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Abstract

:

For the first time, High-Resolution Magic Angle Nuclear Magnetic Resonance spectroscopy (NMR-HRMAS) was applied to directly identify specific metabolites from a Spanish raw ewe’s milk and enzymatic coagulation pressed-curd cheese (Protected Geographical Indication: Castellano) manufactured by two procedures (traditional/artisanal vs. industrial) and including the ewe’s raw milk. The NMR parameters were optimized to study the complex matrixes of this type of cheese. In addition, conventional overcrowded 1H-NMR-HRMAS spectra were selectively simplified by a Carr–Purcell–Meiboom–Gill (CPMG) sequence or a stimulated echo pulse sequence by bipolar gradients (DIFF), thus modulating spin–spin relaxation times and diffusion of molecular components, respectively. 1H-NMR-HRMAS spectroscopy displayed important information about cheese metabolites, which can be associated with different manufacturing processes (industrial vs. traditional) and ripening times (from 2 to 90 days). These results support that this spectroscopy is a useful technique to monitor the ripening process, from raw milk to commercial ripened cheese, using a minimum intact sample, implying the absence of time-consuming sample pretreatments.
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1. Introduction


Nuclear magnetic resonance (NMR) spectroscopy is a fast and accurate alternative for the study of biological matrices. This technique, thanks to the High-Resolution Magic Angle Spinning (HRMAS) probe, allows direct analysis of semi-solid samples and high-resolution spectra. 1H-NMR-HRMAS provides, in a single experiment, both fat-soluble and water-soluble compounds present in each sample, without the need for prior manipulation, which reduces analysis time and avoids possible losses or contamination derived from extraction and separation procedures. This technique requires small amounts of sample for the analysis, about 15 mg, which will depend on the size of the rotor, which allows, in heterogeneous systems, the study of each of the portions that make it up or analyze different parts of the same sample that provide information on the dispersion of its composition [1].



In the last decade, the 1H-NMR HRMAS technique has been applied to the study of different food matrices, including different types of cheese, such as Mozzarella [2] or Fiore Sardo [3], meat [4] and meat products [5], fish [6], tomato [7], citrus fruits [8], peppers [9], garlic [10], and even microalgae [11].



Ewe’s milk cheeses are highly valued for their quality and nutritional profile as well as for their flavor, including nuances from mild and sweet to strong and sharp, depending on the type of processing and the region of origin [12,13]. In general, ewe milk is characterized by a higher fat and protein content than cow milk [14,15], which contributes to the richness and creaminess of these cheeses. There is a considerable variety of this type of cheese that has been an integral part of the diet of rural communities in regions such as the Mediterranean area, Spain and Portugal, and South America. The artisanal methods to make ewe’s milk cheeses have been passed down from generation to generation. The production process involves milk coagulation, followed by curd formation, cutting curd, and ripening in caves, cellars or ripening chambers, depending on the variety. Among the best-known sheep cheeses are Pecorino Romano from Italy, the blue cheese produced in Roquefort-sur-Soulzon, France, and Feta from Greece [13].



In Spain, several enzymatic coagulation pressed-curd sheep cheeses are produced including the Manchego cheese (with Protected Designation of Origin, PDO, REGULATION (EC) 1107/96) [16], which is internationally known and has been widely studied. However, Castellano cheese (with recent Protected Geographical Indication, PGI, REGULATION (EU) 2020/247) [17] has a firm texture and mild flavor and is highly valued by consumers, but only a few relevant studies have been carried out on its microbiota, volatile compound profile, texture, and other sensory characteristics [13,15].



More specifically, sheep Castellano cheese (CL) is produced in the north-western region of Spain (Castilla y León), from ewe’s milk (Chura and Castellana breeds), and either traditionally (artisanal) or industrially produced. Traditional (T) cheese is manufactured from raw milk in small local cheeseries. In contrast, industrial (I) cheese is manufactured either from raw or pasteurized milk at a factory level, thus implying strictly controlled manufacturing conditions. For T-CL, ovine rennet is used.



The composition of different types of cheese (Manchego, Roncal, Idiazábal, Cheddar, Dubliner, Zamorano) has been already studied by analytical techniques such as high-performance liquid (HPLC), gas (GC) or ionic chromatography, and by mass spectrometry [18,19,20]. Most of these analyses were focused on a determined group of compounds and required a sample pre-treatment, sometimes long and tedious extraction procedures, not avoiding the risk of sample alteration. Nowadays, environment-friendly approaches are mandatory, thus implying a reduction in waste and consumption of solvents, reagents, and time. Enabling analyses on intact samples, HRMAS NMR spectroscopy has emerged as an innovative analytical technique for semi-solid foods and tissues, since it can provide a highly detailed profile of intrinsic metabolites [1,21].



As a minimally invasive technique, 1H-NMR HRMAS spectroscopy offers considerable advantages. The present work aimed to characterize the metabolite fingerprint related to the production process of traditional and industrial Castellano cheese using 1H-NMR HRMAS spectroscopy for the first time and was carried out from milk to three months of ripening. As a first step, acquisition parameters had to be optimized to obtain high-quality spectra and to establish standard analysis conditions that could be used for the study of enzymatic coagulation pressed-curd cheeses of similar characteristics.




2. Materials and Methods


2.1. Experimental Design and Sampling


Castellano cheese (CL) from two different production systems; traditional/artisanal (T-CL) and industrial (I-CL) were analyzed on day 2 and day 90 of the ripening process. According to the Castellano PGI [17], in Table S1, the characteristics of both manufacture procedures are shown. Five cheeses from each production system were analyzed at each sampling time. From each of them, for the sample to be representative, excluding the rind (1 cm from the outside) and the center (1 cm), ten different points were sampled with a biopsy syringe (biopsy punch, Stiefel, Ø 3 mm) and pooled.



Seven samples of raw sheep’s milk (Castellana and Churra breeds) used for the T-CL production in a small local cheesery were taken for subsequent analysis. The milk was refrigerated (4 °C) and under stirring for no longer than 10 h.




2.2. 1H-NMR HRMAS Spectroscopy


For each sample, 8 ± 1 mg of cheese or 35 µL of raw milk were packed into a 50 µL HRMAS rotor insert, and 20 µL of a 3-(trimethylsilyl) propionic-2,2,3,3-d4 acid sodium salt (TSP) 1 mM solution in D2O were added. The inserts were placed in a Zirconium rotor and 1H-NMR HRMAS analyses were carried out on a 500 MHz (11.7 T or 500.13 MHz) spectrometer Bruker AMX500 (Bruker GmBH, Rheinstetten, Germany) equipped with an HRMAS probe.



Temperature, spectral width, and spinning frequency values were optimized, and the effect of three types of 1D experiments was studied: 1D-Noesypr (1D-NOESY), T2 filter or Carr–Purcell–Meiboom–Gill (CPMG) sequence [90°-(t-180°-t)n–acquisition], and Diffusion filter (DIFF).



The working ranges for each parameter were as follows: temperature (between 4 and 25 °C), spectral width (from 16.7 to 25.0 ppm), spinning frequency (between 4 and 6 kHz), magnetic field gradient intensity (diffusion filter, between 5% and 95%), and echo time (T2 filter, CPMG, between 0.01 and 0.3 s) (Table S2). The starting values were previously described [6].



Each spectrum was data reduced individually over a 10.00–0.70 ppm range. Assignment of resonances in the 1H-NMR spectra from raw milk and cheeses was based on both the spin connectivity information obtained from 2D experiments: (i) 1H,1H-COSY-HRMAS (correlated spectroscopy): water presaturation during 1 s relaxation delay to determine the quality of the resulting spectrum (signal-to-noise ratio), a spectral width of 8333 Hz in both dimensions, an acquisition matrix with 2048 data points in f2 and 384 increments in f1. An unshifted sinusoidal window function and zero filling in f1 in both dimensions were applied before the Fourier transformation. (ii) 1H,1H-TOCSY-HRMAS (total correlated spectroscopy): carried out in TPPI mode with the same acquisition parameters as above and a 70 ms mixing time.



This was accompanied by the use, as guidelines, of both the data reported in the literature [5,6,22] and the data obtained from HMDB [Human Metabolite Data Base http://www.hmdb.ca/ (last accessed on 25 January 2024)].



A baseline correction was applied to all mono- and bi-dimensional spectra, and the frequency axes were calibrated by associating 1H signals of TSP to 0 ppm. D2O was used to obtain the lock signal, which ensures the stability of the magnetic field of the spectrometer.



A total of 83 selected regions corresponding to the main metabolites identified were integrated. The integral of each of them was normalized to the sum of all the integrals of the spectrum. Since in ewe’s milk, most of the metabolites remain constant, although small variations may occur, for the semi-quantitative study of metabolite evolution along the cheese ripening process, the relative signal intensity (arbitrary units) was considered as the ratio between the integral of the NMR signal and the sum of all observed NMR signal integrals [6,23]. All spectra were processed by using both Bruker Topspin Software (v.4.3) and MestReC NMR Processing Software (v.4.9.9.9).




2.3. Data Treatment and Statistics


To check the normal distribution, the Shapiro–Wilk’s test was applied. When samples did not fit a normal distribution, the Kruskal–Wallis’ test was used to determine the null hypothesis, that the medians of the variable within each of the sample levels were the same. When samples fitted a normal distribution, statistical analyses were carried out using SAS 9.4 (SAS, 2018). PROC GLM was performed to determine the effects of ripening time and elaboration process. Duncan’s test for multiple mean comparisons procedure was used to determine which means were significantly different from others (95% confidence level). Two different elaboration processes and five different ripening times were considered, and data were presented as mean values and their standard deviation (SD). Multivariate statistical analysis was conducted on NMR data. Spectra were subjected to principal component analysis (PCA) using AMIX software (version 3.9.11, Bruker BioSpin).





3. Results


3.1. Optimization of NMR Spectroscopy Parameters


Regarding temperature of acquisition, in Figure 1, spectra acquired at 4, 10, and 25 °C of CL cheese are shown. Acquisition at 25 °C allowed for the lowest disturbance on the closest signals, corresponding to triglycerides (TAG).



Attending to spinning frequency (Table S2), 6 kHz avoided the presence of artifacts within the spectral range (Figure 2).



Spectral width (SW) was optimized to 25 ppm (Table S2), since spinning artifacts appeared in the studied range (0–10 ppm) when 17 ppm SW was considered (Figure 3).



Regarding the use of specific pulse sequences (CPMG and DIFF), gradient strength optimization was developed. Starting from 53.5 G/cm (100% gradient intensity), different studies were carried out varying such intensity between 5% and 95%. The first study with 5%, 25%, 50%, 75%, and 95% showed that signals of low-weight metabolites were observed in 50% and lower values but not in 75% nor 95% intensity. A more detailed study within the range of 50–75% allowed to establish 60% (32.1 G/cm) as the targeted value. Regarding CPMG, echo time was optimized by considering 500, 750, and 950 number of experiments, thus implying 0.01, 0.25, and 0.3 s as values of echo time, respectively. The best spectra were obtained by using 0.25 s. Illustrative examples can be observed in Figure 4: (a) T2 filter (CPMG), (b) diffusion filter (DIFF), and (c) 1D-Noesypr.




3.2. Study of Raw Milk


The ewe’s raw milk from authorized breeds for the elaboration of Castellano cheese was studied as the first step in the analysis of metabolite changes linked to cheese manufacturing. Figure 5 shows an enlargement of the 0.5–5.5 ppm section of a 1H-NMR HRMAS spectrum. The 0.9, 1.3, 1.6, 2.1, 2.3 and 5.3 ppm signals were assigned to the free fatty acids, whereas related signals to citric acid were in the spectral range of 2.5–2.7 ppm. The signals of lactose were 4.4 ppm to α and 3.3 and 4.6 ppm to β-lactose isomers whereas signals related to building monomers α and β-glucose and galactose were within the 3.25–4.00 ppm range. Moreover, signals at 4.1 and 4.3 ppm were associated with the glycerol from the TAG present in the matrix of raw milk.



FA = fatty acid; TAG = triacylglyceride; UFA = unsaturated fatty acid.




3.3. Cheese


Figure 6 shows an enlargement of the aliphatic (0–5.5 ppm) and the aromatic (5.5–9.0 ppm) sections of a spectrum of I-CL cheese.



CLA = conjugated linoleic acid; FA = fatty acid; TAG = triacylglyceride; UFA = unsaturated fatty acid; PUFA = polyunsaturated fatty acid.



3.3.1. Carbohydrates, Organic Acids, and Ethanol


When comparing the milk (Figure 5) to the cheese (Figure 6 and Figure S1) spectra, significant changes in the carbohydrate-related signals were visually noticeable; a high hydrolysis of lactose was detected. A decrease in the intensity of lactose signals between milk and cheese day 2 was observed together with the lack of such signals on cheese day 90. Relatedly, the presence of conforming monomers of lactose (α/β-galactose and α/β-glucose) was detected at day 90 of elaboration (Figure 6). Nevertheless, no remarkable differences were observed between manufacturing procedures (I-CL and T-CL).



Formic, citric, acetic, and lactic acids, together with ethanol, were also identified as components of the Castellano cheese (Figure 6, Table 1). Regarding lactic acid, I-CL values were 13.2% higher than T-CL (p < 0.0001). In both the I-CL and T-CL types of cheese, a decrease in the signal intensity of lactic acid was detected along with maturation. Nevertheless, the change was found to be higher in T-CL than in I-CL (10.1% vs. 7.5% difference, respectively; p < 0.001 for the type × time interaction). During the 90 days of ripening, an increase in the signal intensity of formic and acetic acids was detected (p < 0.0001). However, whereas I-CL presented a higher formic acid relative signal intensity than T-CL on day 2 of processing (2-fold; p < 0.001), on day 90 of ripening, no significant differences were found, which is consistent with the statistical interaction detected since T-CL presented a greater increase with time than I-CL (71.4% vs. 42.9% of the difference, respectively; p < 0.01; Table 1).



Regarding acetic acid, I-CL presented a lower relative signal intensity than T-CL on day 2, and the increase with time was also different with the elaboration process with T-CL suffering 46.0% and I-CL 22.3%, reaching, at the end, T-CL almost double the acetic acid relative signal intensity than I-CL (p < 0.01; Table 1).



The evolution of citric acid with RT showed opposite behavior between elaboration processes. Although of small magnitude, while a decrease in signal intensity was detected for I-CL, an increase was observed for T-CL (p < 0.05; Table 1).



Both types of cheese (I-CL and T-CL) showed a slight decrease in the intensity of the ethanol signal with ripening (p < 0.05). In Table 1, it can also be observed that T-CL showed higher values than I-CL.




3.3.2. Fatty Acids and Glycerol


The effect of the elaboration process on conjugated linoleic (CLA, 6.27 ppm), caproleic (5.76 ppm), linoleic (2.85 ppm), linolenic (2.78 ppm) and butyric (0.94 ppm) fatty acids, and glycerol (4.08 ppm) is depicted in Table 2. In addition, it was also possible to detect the evolution of unspecific saturated (0.87 and 1.60 ppm) and unsaturated cis and trans FAs (2.05, 5.31 and 5.40 ppm, Figure 6).



The associated signals to caproleic acid resulted in a statistical tendency to a higher signal intensity value in T-CL than in I-CL and a tendency to an increase in RT but only for T-CL (p = 0.0617, 18% difference and p = 0.0693 for the interaction, 12% difference, respectively).



Regarding CLA, the signal intensity of T-CL resulted a 35% higher than I-CL. But no change associated with RT was observed.



Linoleic and butyric acids showed higher signal intensity in I-CL than in T-CL (81% and 62% difference, respectively; p < 0.001, Table 2). However, in the case of butyric acid, while a 4.1% increase was observed for T-CL with RT, a 4.9% decrease was detected for I-CL. No significant change with RT was detected for linoleic acid I-CL, and a 5.7% increase was detected for T-CL.



Regarding linolenic acid, only statistical tendencies for T-CL values to be higher than I-CL and values at day 90 higher than at day 2 were detected (p = 0.0609 and p = 0.0001, respectively).



Glycerol showed higher signal intensity in I-CL than in T-CL at day 2 of ripening (28% difference; p < 0.001). However, while a 54.0% increase with RT for T-CL was detected, the signal intensity for I-CL only increased a 2.1% (Table 2).




3.3.3. Amino Acids


Remarkably, all the detected amino acids showed a different behavior related to the elaboration procedure (p < 0.0001). Overall, for each amino acid at the same RT, higher relative signal intensity was detected for T-CL than for I-CL.



Related to the RT (from 2 to 90 days), an intensity increase in all the signals of amino acids was observed (p < 0.0001) (Table 3). The relative signal intensity of the aliphatic amino acids (glycine, alanine, valine, leucine, and isoleucine) showed an increase between 29.1% (alanine) and 43.5% (valine) in T-CL, whereas in I-CL, between 6.8% (alanine) and 30% (valine). However, regarding the aromatic amino acids, an increase in the relative signal intensity higher than 77% was observed for tryptophan and higher than 88% for phenylalanine and tyrosine (Table 3). In fact, the increase with RT in the relative signal intensity of the total amino acid was 21.8% for I-CL vs. 45.2% for T-CL.






4. Discussion


The Castellano cheese (PGI [17]) has a great economic importance for the region and a flourishing international market due to its high sensory quality. In this area of Spain, all the ewe’s milk produced (99.94%) is used to make cheese with similar manufacturing procedure and characteristics.



4.1. Establishing the NMR Standard Analytical Conditions for Castellano Cheese


To obtain 1H-NMR HRMAS spectra of the Castellano cheese metabolites, a study of the effect of the acquisition parameters in the spectrum quality was carried out, aiming to establish the standard conditions of analysis. The values were stated as those which the lowest signal interference and the highest resolution for this type of samples (Table S2).



These conditions of analysis were applied to the study of Castellano cheese (2 types of manufacturing, I- and T-, and 2 RT: days 2 and 90) resulting, in all cases, in high-quality 1H-NMR HRMAS spectra.



Although the analysis of the raw sheep milk is usually carried out by a liquid probe, in this study, the suitability of the HRMAS probe was proven, thus avoiding sample manipulation, hence allowing a comparative analysis from the raw material (sheep milk) to ripened cheese.



It is essential to adapt the acquisition NMR parameters to maximize the potential of the use of an advanced technology, such as HRMAS spectroscopy, in new and complex matrixes. In this study, the acquisition temperature was established to avoid the signal overlapping of the main metabolites with the water signal (4.82 ppm). Acquisition at 25 °C allowed for the lowest disturbance on the closest signals, corresponding to TAGs.



Regarding the spinning frequency, 6 kHz was selected. In general, 5 kHz has been used by several authors [2,24] for different food matrixes. However, to carry out this study, it was considered that the higher the spinning frequency, the higher the signal intensity, but, as Jensen and Bertram [25] stated, avoiding disruption and disintegration of the sample or any degradation process would imply an unrealistic picture of the sample metabolic fingerprint.



Due to the complex composition of the studied matrixes, overcrowded and overlapped 1H-NMR HRMAS spectra were obtained. In fact, it was described that samples with a high-lipid content led to broad signals in the 1H-NMR spectra that can obscure the aliphatic region and preclude identification of other metabolites. A SW lower than 17 ppm caused the spin artifacts produced by the intense fatty acid signals to be in the study region (between 0.5 and 10 ppm), while the use of a SW of 25 ppm caused the same artifacts to be located outside the chemical shift range studied. This value of 25 ppm SW was therefore selected for the analysis.



To simplify, specific pulse sequences were used: 1D-NOESY and CPMG and DIFF, modulating spin–spin relaxation times and diffusion of molecular components, respectively. 1D-NOESY (presat) is a standard sequence to show all the metabolites, a whole picture, significantly suppressing the water signal but being unable to completely suppress the signals of “faraway water”, and is highly sensitive to ionic effects. CPMG suppresses all signals of slow-moving molecules, such as lipidic metabolites. Molecular mobility and dimension are inversely proportional; thus, the NMR spin–spin relaxation time (T2) decreases with increasing molecular size. The signals of comparatively large molecules, linked to shorter T2, are selectively suppressed by applying the CPMG with sufficient spin echo repetitions. Despite a partial reduction in signal intensity and, occasionally, J-coupling resolution, this simplification enables clearer observation of the peaks (and multiplicity) of relatively faster-moving molecules, such as amino acids, organic acids, carbohydrates, and alcohols. In parallel, molecular diffusivity and hydrodynamic radius are also inversely proportional. Signals from molecules with low hydrodynamic radius are suppressed by DIFF, whereas for larger molecules, visibility increases [26,27,28].



Despite the partial loss of resolution and intensity of multiplets resonating between 3.9 and 4.2 ppm in the DIFF spectrum, attributable to glycerol methylenes, this pulse sequence allowed the clarification of signals in comparison to the conventional 1H-NMR-HRMAS spectrum.




4.2. Ewe’s Raw Milk Analysis Using a HRMAS Probe


Sheep milk is mainly used for cheese manufacture due to its high total solids content and is an excellent source of nutrients. Similar metabolite profiles of sheep milk have been previously described in the literature [14,29,30,31], together with the characteristic high-fat level compared to cow milk [14,32].



The presence of macromolecules, such as sugars, lipids, and proteins, in milk generates broad signals in NMR spectra, thus interfering with the identification of low-concentration metabolites. Therefore, in studies focusing on secondary milk metabolites, macromolecules are typically removed through sample preparation methods. Commonly, proteins and lipoproteins are precipitated with methanol and ethanol and lipids with chloroform. Although detailed protocols for fractionation of dairy samples into their components have been described in the literature, our study is further evidence that the use of HRMAS together with different sequences/filters allows similar results to be obtained using the whole sample, avoiding fractioning, although the detection limit and analysis times of HRMAS still need to be improved [31,33,34].



A major challenge for dairy processors is to understand the performance of milk throughout the processing stages and supply chain over the production season. To date, several studies have highlighted the presence of important biomarkers of milk techno-functionality. Therefore, further research could provide predictive tools for decision making around suitability of milks for certain processing conditions, increasing its processability and efficiency and maintaining the quality of the final product. In addition, metabolomics is a powerful tool for the authentication of milk and dairy products depending on a variety of animal production traits, such as species, PDO/PGI, animal diet (grass-fed), etc. [34,35].




4.3. Castellano Cheese Characterization Using a HRMAS Probe


During the ripening process of pressed-curd cheeses with enzymatic coagulation, significant changes occur because of the simultaneous transformations undergone by the milk components (mainly lactose, proteins, and lipids). These modifications are mainly due to hydrolytic processes which result in the typical characteristics for each degree of maturation. The changes that occur can be summarized mainly in three processes: glycolysis, produced mainly by the action of lactic acid bacteria (LAB), which starts in the coagulation of the milk-producing lactic acid; proteolysis, with an important role in the flavor and texture of the cheeses; and lipolysis, especially involved in the development of the aroma and flavor of ripened cheeses [13,15,36,37].



4.3.1. Carbohydrates, Organic Acids, and Ethanol


Lactose hydrolysis is an inherent reaction of cheese production. Concurrently, analyses by NMR spectroscopy allowed the identification of the same monosaccharides in Mozzarella and Fiore Sardo cheese [2,3]. From our results, the decrease in the relative signal intensity of lactose and its conforming monomers along the ripening process implied an active metabolism of lactose. Garde et al. [38], in Manchego, and Piras et al. [3], in Fiore Sardo cheese, described the same behavior at the stages of the ripening process.



Formic, citric, acetic, and lactic acids, together with ethanol, are related to the control of the growth of bacteria and, consequently, microbiota activity, as well as partially involved in the development of taste and aroma [39]. In agreement with our results, the evolution of lactic acid with RT was similar in other types of cheese [40,41]. Differences related to the elaboration process could be associated with the fact that the metabolic route of lactose in cheese production depends on the presence of different types of LAB. Lactic homofermentative bacteria (Streptococcus, Enterococcus, Lactococcus, Lactobacillus, etc.) metabolize most of the glucose content into lactic acid. Furthermore, lactic heterofermentative bacteria (Leuconostoc and some Lactobacillus) produce small quantities of lactate, ethanol, acetate, and CO2 when glucose is metabolized [2,3,15,36].



The increase in relative signal intensity of formic acid could be associated with the presence of Streptococcus thermophilus, which produces formic acid, pyruvic acid, and CO2 from lactose [42]. Lombardi et al. [43] in Reggianito but Califano and Bevilacqua in Mozzarella [44] and Gouda [45] cheeses observed similar behavior at such maturation times.



A similar performance of acetic acid was previously observed in Cheddar cheese by Lues and Bekker [46] and St-Gelais et al. [47]. Related, Upreti et al. [48] attributed the variations in acetic acid to its involvement in several routes of lactose degradation since Lactococcus predominates at the beginning stages of cheese ripening [36,37].



Attending to citric acid, Lombardi et al. [43] observed a decrease in the citric acid amount in Reggianito cheese. The citric acid amount has been described to depend on the presence of citrate-positive strains as Lactococcus lactis, specific strains of Leuconostoc and/or other non-starter lactic acid bacteria (NSLAB) as Lactobacillus plantarum [49]. Gore et al. [39] described a great dependence of citrate presence on the composition of NSLAB in raw milk cheese and, mainly, artisanal. Citrate metabolism is related to the formation of eyes or holes and related to opened textures or structures because of the production of CO2 [49]. Ballesteros et al. [50] associated the behavior of I-CL with both the composition of NSLAB and the possible inclusion of citric acid, sometimes not declared, as a conservator by the industry.



A direct contribution of ethanol has been described in the taste and aroma of cheese or by the formation of FA esters [51,52]. Additionally, Buffa et al. [40] described a direct relationship between citric acid and ethanol amounts and stated ethanol as one of the different metabolites used as predictors of RT. These appreciations are related to the evolution of the relative intensity of the ethanol signal in the Castellano cheeses studied and could be associated with their sensory quality.




4.3.2. Fatty Acids (FAs) and Glycerol


Such a signal assignment of the lipid fraction was very similar to the one carried out by Scano et al. [22] in Pecorino Sardo cheese. Remarkably, these authors worked with a lipid extract, whereas the present results corresponded to a direct analysis of cheese, without a previous manipulation thus being an added value.



Recent studies described a dependence of the FA profile on the NSLAB composition and a direct relationship between the manufacturing process and the NSLAB profile together with a direct relationship between the volatile aroma compounds and the FA profile [36,53,54]. In this line, the differences in the relative intensity of the signals of each FA observed in the I-CL vs. T-CL comparison are undoubtedly a reflection of the different microbiota associated with the ripening process of each cheese variety.



It is described that lipolytic processes do not surpass 2% of present TAGs in most types of cheese [22,49]. Different lipolytic behavior might be a consequence of the thermal treatment in I-CL but not in T-CL, thus implying an increase in the hydrolysis velocity due to the temperature increase but a quicker inactivation of enzymes. In addition, these results might be related to the positional distribution within the TAG molecule, thus being short-chain FAs mainly in sn-1 and/or sn-3 position, together with the activity, even at low concentrations, of the native lipoprotein-lipase of milk, thus being the TAG sn-1 and/or sn-3 position hydrolysis both kinetically and thermodynamically facilitated [55,56,57].



In line with our results, Luna et al. [57] and Ali et al. [58] found that the CLA content was different among types of cheese, but it remained almost constant with RT. Therefore, the cheese CLA content highly directly depends on the amount in the original milk and poorly relies on the starter culture and ripening.



The CLA signals appear in the olefinic region of the spectrum at a chemical shift without overlapping, thus allowing an accurate assignation and precise integration. As previously mentioned, the studied matrixes present a complex composition, thus leading to overcrowded spectra and signal overlapping. For this reason, a parameter optimization is necessary, and in addition, 2D-NMR experiments are often used to elucidate chemical structures. Relatedly, it is worth mentioning that the dependence on animal species and breed, diet, and seasonality, etc. of CLA concentration has been deeply characterized [59,60], thus implying a high specificity of the presence of CLA.




4.3.3. Amino Acids


A similar profile of free amino acids was also found in other types of Spanish ewe’s milk cheeses such as Manchego type [49,50] or those from Mahón origin [61].



Proteolysis is considered a very important factor contributing to cheese matrix variations. The main proteolytic mediators are natural milk proteases, curd coagulating enzymes, and peptidases and proteases released by starter and non-starter cultures [58].



Differences between the elaboration processes are highly related to the development of the texture and flavor of each type of cheese [3,39]. In fact, the proteolysis pathways for each bacterium and the enzymatic processes and their repercussion on the changes during RT and the interaction with the elaboration procedure are continuously studied [58,59,60,61,62,63,64,65,66,67,68].



From our results, in general, a higher increase in the relative signal intensity of free amino acids was detected in T-CL than in I-CL. Such a dependence on the elaboration procedure could be associated with, on one side, the use of different starter cultures, being commercial cultures connected to lower proteolysis than native microbiota [36,58]. For the traditional manufacturing (T-CL), the use of milk from local dairy farms, seasonality of the production, and the use of natural rennet, together with the availability of facilities with a low or non-existent level of automatization, would allow the persistence of an autochthonous and specific microbiota of each artisanal cheesery. On the contrary, industrial manufacturing (I-CL) is oriented to both the control of the native microbiota and the achievement of a high uniform production of cheese attending to a high homogeneity of the quality parameters. On the other side, although both the studied types of cheese (I-CL and T-CL) were elaborated with raw milk, a heat treatment (68 °C for 15 s) is a standard procedure in industrial manufacturing (I-CL) to minimize the growth of psychrotrophic bacteria during the milk storage (4 °C). Such a procedure is not commonly used in small cheeseries (T-CL) in which the same milk is simply kept under refrigeration and used within 2 or 3 days. Both the thermal treatment together with the differences in microbiota might be determinant in the explanation of the detected differences between I-CL and T-CL cheeses observed [3,36,58].



Amino acid increment differences during ripening are directly related to their content in the milk caseins [58]. Tyrosine, phenylalanine, and tryptophan are related to the development of the aroma of cheese [62,63]. Concordantly, this would be related to the high aromatic development of Castellano cheeses at the end of ripening, in which an increase in relative signal intensity has been observed at 90 days of ripening, especially in T-CL.



The same behavior was shown by glutamic acid, which has been used as an indicator of maturation time and, not in vain, is considered as a producer of the umami taste [64,65]. Together, several authors linked glycine, alanine, proline, and threonine with a sweet flavor, whereas arginine, leucine, isoleucine, and lysine with a bitter one [50,64,66], thus contributing to the different sapid and aromatic features of the cheeses. Again, as mentioned above, these findings support the intensity of flavor and aroma shown by the ripened Castellano cheeses, coinciding with our results of a clear increase in the signals corresponding to amino acids at 90 days of ripening; particularly, in artisanal cheeses. In this line, Gómez-Ruiz et al. [67] and Ballesteros et al. [50] evaluated the intensity of odor and taste, respectively, of cheeses from industrial and traditional elaboration. In general, values of sensory attributes (odor, intensity, and persistence of taste and nuances of sheep milk, acid, spicy, and bitter tastes) were higher in traditional than in industrially elaborated pieces [68].






5. Conclusions


Carefully adjusting parameters such as temperature, spinning frequency, spectral width, repetition and echo times, pulse power, and relaxation filters is fundamental to obtaining reliable and reproducible results. Standardizing these parameters not only enhances data quality but also facilitates comparison across different experiments and laboratories. In addition, it minimizes artifacts and maximizes method sensitivity, thereby contributing to the robustness and validity of NMR analyses.



The analysis of Castellano cheeses with the HRMAS probe allows the monitoring of the maturation process from raw milk to cheese of both traditional and industrial elaboration. This technology offers the possibility to analyze simultaneously the evolution of different metabolites (carbohydrates, fatty acids, amino acids), thus allowing to differentiate, in a first phase, between two manufacturing procedures (artisanal and industrial) and the beginning and end of the ripening process. In addition, an NMR filter makes it possible to differentiate the lipidic part of the sample from the aqueous part, avoiding the tedious and error-source sample processing.



With the proper optimization, 1H-NMR HRMAS spectroscopy is a potent tool for the fingerprint profile obtention of sheep cheese of complex structure.
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Figure 1. 1H-NMR HRMAS spectra acquired at 500 MHz with 90° pulse at different temperatures of Castellano cheese of industrial manufacturing (I-CL) from 90 days of ripening time. 
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Figure 2. 1H-NMR HRMAS spectra acquired at 500 MHz with different spinning speeds with 1D-Noesypr experiments of Castellano cheese of industrial manufacturing (I-CL) from 90 days of ripening time. 
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Figure 3. 1H-NMR HRMAS spectra acquired at 500 MHz with different spectral widths (SW) at 4000 Hz spinning frequency of Castellano cheese of industrial manufacturing (I-CL) from 90 days of ripening time. 
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Figure 4. 1H-NMR HRMAS 1D spectra (2.3 to 4.7 ppm) of Castellano cheese of industrial manufacturing (I-CL) from 90 days of ripening time, obtained through experiments with (a) T2 filter (CPMG), (b) diffusion filter (DIFF), and (c) 1D-Noesypr. 
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Figure 5. 1H-NMR HRMAS spectrum (0.5–5.5 ppm) from ewe’s raw milk. 
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Figure 6. 1H-NMR HRMAS spectrum from Castellano cheese of industrial manufacturing (I-CL) from 90 days of ripening time. 
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Table 1. Relative signal intensity 1 of formic acid, citric acid, acetic acid, lactic acid, and ethanol from 1H-NMR HRMAS spectra of Castellano cheeses.
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δ (ppm)

	
Metabolite 2

	
RT (Days) 3

	
Type of Cheese 1,4




	
I-CL

	
T-CL






	
8.42

	
Formic acid

	
2

	
0.34

	
±

	
0.045

	
a,β

	
0.17

	
±

	
0.010

	
b,β




	
90

	
0.57

	
±

	
0.040

	
α

	
0.62

	
±

	
0.065

	
α




	
2.71

	
Citric acid

	
2

	
8.13

	
±

	
0.350

	
a,α

	
5.31

	
±

	
0.385

	
b,β




	
90

	
6.08

	
±

	
0.550

	
b,β

	
8.94

	
±

	
0.170

	
a,α




	
1.93

	
Acetic acid

	
2

	
0.37

	
±

	
0.015

	
b,β

	
0.54

	
±

	
0.020

	
a,β




	
90

	
0.47

	
±

	
0.030

	
b,α

	
0.99

	
±

	
0.015

	
a,α




	
1.34

	
Lactic acid

	
2

	
2.47

	
±

	
0.015

	
a,α

	
2.17

	
±

	
0.025

	
b,α




	
90

	
2.28

	
±

	
0.045

	
a,β

	
1.95

	
±

	
0.021

	
b,β




	
1.17

	
Ethanol

	
2

	
0.82

	
±

	
0.025

	
b,α

	
4.36

	
±

	
0.025

	
a,α




	
90

	
0.74

	
±

	
0.019

	
b,β

	
4.15

	
±

	
0.006

	
a,β








1 Relative signal intensity (arbitrary units) corresponding to the ratio of the NMR signal integral to the sum of all NMR signals integrals observed. 2 Metabolite according to M&M. 3 RT = ripening time (days). 4 I- and T-CL = industrial and traditional/artisanal procedure according to Table S1. Values correspond to mean ± SD of the relative signal intensity (arbitrary units × 104). Different letters a,b … within a row indicate statistically significant differences (p < 0.05) regarding the manufacture process (T vs. I). Different letters α,β … within a column for each compound indicate statistically significant differences (p < 0.05) regarding the RT.













 





Table 2. Relative signal intensity 1 of butyric acid, caproleic acid, linoleic acid, conjugated linoleic acid (CLA) and glycerol from 1H-NMR HRMAS spectra of Castellano cheeses.






Table 2. Relative signal intensity 1 of butyric acid, caproleic acid, linoleic acid, conjugated linoleic acid (CLA) and glycerol from 1H-NMR HRMAS spectra of Castellano cheeses.





	
δ (ppm)

	
Metabolite 2

	
RT (Days) 3

	
Type of Cheese 1,4




	
I-CL

	
T-CL






	
0.94

	
Butyric acid

	
2

	
5.78

	
±

	
0.025

	
a,α

	
0.781

	
±

	
0.0111

	
b,β




	
90

	
5.49

	
±

	
0.062

	
a,β

	
1.32

	
±

	
0.017

	
b,α




	
5.76

	
Caproleic acid

	
2

	
0.0088

	
±

	
0.0015

	

	
0.0100

	
±

	
0.0016

	




	
90

	
0.0080

	
±

	
0.0015

	

	
0.0114

	
±

	
0.0004

	




	
2.85

	
Linoleic acid

	
2

	
0.121

	
±

	
0.0028

	
a

	
0.0268

	
±

	
0.0034

	
b,β




	
90

	
0.131

	
±

	
0.0039

	
a

	
0.0628

	
±

	
0.0008

	
b,α




	
2.78

	
Linolenic acid

	
2

	
0.258

	
±

	
0.0024

	

	
0.291

	
±

	
0.0042

	




	
90

	
0.286

	
±

	
0.0052

	

	
0.300

	
±

	
0.0018

	




	
6.27

	
CLA

	
2

	
0.0089

	
±

	
0.0005

	
b

	
0.0133

	
±

	
0.0003

	
a




	
90

	
0.0083

	
±

	
0.0006

	
b

	
0.0132

	
±

	
0.0003

	
a




	
4.08

	
Glycerol

	
2

	
0.749

	
±

	
0.0038

	
a

	
0.330

	
±

	
0.0096

	
b,β




	
90

	
0.765

	
±

	
0.0068

	
a

	
0.718

	
±

	
0.0110

	
b,α








1 Relative signal intensity (arbitrary units) corresponding to the ratio of the NMR signal integral to the sum of all NMR signals integrals observed. 2 Metabolite according to M&M. 3 RT = ripening time (days). 4 I- and T-CL = industrial and traditional/artisanal procedure according to Table S1. Values correspond to mean ± SD of relative signal intensity (arbitrary units × 103). Different letters a,b … within a row indicate statistically significant differences (p < 0.05) regarding the manufacture process (T vs. I). Different letters α,β … within a column for each compound indicate statistically significant differences (p < 0.05) regarding the RT.













 





Table 3. Relative signal intensity 1 of the detected amino acids from 1H-NMR HRMAS spectra of Castellano cheeses.






Table 3. Relative signal intensity 1 of the detected amino acids from 1H-NMR HRMAS spectra of Castellano cheeses.





	
Metabolite 2

	
RT (Days) 3

	
Type of Cheese 1,4

	
RMSE 5




	
I-CL

	
T-CL






	
Histidine

	
2

	
0.0205

	
β

	
0.0215

	
β

	
0.2002




	
90

	
0.0612

	
b,α

	
0.1355

	
a,α

	




	
Phenylalanine

	
2

	
0.0258

	
β

	
0.0193

	
β

	
0.0039




	
90

	
0.1950

	
b,α

	
0.3292

	
a,α

	




	
Tryptophan

	
2

	
0.0603

	
β

	
0.0418

	
β

	
0.0897




	
90

	
0.1450

	
α

	
0.1889

	
α

	




	
Tyrosine

	
2

	
0.0323

	
β

	
0.0243

	
β

	
0.0008




	
90

	
0.1039

	
b,α

	
0.2225

	
a,α

	




	
Threonine

	
2

	
0.263

	
β

	
0.259

	
β

	
0.1173




	
90

	
0.406

	
b,α

	
0.628

	
a,α

	




	
Glycine

	
2

	
0.235

	

	
0.200

	
β

	
0.0117




	
90

	
0.288

	
b

	
0.476

	
a,α

	




	
Proline

	
2

	
0.116

	

	
0.0853

	
β

	
0.0978




	
90

	
0.166

	
b

	
0.3103

	
a,α

	




	
Aspartic acid

	
2

	
0.246

	
β

	
0.198

	
β

	
0.0985




	
90

	
0.423

	
b,α

	
0.646

	
a,α

	




	
Glutamine

	
2

	
0.553

	
a,β

	
0.362

	
b,β

	
0.0331




	
90

	
0.702

	
b,α

	
0.878

	
a,α

	




	
Glutamic acid

	
2

	
1.477

	
β

	
1.267

	
β

	
0.0008




	
90

	
2.279

	
α

	
2.837

	
α

	




	
Methionine

	
2

	
3.667

	
b,β

	
5.314

	
a,β

	
0.0006




	
90

	
4.661

	
b,α

	
9.939

	
a,α

	




	
Lysine

	
2

	
0.923

	
β

	
0.808

	
β

	
0.0039




	
90

	
1.349

	
α

	
1.818

	
α

	




	
Arginine

	
2

	
1.290

	
β

	
1.055

	
β

	
0.9661




	
90

	
2.001

	
α

	
2.818

	
α

	




	
Alanine

	
2

	
4.482

	
a

	
3.937

	
b,β

	
0.0117




	
90

	
4.811

	
b

	
5.553

	
a,α

	




	
Valine

	
2

	
2.228

	
β

	
1.986

	
β

	
10.000




	
90

	
3.194

	
α

	
3.512

	
α

	




	
Leucine

	
2

	
2.720

	
β

	
2.674

	
β

	
0.1059




	
90

	
3.569

	
α

	
4.102

	
α

	




	
Isoleucine

	
2

	
9.413

	
β

	
7.810

	
β

	
10.000




	
90

	
11.13

	
α

	
13.16

	
α

	








1 Relative signal intensity (arbitrary units) corresponding to the ratio of the NMR signal integral to the sum of all NMR signals integrals observed. 2 Metaboli