands assignment to vibrational molecules, direct observation of 1-D spectral data did not
allow a deeper analysis of the effects of coagulation time and milk formulations on spectral
changes. Therefore, 2DCOS and PLS-DA were used to more deeply analyze the differences
between milk formulations during the coagulation process especially in the fat and proteins
spectral ranges.
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Figure 3. Spectra of different mixtures of camel milk (CaM) and cow milk (CM) at time (a) 0 min and
(b) 115 min. Milk formulations are noted as follow: CaM, 3CaM:1CM, 1CaM:1CM, 1CaM:3CM, and
CM (v/v).

3.4. Two-Dimensional MIR Spectra Analysis

2DCOS (Figures 4 and 5) method is very informative to identify sequential and out-
of-phase physicochemical variations. The synchronous 2DCOS map is characterized by
auto-peaks and cross-peaks. The auto-peaks were used in the present study to identify the
autocorrelation intensity changes of the functional group, while the cross-peaks observed
in the synchronous map are highlighting intermolecular or intramolecular interaction [61]
observed during coagulation time. The asynchronous map is characterized by cross-peaks.
Those peaks identify the phase of spectral intensity signal that corresponded to two different
wavelengths, so they could contribute to distinguishing overlapping peaks of different
components [62].
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A global overview of the 2DCOS maps (Figures 3 and 4), suggested some differences
between the five milk formulations during coagulation related to the width, intensity,
position, and presence or absence of bands. These differences were both noted in the
synchronous and asynchronous maps suggesting coincidental and not straightforward
sequence (delayed or accelerated) of physicochemical events during milk coagulation.
According to Noda’s rule, the sequence of the spectral intensity variations at variables υ1
and υ2 can be determined based on the sign of the cross peaks at variables υ1 and υ2 in
both synchronous and asynchronous 2DCOS-MIR maps. Changes in band intensity at
υ1 occur before υ2 when the same signs are observed in synchronous and asynchronous
cross-peaks; however, the intensity change in υ2 occurs before υ1 when opposite signs are
noted [63].
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The region of 1700–1500 cm−1 was selected to produce 2DCOS spectra (Figure 4a,b),
which makes the synchronous and asynchronous spectra exhibit specific protein changes.
Hence, the synchronous spectra of CaM, CM, and their mixtures highlighted three auto-
peaks with different intensities, two strong peaks located at 1540 and 1700 cm−1 and a weak
one at 1607 cm−1. Off-diagonal peaks in the synchronous map of the five formulations
displayed a negative sign at (1540, 1607 cm−1) and (1540, 1700 cm−1) and a positive one at
(1607, 1700 cm−1). Moreover, the synchronous map of samples containing CaM presented
a weak negative peak at (1650, 1700 cm−1), those containing up to 75% of CaM showed
a negative peak at (1607, 1650 cm−1), although CaM and CaM1:CM1 samples revealed a
positive cross-peak at (1540, 1650 cm−1). These differences between formulations during
coagulation could be related to protein content, casein structures, and their concentrations
in the initial milks.

Regarding the auto-peak intensities, no significant differences between milk samples
(p < 0.05) could be observed for peaks located at 1540, 1607, 1700 cm−1 (Figure 6a). However,
the peak centered at 1650 cm−1 associated to α-helix vibration [64] presented significant
differences between CM and samples containing at least 50% CaM (CaM, CaM1:CM1, and
CaM3:CM1). These results highlight differences in the casein aggregation and therefore
casein secondary structure and interactions (e.g., protein–protein and protein–water) during
milk coagulation [31,51] for milk formulation containing more than 50% of CaM when
compared to CM [65].

The asynchronous map displayed six main cross-peaks above the diagonal, two
positive peaks at (1540, 1650 cm−1) and (1607, 1700 cm−1) and four negative ones at (1540,
1607 cm−1), (1540, 1700 cm−1), (1607, 1650 cm−1), and (1650, 1700 cm−1). 1607, 1650,
and 1700 cm−1 are associated to the amide I band vibration of proteins. The 1607 cm−1

is associated to the intermolecular β-sheet [66], the 1650 cm−1 is associated to α-helix
vibration [64] and the 1700 cm−1 can be assigned to the turn structure of proteins [67–69].
The 1540 cm−1 can be related to the amide II vibration that is considered more complex
than the amide I for secondary structure assignment [51,58].

The different signs of synchronous and asynchronous cross-peaks are presented
in Table 2. According to Noda’s theory, the change order of the main four peaks is
1540 cm−1 > 1607 cm−1 > 1650 cm−1 > 1700 cm−1. We hypothesized that changes in those
bands can be associated to the physicochemical events occurring during the coagulation of
milk by chymosin. This sequence relied on structural modifications in the protein region
which presented information on the proteins and on the interaction that this latter can
develop with other components, such as ions, water, and other proteins [51].
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Table 2. The results of 2DCOS analysis of MIR spectra in protein region during milk coagulation:
peak assignments and the signs of the cross-peaks in synchronous spectra and asynchronous spectra
(shown in bracket).

Peak Position (cm−1) 1540 cm−1 1607 cm−1 1650 cm−1 1700 cm−1

1540 cm−1 + −
(−)

+
(+)

−
(−)

1607 cm−1 + −
(−)

+
(+)

1650 cm−1 + −
(−)

1700 cm−1 +

The 1540 cm−1 band modification, describing amide II vibrations, can be related to
enzymatic cleavage of the surface κ-caseins of casein micelles [70], which can be associated
to the modification of the casein micelle hydration. Indeed, this band is very sensitive to
protein hydration due to the high contribution of the N-H bending (40–60% of the potential
energy) [71]. The peak at 1607 cm−1 may be linked to the swelling of the micelles and
the dissociation of caseins [72]. When the hydrolysis of κ-caseins was considerable, the
micelle aggregation started allowing the formation of a gel. The band located at 1650 cm−1,
associated to α-helix vibration, revealed the changes in the secondary structure of milk
proteins [69]. The 1700 cm−1 peak can be attributed to the modification of the protein-
protein interaction [73].

Figure 5a,b presented the 2DCOS synchronous maps and their respective auto-peak
spectra calculated on the MIR region (3000–2800 cm−1) region mainly associated to acyl-
chain fatty acids. The CM and CaM presented two common auto-peak at 3000 cm−1

(stretching symmetric vibration of C-H of cis double bonds =CH), 2921 cm−1 (symmet-
ric stretching vibration of methylene groups -CH2-), and one specific band located at
2854 cm−1 (asymmetric stretching of methylene groups -CH2-) for CaM and 2876 cm−1
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(CH3 symmetric stretching vibration) [74,75] for CM. Those two auto-peaks were also
observed during the coagulation of the milk mixtures (i.e., CaM1:CM1, CaM3:CM1, and
CaM1:CM3) that exhibited four auto-peaks. Significant differences (p-value < 0.05) in
auto-peak intensities were noted between milk samples (Figure 6). For example, the auto-
peak located at 3000 cm−1 highlighted a difference in intensities between CM and CaM,
CaM1:CM1. CM showed significant differences in intensity compared to the formulation
containing more than 50% of CaM at 2921 and 2854 cm−1. However, the auto-peak centered
at 2876 cm−1 indicated no significant difference between CM and the other formulations.

In the synchronous map, different cross-peaks can be observed. The cross-peak at
(2854 and 2921 cm−1) is positive suggesting a variation of absorbance intensity of those
two peaks in the same direction during coagulation. While the opposite was noted between
the peak cluster located between 2850–2950 cm−1 and the 3000 cm−1 peak.

Regarding the asynchronous spectra, all the five formulations displayed two negative
cross peaks located at (2876, 2921 cm−1) and (2800, 3000 cm−1) with different intensities in
addition to a broad positive peak located at (2854, 2921 cm−1).

The different signs of synchronous and asynchronous cross-peaks (Table 3) lead to
the sequence of structural modifications in the fatty acid acyl-chain region following the
order of 3000 cm−1 > 2854 cm−1 > 2921 cm−1 > 2876 cm−1. Several factors, such as fatty
acid compositions, native milk fat globule size, level of fat, and properties of fat globule
membrane materials, can influence various properties of cheese. It is known that the
average size of fat globules from CaM is smaller than that from CM [44,76] and that this
can influence the fat globule and casein interactions [77] and therefore the kinetic of milk
fat bands modification during milk coagulation which affects the texture properties of the
final product.

Table 3. The results of 2DCOS analysis of MIR spectra in fatty acid acyl-chain region during milk coag-
ulation: peak assignments and the signs of the cross-peaks in synchronous spectra and asynchronous
spectra (shown in bracket).

Peak Position (cm−1) 2854 cm−1 2876 cm−1 2921 cm−1 3000 cm−1

2854 cm−1 + +
(+)

+
(+)

−
(+)

2876 cm−1 + +
(−)

−
(+)

2921 cm−1 + +
(−)

3000 cm−1 +

3.5. PLS-DA Applied to 2DCOS Maps

In order to highlight if differences identified by synchronous and asynchronous maps
can discriminate samples during coagulation 2DCOS maps were analyzed by PLS-DA.
The performance of the PLS-DA models was evaluated in terms of qualitative analytical
validation, such as sensitivity, specificity, accuracy, and error. Sensitivity presents the
ability of the model to classify samples belonging to a particular class. If all samples are
correctly classified by the model into a given class, then that class sensitivity is equal
to 100%. Moreover, specificity refers to the incorrect prediction of validation samples
of other classes within a particular class. Therefore, if the model has no error in the
prediction of a sample, this model has a specificity equal to 100%. The accuracy is the
proportion of correct classification, independent of the class. Regarding the synchronous
maps, 2DCOS models associated to protein and fat wavelength ranges give high quality for
both calibration and prediction steps (Table 4). Those two models presented no error (0%)
and a value of 100% for sensitivity, specificity, and accuracy whatever the milk formulations.
Whatever the milk formulation, when considering asynchronous spectra for protein range
values of 100% for sensitivity, specificity, and accuracy and an error of 0% when obtained
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for both calibration and prediction sets. For the fat range, a decrease in the quality of
prediction was noted with an increase in the mean error to 13% and a decrease in sensitivity,
specificity, and accuracy to respectively 80, 95, and 88%. Those observations suggested
that synchronous and asynchronous 2DCOS maps of protein modification provided the
best result for classification accuracy during coagulation. These results suggested that
synchronous and asynchronous physicochemical events occurring during milk coagulation
are sufficiently different to discriminate milk depending on their formulation. Furthermore,
these findings can rely on differences in CaM and CM composition. CaM caseins are
characterized by different proteins proportions when compared to CM. For instance, CaM
has higher β-casein amounts and lower κ-casein and αS1-casein amounts than those of
CM [78]. CaM is reported to be totally devoid of the β-lactoglobulin which is the major whey
protein of CM, while for CaM, the α-lactalbumin is the main whey protein [79,80]. Moreover,
CaM fat contains a higher number of fatty acids with a long chain and a lower quantity of
short-chain fatty acids when compared to CM. Additionally, it contains more unsaturated
fatty acids than CM, especially essential and polyunsaturated fatty acids [81,82]. All these
differences in protein and fat composition between CaM and CM could be useful indications
of the differences noticed between milk formulations leading to various physicochemical
phenomena that occur during the milk coagulation process.

Table 4. PLS DA models of the five formulations in fatty acid acyl-chain region and protein regions
of synchronous and asynchronous spectra.

Wavelength
Range

Synchronous Asynchronous
Sensitivity

(%)
Specificity

(%)
Accuracy

(%) Error (%) Sensitivity
(%)

Specificity
(%)

Accuracy
(%) Error (%)

Cal Pr Cal Pr Cal Pr Cal Pr Cal Pr Cal Pr Cal Pr Cal Pr

Protein region
(1700–1500 cm−1)

CM 100 100 100 100 100 100 0 0 100 100 100 100 100 100 0 0
CaM 100 100 100 100 100 100 0 0 100 100 100 100 100 100 0 0

CaM1CM1 100 100 100 100 100 100 0 0 100 100 100 100 100 100 0 0
CaM1CM3 100 100 100 100 100 100 0 0 100 100 100 100 100 100 0 0
CaM3CM1 100 100 100 100 100 100 0 0 100 100 100 100 100 100 0 0

mean 100 100 100 100 100 100 0 0 100 100 100 100 100 100 0 0
SD 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

CM 100 100 100 100 100 100 0 0 100 100 100 75 100 88 0 13

Fatty acid acyl-chain
region

(3000–2800 cm−1)

CaM 100 100 100 100 100 100 0 0 100 0 100 100 100 50 0 50
CaM1CM1 100 100 100 100 100 100 0 0 100 100 100 100 100 100 0 0
CaM1CM3 100 100 100 100 100 100 0 0 100 100 100 100 100 100 0 0
CaM3CM1 100 100 100 100 100 100 0 0 100 100 100 100 100 100 0 0

mean 100 100 100 100 100 100 0 0 100 80 100 95 100 88 0 13
SD 0 0 0 0 0 0 0 0 0 45 0 11 0 22 0 22

Abbreviations: CaM: camel milk; CM: cow milk; WR: wavelength range; Cal: calibration; Pr: prediction; SD:
standard deviation.

4. Conclusions

This study showed the efficacy of 2D-COS MIR spectra analysis to monitor sequential
and out-of-phase physicochemical modifications observed during milk coagulation. The
proposed strategy is seen to be beneficial in improving the accuracy of discriminant analysis
for various samples since its values reached the complete score of 100% for the protein
region and 88% for the fat region. In addition, according to the cross-peak symbols in
the synchronous spectrum and asynchronous spectrum, the response speed of molecular
structure modifications is in accordance with the common milk coagulation process gener-
ally observed in enzymatic coagulation, hydrolysis of κ-casein, destabilization of casein
micelles, and aggregation. It is found that the addition of CaM had a substantial influence
on the textural characteristics of the resulted gels confirming that 2DCOS MIR observations
are consistent with textural observations of the gels obtained after milk mixtures coagu-
lation. Therefore, this research yielded a promising methodology to monitor structural
modifications at the molecular and macroscopic levels and to discriminate milk mixtures
during coagulation through MIR spectroscopy.
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