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Abstract

This study investigated the redistribution of the milk lipid fraction during buffalo moz-
zarella manufacturing, and it focused on the effects of coagulation and stretching on triglyc-
erides, fatty acids, and cholesterol. Samples of raw milk, curd, whey, mozzarella cheese,
and water used in the mozzarella stretching process in manufacturing were collected from
ten independent industrial production batches and analyzed for pH, moisture, protein,
total fat, fatty acid profile, triglyceride profile, and free cholesterol content. Curd showed
the highest fat content (approximately 28-39 g/100 g product), followed by mozzarella
cheese (approximately 19-26 g/100 g product). Whey and stretching water contained lower
amounts of fat, ranging from approximately 0.27 to 2.15 g/100 g product and from 0.23 to
2.20 g/100 g product, respectively, indicating efficient lipid retention in the curd and cheese
matrices. The mozzarella fatty acid profile closely resembled that of the original milk, with
oleic and palmitic acids as the predominant fatty acids, together with a slight enrichment
in monounsaturated fatty acids and a reduction in saturated fatty acids. The triglyceride
profile remained stable throughout processing, suggesting only minor redistribution among
triglycerides. These findings demonstrate that coagulation and stretching are critical steps
governing lipid retention and composition, highlighting the importance of process control
to preserve the nutritional quality of buffalo mozzarella cheese.
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removing moisture or, in general, concentrating on the lipid fraction, milk fat is often
a key component in dairy products [4]. It is believed that almost all the fat fractions of
distributed under the terms and milk are dispersed in fat globules which are colloidal aggregates. The core of each glob-
conditions of the Creative Commons ule consists mainly of triacylglycerols (TAGs), esters of fatty acids and glycerol, which
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called the milk fat globule membrane (MFGM), composed mainly of glycerophospholipids,
namely phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylinositol
(PI), phosphatidylserine (PS), sphingolipids mainly sphingomyelin (SM), cholesterol, and
proteins. Polar lipids, mainly located in the MFGM, amount to approximately 2.6 mg/g
of fat and to 190 mg/L of buffalo milk, which is an amount about 28% higher than the fat
present in cow’s milk. Buffalo milk is characterized by a high fat and protein content [6].
Its fat is enclosed in globules measuring approximately 5 um in diameter, which are larger
than those found in cow, sheep, and goat milk (3-3.5 um) [5]. Since cholesterol is mainly
associated with the milk fat globule membrane, differences in fat globule size and mem-
brane surface area may contribute to differences in cholesterol distribution among milk
species [7]. The lipid fraction of milk consists of 97-98% triglycerides, 1.5% diglycerides and
0.5% monoglycerides. The composition and structure of triglycerides play a fundamental
role as they influence the physical and nutritional properties of milk fat and, consequently,
also the characteristics of the processed products obtained from milk [8].

The structure of triglycerides determines physical properties such as crystallization
and melting point, which affect the texture and flavor of fat-based products. Triglyceride
abundance in buffalo milk ranges from C24 to C54, with peaks in C38 and C50 [9]. Com-
pared to cow’s milk, buffalo milk contains higher quantities of C32 and C36 [10]. Among
the fatty acids that make up the triglycerides, the main ones are oleic acid (C18:1, w9cis),
which contributes most to the unsaturated fatty acid profile, namely the monounsatu-
rated and polyunsaturated fatty acids (MUFA + PUFA), and palmitic acid (C16:0), which
predominates in the saturated fatty acids (SFA) overall profile. The third most abundant
fatty acid is stearic acid (C18:0), whose presence is attributed to the extensive ruminal
biohydrogenation of C18:3, C18:2 and C18:1 fatty acids [11,12]. From a technological point
of view, buffalo milk can be used to produce a wide range of products: butter, clarified
butter oil, soft or hard cheeses, condensed or evaporated milk, ice cream, yoghurt, and
buttermilk [13]. One of the best-known products is the Buffalo Mozzarella Cheese, a typical
stretched-curd cheese made from the milk of river buffalo (Bubalus bubalis bubalis), produced
in central and southern Italy, and recognized with the Protected Designation of Origin
(PDO) quality label [14]. The production of buffalo mozzarella begins with heating the
milk, followed by the addition of whey starter and rennet to promote coagulation and
obtain the curd, which is then broken, matured for a few hours, and subsequently spun
with boiling water until a homogeneous and stringy mixture is obtained. The “mozzatura”
phase, which involves the manual shaping of the stretched curd, followed by salting in
brine, completes the production process [15,16]. During the production of buffalo moz-
zarella, two stages are particularly important for the chemical and physical characteristics
of the final product: the stretching and the acidification of the curd [17]. Stretching, which
can be done manually, mechanically or by direct steam injection, is a unique process in
mozzarella production, during which the proteins undergo a molecular rearrangement
from an amorphous three-dimensional structure to a linear fibrous network. This allows the
whey and fat droplets to fill the spaces between the casein protein bundles, transforming
the structure from rigid to plastic [18-20]. Hydrogen bond interactions play a crucial role in
stabilizing protein structures; however, as the temperature rises, these interactions weaken
and electrostatic repulsion increases. In summary, heat treatment alters the inter-molecular
forces between proteins, causing local denaturation and structural changes which affect the
colloidal properties of the solid phase of cheese, resulting in the loss of lipids and proteins
that are no longer retained by the fibrous network [19]. The acidification phase of the
curd also plays a crucial role, as its characteristics depend on the pH. In the conventional
production of stretched-curd cheeses, the pH of the curd decreases as a result of the conver-
sion of lactose into lactic acid, reaching values between 5.4 and 5.1 before stretching. The
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reduction in pH promotes a series of physical-chemical changes that facilitate the flow of
the curd during stretching: solubilization of micellar calcium phosphate, increases in the
ratio between soluble and colloidal calcium, and increases in paracasein hydration [21].
pH variations below the abovementioned optimal levels result in a different distribution
between colloidal and soluble calcium, affecting the fibrous structure of the curd and
reducing its ability to retain components such as fat [21]. Considering that studies on the
distribution of the lipid component of buffalo milk during buffalo mozzarella production
are limited and outdated, this research aims to analyze the distribution of the fat phase of
the raw material, in particular triglycerides and fatty acids, within the finished product
and the main processing intermediates (whey, curd, and stretching water), considering
the crucial stages of the production process. The objective is to highlight the qualitative
and quantitative variations in the lipid fraction of buffalo mozzarella compared to that
originally present in the buffalo milk used for its production.

2. Materials and Methods
2.1. Sampling

Sampling was carried out over a period of five months (from November 2024 to
March 2025) at a non-PDO commercial dairy plant located in the province of Napoli
(Campania, Italy). For each production batch, 100 kg of whole buffalo milk were processed.
Two independent production processes were performed each month, resulting in a total
of ten independent manufacturing batches analyzed. Samples of raw milk (M), collected
before pasteurization, curd (C), whey (W), buffalo mozzarella (MC), and stretching water
(SW) were collected from each batch. All analytical determinations were performed in
triplicate, and the experimental unit considered for the statistical analysis was the individual
production batch (n = 10); triplicate measurements represented analytical replicates.

2.2. Production Process

All the production processes studied followed the same technological steps as reported
in Figure 1.

The buffalo milk used for production was collected and stored in stainless steel tanks
with a capacity ranging from 10-30 t. Before processing began, the milk underwent a
protein rebalancing phase. Cold storage at 4-5 °C can promote the dissociation of 3-casein
from casein micelles into the serum phase, due to the temperature-dependent equilibrium
between micellar and soluble caseins [22,23]. Before processing, the refrigerated milk
was therefore brought to 15-18 °C, according to the operating conditions adopted in the
dairy plant. Then the milk was pasteurized using HIST (High Temperature Short Time)
treatment at 71-74 °C for 15-20 s, then rapidly cooled to 36-39 °C. Coagulation took place
in stainless steel vats maintained at 36-39 °C, with the addition of 6% natural whey starter
(60 °SH/100 mL) and 0.03% (v/v) liquid calf rennet (Caglificio Clerici S.p.A., Cadorago
(CO), Italy), characterized by a coagulating activity of 110 IMCU (1:10,000) and an enzymatic
composition of 80% chymosin and 20% pepsin. The mixed enzymatic-acid coagulation
process was carried out in a double-jacketed stainless steel cheese vat (Tecnolatte S.r.l.,
Lodi, Italy) equipped with a thermostatic temperature control system, maintaining the milk
temperature at 36-39 °C throughout coagulation. Approximately 60 min after adding the
rennet, the curd was broken manually with a “spino” (thorn) until granules of 3-6 cm were
obtained. After 15-25 min, part of the whey was removed to promote syneresis. The curd
was then left to acidify under whey for 34 h, maintaining the temperature at 46 °C by
adding small amounts of hot whey. Maturation took place through natural fermentation
until a pH in the range 4.8-4.95 was reached. The mature curd was finely chopped and
immersed in water at a temperature between 80 and 95 °C, with a water/paste ratio of
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approximately 1.5:1. The stretching, carried out manually for 3.5-6 min, continued until a
homogeneous, shiny and stringy paste was obtained, with a final temperature of 68-70 °C.
The forming was carried out manually (“rotation”) to obtain 50 and 100 g weights of the
buffalo mozzarella, which were immediately immersed in cold water to promote firming.
Salting was carried out by immersing the buffalo mozzarella in a saline solution containing
18% NaCl for a maximum period of 1 h. Finally, the finished buffalo mozzarella was
immersed in a preservative liquid consisting of acidulated water (using lactic acid, pH 5.5)
containing 3% sodium chloride (NaCl).
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Figure 1. Production process flow of buffalo mozzarella.

2.3. pH, Moisture and Dry Matter Determination

The pH value was determined using a SevenDirect SD20 pH meter (Mettler-Toledo
S.p.a, Milano, Italy) equipped with a temperature probe. The moisture content of the
samples was determined according to the ISO 5534 /1IDF 4:2004 regulation (Cheese and
processed cheese—determination of the total solids content, reference method) by oven
drying at 102 & 2 °C until constant weight [24]. Results are expressed as moisture content
(%, w/w).

2.4. Determination of Total Nitrogen and Protein Content

The total nitrogen (TN) content was determined according to the official Kjeldahl
method [25], while to determine the protein content, the total nitrogen value obtained was
multiplied by the correction factor 6.38 (according to the ISO 8968-1:2014 international
reference standard method).

2.5. Fat Content Determination

The fat content determination was performed according to the microwave-assisted ex-
traction (MAE) method reported by Pombal et al. [26], with some modifications. Extraction
was performed using a microwave extractor ETHOS UP (Milestone S.p.A., Sorisole (BG),
Italy) equipped with an SK-15 rotor. Approximately 2.5 g of sample was weighed into a
microwave tube, followed by the addition of 25 mL of hexane and 10 mL of concentrated
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sulfuric acid (98%, w/w). The acid treatment was applied to promote disruption of the
dairy matrix and release of the lipid fraction prior to solvent extraction, in accordance
with the general principle of acid-assisted lipid extraction described for dairy matrices [27].
After inserting a magnetic stirring rod, the tube was placed in the vessel and sealed. Once
the extractor was loaded, the following temperature program was applied:

—  Heating phase: from 25 °C to 100 °C in 10 min.
—  Extraction phase: 100 °C for 30 min.
- Cooling phase: from 100 °C to 25 °C in 20 min.

The power was set to 1400 W. At the end of the extraction, the supernatant was
collected, filtered through filter paper and dried at 45 °C using a Rotavapor Labourota4000-
Efficient (Heidolph Instrument, Schwabach, Germany). The fat content was expressed as g
of fat per 100 g of product on a wet-weight basis (g/100 g product). For matrices character-
ized by a low fat content, particularly whey and stretching water, multiple extractions were
performed under the same experimental conditions. The lipid extracts obtained from the
replicate extractions were pooled before solvent evaporation in order to recover a sufficient
amount of fat for the subsequent fatty acid, triglyceride, and cholesterol analyses.

2.6. Fatty Acid Profile Determination

Fatty acid methyl esters (FAME) were quantified, after transesterification, by gas
chromatography (GC) analysis. The fatty acid composition was determined using a gas
chromatograph equipped with a flame ionization detector (FID) (Agilent Technologies
6850 Series 11, Santa Clara, CA, USA). The analytical procedure was adapted from the
method described by Romano et al. [28]. Briefly, a 1% (w/v) fat solution in hexane was
prepared. An aliquot (1 mL) of this solution was mixed with 300 pL of 2 N methanolic
KOH and vortexed for 1 min at room temperature. After phase separation, 1 uL of the
upper phase containing the FAME was collected using a GC syringe and injected into the
gas chromatograph. The GC was equipped with a programmed temperature vaporizer
(PTV) operating in split mode. The injector temperature was initially set at 85 °C for
0.1 min, then increased at 500 °C/min to 220 °C and maintained for 5 min. The split
ratio was 20:1. The oven temperature was programmed as follows: 85 °C for 1 min,
increased at 6 °C/min to 120 °C, then at 5 °C/min to 160 °C, and finally at 7 °C/min to
250 °C, which was maintained for 20 min. The FID temperature was set at 250 °C. Fatty
acid identification was based on comparison of retention times of samples with those of
the external 37-component FAME standard (Supelco, Bellefonte, PA, USA). Individual
trans-C18:1 isomers were not chromatographically resolved under the adopted analytical
conditions; therefore, the corresponding peak was reported as total trans-C18:1.

Instrument performance was monitored by repeated injections of the standard mix-
ture to verify retention time stability and chromatographic repeatability throughout the
analytical sequence. The results are reported as relative percentage values. Fatty acids
were classified according to carbon-chain length as short-chain fatty acids (SCFA, C4-C10),
medium-chain fatty acids (MCFA, C11-C16), and long-chain fatty acids (LCFA, C17-C24),
according to Pegolo et al. [29].

2.7. Triglyceride Determination

Triglyceride (TG) determination was performed according to the method described by
Romano et al. [30], with some modifications. In particular, a 5% fat solution in chloroform
was prepared and vortexed for 2 min; then, 1 uL of the solution was injected into an
Agilent Technologies 8890N gas chromatograph (GC/FID) equipped with Programmable
Temperature Vaporization (PTV) (Agilent Technologies 8890N, Santa Clara, CA, USA). The
column used was a Restek RTX-65TG capillary column (30 m, 0.25 mm ID and 0.10 um)
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(Restek Corporation, Bellefonte, PA, USA). The operating conditions were as follows: PTV
at 60 °C for 0.1 min, with an increase of 500 °C/min up to 380 °C for 5 min. The oven
temperature was set to 80 °C for 1 min, followed by an increase of 30 °C/min up to 240 °C
for 0.1 min and then 4 °C/min up to 360 °C for 5 min. Helium (He) was used as the carrier
gas at a flow rate of 2 mL/min, with a split ratio of 15:1. TGs were identified by comparing
their retention times with a certified reference material for anhydrous milk fat CRM 519
provided by the Community Reference Office (European Commission, Brussels, Belgium).
The results were expressed as relative percentages (%).

2.8. Cholesterol Determination

Cholesterol determination was performed according to the method reported by Ro-
mano et al. [31], with appropriate modifications. Briefly, a 5% fat solution with chloroform
was prepared and vortexed for 1 min. Afterward, 400 pL of a 2 N solution of KOH in
methanol was added, and the mixture was vortexed again for 1 min. Then 800 pL of 1 N
HCI was added. After vortexing for 1 min, the sample was centrifuged at 4000 rpm for
5 min. One microliter of the resulting supernatant was injected into an Agilent Technologies
8890N gas chromatograph equipped with a programmed temperature vaporizer (PTV), a
flame ionization detector (FID) and a Restek RTX-65TG capillary column (30 m, 0.25 mm
ID and 0.10 pm) (Restek Corporation, Bellefonte, PA, USA). The inlet was maintained at
80 °C for 0.1 min before increasing at 500 °C per min till T = 380 °C, where it remained
for seven min. The oven program started at 80 °C for 0.1 min, then increased by 50 °C
per min to 280 °C, remaining at that temperature for 15 min. Helium (He) was used as
the carrier gas at a rate of 2 mL/min. A split ratio of 5:1 was used throughout the process.
Cholesterol was identified by comparing the peak retention time of the sample with that of
an external cholesterol analytical standard (Sigma-Aldrich, St. Louis, MO, USA), which was
eluted at 7.9 min as shown in Figure 2. Quantification was performed using a four-point
calibration curve (40, 50, 100, and 150 ppm; R? = 0.9932), and the final results are expressed
as milligrams of free cholesterol per 100 g of fat. All samples were analyzed in triplicate.
The instrumental limit of detection (LOD) for cholesterol was 5 ppm.
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Figure 2. Overlap between the cholesterol peak of a buffalo milk sample (blue) and the external
standard (purple).

2.9. Statistical Analysis

All analytical determinations were performed in triplicate for each production batch,
and the results are reported as mean =+ standard deviation (SD) of the analytical replicates.
The individual production batch was considered the experimental unit (n = 10), while
triplicate determinations were considered analytical replicates and were averaged to obtain
a single value for each batch and matrix. Data were subjected to one-way analysis of
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variance (ANOVA), after verification of normality (Shapiro-Wilk test) and homogeneity of
variances (Levene’s test). Mean comparisons were performed using Fisher’s least signifi-
cant difference (LSD) test. Differences were considered statistically significant at p < 0.05.
Statistical analyses were performed using XLSTAT software (version 2025.1, Lumivero,
Denver, CO, USA).

3. Results and Discussion

3.1. Evaluation of pH, Dry Matter, Buffalo Milk Protein Content, Curd, Whey, Buffalo Mozzarella,
and Stretching Water

The analysis of the physicochemical parameters allowed the compositional changes
occurring among milk (M), curd (C), whey (W), mozzarella cheese (MC), and stretching
water (SW) during buffalo mozzarella production to be evaluated. Buffalo milk showed
pH values ranging from 6.62 to 6.75, dry matter contents from 16.85 to 18.14%, moisture
contents from 81.85 to 83.13%, and protein contents from 4.54 to 5.79% across the ten
production batches (Table 1).

Table 1. Values of pH, dry matter, moisture and protein content of milk (M) from ten different processes.

Samples pH Dry Matter (%) Moisture (%) Protein (%)
M1 6.72 + 0.01 abc 16.85 4+ 0.39 83.13 +£0.392 5.48 + 0.09 2P
M2 6.70 + 0.01 abe 17.18 + 0.01 b¢ 82.81 + 0.01 @b 4,65+ (.18 2
M3 6.70 & 0.01 abe 17.18 £ 0.01 bc 82.81 + 0.01 @b 4.65 + (.12
M4 6.75 + 0.02 2 17.67 4+ 0.46 2P 82.31 + 0.46 b¢ 5.79 +0.24 2
M5 6.75 + 0.04 2 17.67 + 0.46 2P 82.31 + 0.46 b¢ 5.79 + (.24 2
M6 6.73 + 0.03 2P 18.14 +0.132 81.85 +0.13¢ 5.15 + 0.49 @b
M7 6.65 + 0.01 < 17.78 4+ 0.01 2P 82.20 + 0.01 be 5.00 + 0.14 2P
M8 6.70 + 0.02 abe 17.39 + 0.02 b¢ 82.60 + 0.023bc 5554 (0.332b
M9 6.67 + 0.04 bed 17.49 4+ 0.062b¢ 8251 +0.443¢ 554 + (.82 P
M10 6.62 +0.04 4 17.18 £ 0.01 bc 82.81 + 0.01 2P 454 +0.59P

a-d Dijfferent letters in the same column indicate statistically significant differences (p < 0.05).

These values are consistent with the typical composition of buffalo milk and confirm its
high solids and protein content [32]. During the transformation process, milk coagulation
leads to the formation of curd (C). The results are reported in Table 2, where the ten
samples evaluated are indicated with numbers from C1 to C10 corresponding to the
batches analyzed.

Table 2. Values of pH, dry matter, moisture and protein content of Curd (C) from ten different processes.

Samples pH Dry Matter (%) Moisture (%) Protein (%)
C1 4.82 4+ 0.012b 58.75 + 0.31 2 41240 +031%  19.374+0912
c2 4.86 +0.042 58.40 + 0.08 2 4160 +£028° 1977 +£1.762
C3 454 +0.02° 58.40 + 0.08 2 4160 +£028° 1977 +£1.762
C4 4.79 + (.01 abe 56.65 + 0.13 @b 4334 +0.132  19.90 + 0.60 2
C5 4.79 4+ 0.01 2bc 56.65 + 0.13 @b 4334 +0.132  19.90 + 0.60 2
C6 4.70 +0.01 52.63 + 3.68 P 4735+ 3.682 1920+ 0.842
C7 4.75 + 0.03 be 58.60 £ 0.69 2 4140 +£0.69P  19.05+0.242
Cs8 4.65+0.034 56.00 =+ 2.90 2P 4399 +2903  20.58 +0.632
C9 4.84 + 0.06 2P 54.15 + 1.98 ab 4584 +1.983 1941 +1.302
C10 4.84 +0.06 2P 54.15 + 1.98 @b 4584 + 1983 2091 +£2.002

a¢ Different letters in the same column indicate statistically significant differences (p < 0.05).
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As shown in Table 2, curd samples exhibited pH values ranging from 4.54 to 4.86,
dry matter contents from 52.63 to 58.75%, moisture contents from 41.24 to 47.35%, and
protein contents from 19.05 to 20.91%. Compared with the initial buffalo milk, curd was
characterized by lower pH and moisture and markedly higher protein content. This
trend is consistent with the acidification and coagulation processes, which promote casein
aggregation and the formation of a protein-rich curd, accompanied by the separation of
the aqueous whey phase [33]. Whey (W), obtained following curd separation, showed
pH values ranging from 4.51 to 4.85, dry matter contents from 5.80 to 6.70%, moisture
contents from 93.29 to 94.18%, and protein contents from 1.17 to 1.72% across the ten
production batches (Table 3). The high moisture and relatively low protein contents are
consistent with the nature of whey as the aqueous phase separated during curd formation.
The residual protein fraction mainly reflects proteins remaining in the soluble phase after
casein coagulation.

Table 3. Values of pH, dry matter, moisture and protein content of Whey (W) from ten different processes.

Samples pH Dry Matter % Moisture % Proteins %
W1 453 +0.02b 5.80 £0.01f 9418 £ 0.012 1.52 + 0.09 2P
W2 453 +0.02b 6.70 £0.012 93.29 +0.01f 1.72 + 0.09 2
W3 4.85+0.032 6.70 +0.012 93.29 +0.01f 1.72 +0.09 2
W4 451 +0.05b 6.40 £ 0.02 ¢ 93.59 + 0.02 4 1.71 +£0.112
W5 451 +0.05b 6.40 +0.02°¢ 93.59 +0.02 4 1.71+0.112
W6 451 +0.10b 6.34 +0.024 93.65 4+ 0.02 ¢ 1.17 +£0.03 b
w7 4.63 +0.03 2 6.17 £ 0.01¢ 93.82 +£0.01° 1.65+0.302
W8 451 +0.05b 6.55 +0.03 b 93.44 + 0.03© 1.51 +0.16 2P
W9 453 +0.02b 6.70 £0.012 93.29 +0.01f 1.36 +0.18 2P
W10 453+ 029b 6.70 £0.012 9329 +0.01f 1.36 + 0.18 2P

a~f Different letters in the same column indicate statistically significant differences (p < 0.05).

Mozzarella cheese (MC), obtained after curd stretching and shaping, showed pH
values ranging from 5.65 to 5.83, dry matter contents from 39.70 to 49.09%, moisture
contents from 50.90 to 60.31%, and protein contents from 14.07 to 17.70% across the ten
production batches (Table 4). Compared with curd, mozzarella cheese showed higher
pH and moisture contents and lower dry matter and protein contents. These changes are
consistent with the transformations occurring during the stretching and shaping steps,
during which the curd undergoes structural reorganization and interacts with the hot
stretching water [34]. The observed variability in mozzarella moisture content may also be
influenced by differences in water incorporation and retention during processing.

Table 4. Values of pH, dry matter, moisture and protein content of Mozzarella Cheese (MC) from ten
different processes.

Samples pH Dry Matter % Moisture % Proteins %
MC1 5.83 + 0.06 2 44.46 + 0.05 3P 55.54 + 0.05 2P 17.70 + 2.87 2
MC2 5.78 + 0.02 2P 4041 +0.15° 59.59 +0.102 14.07 + 0.02°
MC3 5.78 £ 0.02 @b 4041 +0.15° 59.59 +0.102 14.07 £ 0.02b
MC4 5.70 £ 0.02 be 4253 +0.16" 57.47 +£0.162 16.02 & 1.40 3P
MC5 5.70 4 0.02 be 4253 +0.16" 57.47 +0.16 2 16.02 4 1.40 2P
MCé6 5.74 + 0.05 ab¢ 49.09 +5.192 50.90 + 5.19 14.95 4+ 0.51 @b
MC7 5.73 + 0.06 abc 40.67 +1.11° 59.33 +1.112 16.01 & 0.15 2P
MC8 5.73 + 0.05 abe 39.70 + 2.60 P 60.31 + 2.60 2 15.17 + 1.47 b
MC9 5.65 + 0.01 ¢ 41.16 +1.57° 58.84 + 1,572 16.52 + 0.68 2P
MC10 5.70 = 0.04 be 42.66 + 157" 5734+ 1572 17.52 + 0.68 2P

a7¢ Different letters in the same column indicate statistically significant differences (p < 0.05).
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Finally, stretching water (SW) showed pH values ranging from 5.65 to 5.99, dry
matter contents from 1.04 to 5.76%, moisture contents from 94.24 to 98.95%, and protein
contents from 0.72 to 1.69% across the ten production batches (Table 5). As expected for the
aqueous medium used during curd stretching, SW was characterized by a high moisture
content and relatively low dry matter and protein contents. The presence of solids and
proteins in this processing stream is consistent with the transfer of soluble and dispersed
components from the curd into the stretching water during the stretching step [35]. The
results obtained agree with those previously reported [36,37], which describe similar
trends in chemical-physical parameters throughout the various stages of buffalo mozzarella
production. Differences in pH, moisture and protein content reflect the structural and
biochemical changes occurring during processing [38-40] and confirm the consistency of the
experimental data collected. Although some production batches showed identical or very
similar values for individual physicochemical parameters, each batch represented a separate
production process. The observed similarities reflect the relatively limited variability of
some compositional parameters under the industrial processing conditions investigated.

Table 5. Values of pH, dry matter, moisture and protein content of Stretching Water (SW) from
ten different processes.

Samples pH Dry Matter % Moisture % Proteins %
SW1 5.67 + 0.03 be 5.76 +1.802 9424 +1.79°¢ 0.86 +0.38P
SW2 5.65 +0.02°¢ 3.20 +0.05P 96.79 + 0.04 P 0.85+0.13P
SW3 5.65 + 0.02 ¢ 3.20 +0.05P 96.79 + 0.04 P 0.85+0.13P
SW4 5.71 + 0.01 be 1.04 +0.01 ¢ 98.95 + 0.01 2 0.79 +0.18°
SW5 5.71 + 0.01 be 1.04 + 0.01 ¢ 98.95 + 0.01 2 0.79 +0.18"
SW6 5.65 + 0.01°¢ 144 +0.12°¢ 98.54 + (.12 2 0.72 +0.08 b
SW7 5.74 +0.03 P 238 +£0.01Pc  97.61 +0.012 0.91 +0.04P
SW8 5.99 + 0.022 220+023bc 9779 40233 1224 (0432
SW9 5.95 + 0.052 3.20 +0.05P 96.80 + 0.19 P 1.19 + 0.38 @b
SW10 5.95 + 0.05 2 320 +£0.05P 96.79 + 0.05P 1.69 £0.322

3¢ Different letters in the same column indicate statistically significant differences (p < 0.05).

3.2. Fat Distribution in the Buffalo Mozzarella Processing Steps

The analysis conducted on samples taken at different months from November 2024
to March 2025 in the various processing stages revealed a significant variability in fat
distribution throughout the entire process of transforming buffalo milk into mozzarella
cheese. This variability can be attributed to (i) fluctuations in the lipid content of the
incoming milk and to the technological conditions adopted in the coagulation and (ii) the
stretching step, which determines the efficiency of fat retention in intermediate and final
products [41].

The fat content of raw buffalo milk ranged from 6.07 to 8.00 g/100 g product (wet
basis) across the ten production batches. These values fell within the compositional range
expected for buffalo milk and showed moderate batch-to-batch variability. Table 6 reports
the fat content of the different processing matrices across the ten production batches,
expressed as g fat/100 g product on a wet-weight basis.

Across the ten production batches, curd showed the highest fat concentration, ranging
from 27.82 to 38.54 g /100 g product, followed by mozzarella cheese (19.27-26.16 g/100 g
product) and raw milk (6.07-8.00 g/100 g product). Considerably lower fat concentrations
were observed in whey (0.27-2.15 g/100 g product) and stretching water (0.23-2.20 g/100 g
product). The fat content observed in raw buffalo milk was consistent with the composi-
tional variability reported for Italian Mediterranean buffalo milk [2,32]. Such variability
may be related to biological and zootechnical factors, including stage of lactation, season,
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and feeding conditions, which are known to influence the lipid content and composition of
buffalo milk [32]. The higher fat concentration observed in curd compared with milk is con-
sistent with the incorporation of milk fat globules into the coagulated casein matrix and the
simultaneous separation of a large proportion of the aqueous phase as whey [35,42]. During
coagulation, most of the lipid fraction is physically entrapped within the curd structure,
whereas a smaller fraction can be transferred to whey as dispersed fat globules [17,30,33].
Accordingly, whey showed substantially lower fat concentrations than curd in all produc-
tion batches. However, fat concentration alone does not provide a quantitative estimate of
lipid partitioning, since whey represents a considerably larger process stream than curd.
Therefore, the actual contribution of whey to fat transfer must be evaluated by considering
both its mass and its fat concentration. A decrease in fat concentration was observed from
curd to mozzarella cheese, with values ranging from 27.82-38.54 g /100 g product in curd
to 19.27-26.16 g/100 g product in mozzarella cheese. This change is associated with the
compositional and structural modifications occurring during stretching, during which the
curd is exposed to hot water and undergoes extensive rearrangement of the protein ma-
trix [17,34]. Stretching water contained relatively low fat concentrations (0.23-2.20 g/100 g
product), indicating that a fraction of the lipid material can be transferred from the curd to
the aqueous phase during stretching. The extent of this transfer may be influenced by pro-
cessing conditions, including temperature, acidity, and stretching time, which can affect the
structural organization of the curd and the release of dispersed lipid material [17,18,33,43].
The calculated fat mass balance showed minor deviations from complete closure in some
production batches. These discrepancies may reflect experimental uncertainty arising from
the combination of process-stream mass measurements and analytical determination of fat
concentration and should not be interpreted as actual increases in fat during processing.
Therefore, the mass-balance data were used primarily to describe the overall partitioning
of fat among the different processing streams. Overall, the concentration data indicate a
characteristic distribution of fat among the processing matrices, with curd and mozzarella
cheese representing the most lipid-rich fractions and whey and stretching water show-
ing substantially lower fat concentrations. Nevertheless, because the different processing
streams differ markedly in mass, concentration data alone cannot be used to quantify fat
retention or losses during cheesemaking. For this reason, process-stream masses and the
corresponding absolute fat masses were considered to provide a quantitative assessment of
lipid partitioning throughout buffalo mozzarella production.

Table 6. Fat content (g/100 g product, wet basis) in milk (M), curd (C), whey (W), mozzarella cheese
(MC), and stretching water (SW) across the ten production batches (1-10).

Production Batches M C W MC SW
1 7.16 + 0.60 ¢ 3123 +0.182 0.66 + 0.03 © 23.76 £ 0.32b 2.20 +0.014
2 7.22 +0.51¢ 36.25 + 0.03 2 027 £0.11°¢ 26.16 + 0.06 b 2.10 +£0.014
3 7.22 +051°¢ 36.25 + 0.08 2 0.27 +0.04© 26.16 +£0.25P 2.10 +£0.014
4 7.79 +0.23 ¢ 30.76 +0.10 2 1.67 +0.024 2350 + 0.16 b 0.41 +0.01¢
5 7.80 + 0.23 ¢ 30.76 + 0.37 2 1.67 +0.014 2350 +0.11b 0.41+0.01°¢
6 6.67 +0.76 30.15+0.202 0.69 + 0.03 4 19.27 +£0.12°P 0.25 + 0.02 4
7 798 +0.13 ¢ 3854 + (.48 0.59 + 0.07 ¢ 24.64 +0.69b 217 +0.014
8 6.07 +0.57 ¢ 29.00 + 0.352 0.33 +0.014 19.81 +£0.31°P 0.29 +0.01 ¢
9 8.00 + 0.58 ¢ 27.82 +0.012 215+ 0.06 4 21.64+0.11b 0.23 +0.01°¢©
10 7.10 + 0.50 € 30.56 + 0.30 2 0.30 +0.124 22.14 4+ 0.07b 0.27 +0.014

Different letters ¢ in the same row indicate significant differences among dairy matrices within each
production batch (p < 0.05). M = milk; C = curd; W = whey; MC = mozzarella cheese; SW = stretch-
ing water.
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The evaluation of process-stream masses provided additional information for inter-
preting lipid partitioning during buffalo mozzarella production (Table 7). Curd production
ranged from 19.43 to 24.18 kg per 100 kg of initial milk, whereas whey represented the
largest process stream, ranging from 75.83 to 80.53 kg/100 kg initial milk. Mozzarella
cheese production ranged from 26.03 to 30.25 kg /100 kg initial milk, corresponding to
the cheese yield of the ten production batches. These results indicate relatively limited
batch-to-batch variability in cheese yield, despite the compositional variability observed
in the initial milk and intermediate processing matrices. When fat concentration was
combined with the mass of each processing stream, a more quantitative picture of lipid
partitioning was obtained (Table 8). The initial milk contained between 6.07 and 8.00 kg
of fat per 100 kg of milk. Following coagulation, the fat mass associated with the curd
ranged from 5.73 to 7.50 kg /100 kg initial milk, whereas the corresponding fat mass in
whey ranged from 0.22 to 1.63 kg /100 kg initial milk. Thus, despite its relatively low fat
concentration, whey represented a quantitatively relevant pathway for fat transfer because
of the large mass of this process stream. This observation confirms the importance of con-
sidering both fat concentration and process-stream mass when evaluating lipid partitioning
during cheese-making [17,30,33]. Following stretching and shaping, the fat mass associated
with mozzarella cheese ranged from 5.20 to 7.22 kg /100 kg initial milk, while stretching
water contained considerably smaller amounts, ranging from 0.02 to 0.24 kg fat/100 kg
initial milk. The comparatively low absolute fat mass associated with stretching water
indicates that, although lipid material can be released from the curd during stretching,
this stream accounted for a smaller quantitative fraction of the fat transferred to the aque-
ous processing streams. The release of fat during this stage may be influenced by the
structural rearrangement of the curd under the combined effects of temperature, acidity,
and mechanical treatment [17,18,33,43]. Overall, the mass-balance approach complements
the concentration data reported in Table 6 and provides a more appropriate description
of lipid partitioning throughout buffalo mozzarella production. In particular, the results
show that the quantitative relevance of a processing stream cannot be inferred from its fat
concentration alone. Whey, despite its low fat concentration, can account for a measurable
amount of fat because of its high process mass, whereas stretching water contributes a
smaller absolute fat mass. Most of the fat associated with the initial milk was therefore
found in the curd after coagulation and subsequently in mozzarella cheese after stretching,
consistent with the physical entrapment of milk fat globules within the casein matrix during
cheesemaking [35,42].

Table 7. Process stream masses and cheese yield across the ten buffalo mozzarella production batches
(1-10). Process stream masses are expressed as kg per 100 kg of initial milk. Cheese yield was
calculated as the amount of mozzarella cheese obtained per 100 kg of initial milk.

Production  C (kg/100 W (kg/100  MC (kg/100 SW (kg/100 Cheese
Batches kg Milk) kg Milk) kg Milk) kg Milk) Yield (%)

1 19.57 80.43 26.03 10.78 26.03
2 19.43 80.53 26.52 4.94 26.52
3 19.43 80.53 26.52 4.94 26.52
4 21.05 78.95 28.00 11.59 28.00
5 21.05 78.95 28.00 11.59 28.00
6 20.30 79.70 27.00 11.18 27.00
7 19.47 80.53 29.31 7.22 29.31
8 20.01 79.99 29.17 8.46 29.17
9 24.18 75.83 26.50 18.79 26.50
10 22.46 77.50 30.25 12.00 30.25
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Table 8. Fat mass distribution (kg/100 kg initial milk) among the different processing streams across
the ten production batches (1-10).

Production Batches M C W MC SW
1 7.16 + 0.60 2 6.11 +£0.03P 0.53 +0.02 ¢ 6.16 + 0.08 0.24 +0.01°¢
2 7.22 +0.512 7.04 4+ 0.012 0.22 +0.08P 6.94 +0.022 0.10 £ 0.01P
3 7.22 + 0512 7.04 +0.02 2 0.22 +0.03P 6.94 + 0.07 2 0.10 £ 0.01P
4 7.79 +£0.232 6.47 +0.02° 1.31 +£0.02¢ 6.58 +0.04P 0.05+ 0.014
5 7.79 +0.232 6.47 £ 0.07b 1.31 £0.01¢ 6.58 +0.03P 0.05+0.014
6 6.67 +0.76 2 6.12 +£0.042 0.55 4+ 0.02 ¢ 5.20 +0.03 b 0.03 4+ 0.02°¢
7 7.98 +0.132 7.50 &+ 0.09 b 0.47 £ 0.05 ¢ 7.22 +020P 0.16 + 0.01 ¢
8 6.07 + 0.57 2 5.80 + 0.07 2 0.26 +£0.01P 5.77 +0.09 2 0.02 +£0.01P
9 8.00 + 0.58 2 6.72 £0.01P 1.63 +£0.04 4 5.73 +0.03°¢ 0.04 +0.02¢
10 7.10 + 0.50 2 6.86 + 0.07 2 0.23 +£0.09b 6.70 + 0.02 2 0.03 4+ 0.01P

Different letters 2~¢ in the same row indicate significant differences among dairy matrices within each
production batch (p < 0.05). M = milk; C = curd; W = whey; MC = mozzarella cheese; SW = stretch-
ing water.

3.3. Fatty Acid Profile in Milk, Curd, Whey, Buffalo Mozzarella and Stretching Water

The fatty acid composition and the relative proportions of the different fatty acid
classes in milk (M), curd (C), whey (W), mozzarella cheese (MC), and stretching water (SW)
are reported in Table 9. Differences in the relative fatty acid composition were observed
among the processing matrices.

Saturated fatty acids (SFA) represented the predominant fatty acid class in all matrices,
accounting for 66.16% in milk, 66.80% in curd, 68.50% in whey, 64.35% in mozzarella cheese,
and 71.46% in stretching water. Conversely, the proportion of unsaturated fatty acids (UFA)
was 33.84% in milk, 33.20% in curd, 31.50% in whey, 35.65% in mozzarella cheese, and
28.54% in stretching water. The predominance of SFA is consistent with the characteristic
fatty acid composition of buffalo milk and dairy products reported in the literature [30,44].
Among unsaturated fatty acids, MUFA represented the major fraction, with values ranging
from 24.12% in stretching water to 31.27% in mozzarella cheese, while PUFA accounted
for a smaller proportion of total fatty acids, ranging from 3.37% in whey to 5.44% in
milk. Differences were also observed in the relative proportions of short-, medium-, and
long-chain fatty acids among the processing matrices, suggesting that the lipid fractions
recovered at the different stages of cheesemaking were characterized by different relative
fatty acid profiles [19,20]. However, since fatty acid composition is expressed as relative
percentages of total fatty acids, an increase or decrease in the relative proportion of an
individual fatty acid or fatty acid class cannot, by itself, be interpreted as evidence of
selective retention or loss during processing. Among individual fatty acids, palmitic acid
(C16:0) was one of the predominant saturated fatty acids in all matrices, ranging from
20.38% in milk to 23.07% in whey. Myristic acid (C14:0) also represented a major component,
with values ranging from 17.92% in curd to 20.73% in whey, whereas stearic acid (C18:0)
showed comparatively limited variation among the matrices, ranging from 10.28% in
mozzarella cheese to 11.22% in whey. These results confirm that the major saturated fatty
acids remained quantitatively important components of the lipid fraction throughout the
different stages of buffalo mozzarella production [30,45,46]. Among unsaturated fatty
acids, oleic acid (C18:1n9c¢) represented the major cis-monounsaturated fatty acid. Its
relative proportion was lower in milk (10.31%) than in curd (17.30%), whey (17.37%),
mozzarella cheese (17.30%), and stretching water (16.45%). Linoleic acid (C18:2n6c), one
of the principal polyunsaturated fatty acids identified, showed more limited differences
among the matrices, with values ranging from 2.55% in mozzarella cheese to 3.03% in
curd. Overall, these results indicate that the relative contribution of the major fatty acids
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to the total lipid profile changed among the different processing matrices. Nevertheless,
these variations should be interpreted as changes in relative fatty acid composition rather
than as direct evidence of preferential transfer or retention of individual fatty acids during
cheesemaking [19,30].

Table 9. Fatty acid profile, fatty acid classes and ratios of milk, curd, whey, mozzarella cheese and

stretching water (data average is reported).

Fatty Acid M C W MC SW
C4:0 3.99 + (.31 be 477 +0.50P 3.31+0.02° 420 + 0.27 be 6.07 £ 0.56 2
C6:0 1.50 + 0.07 be 1.72 +0.07 P 1.31 +0.08 © 1.54 4+ 0.03 be 23140232
C8:0 0.74 + 0.06 P 0.77 +£0.02b 0.66 + 0.03P 0.76 +0.02 P 0.99 + 0.06 2
C10:0 1.37 +0.01P 1.49 +0.10" 1.38 +0.10P 1.43 +0.03P 1.95 + 0.09 2
C11:0 0.17 +£0.012 0.16 +£0.012 0.12 +0.00b 0.16 & 0.00 0.12 +£0.02b
C12:0 2.05 + 0.03 be 212 +0.07b 2.06 + 0.01 be 1.89 + 0.03 © 256 +0.16 2
C13:0 0.15 4 0.02 b¢ 0.13 + 0.01 be 0.12 +0.00 0.16 +0.01 b 0.21 +£0.022
C14:0 19.15 + 0.08 © 19.30 4 0.00 ® 20.73 +0.39 2 17.92 4+ 0.06 20.60 + 0.23 2

C14:1 1.54 + 0.00 @b 1.59 + 0.052 1.36 & 0.09 be 1.58 + 0.08 2P 1.14 +0.13¢
C15:0 3.66 + 0.07 bc 3.52 4+ 0.08 ¢ 3.89 +£0.17P 3.72 4+ 0.06 b¢ 430 +0.182
C16:0 21.12 + 0.50 b¢ 21.74 + 047" 23.07 +0.712 20.69 + 0.22 be 20.38 4+ 0.36 ©
C16:1 6.55 + 0.01 2P 6.34 + 036 P 5.70 + 0.09 © 7.02 +0.03 2 5.45 +0.31°¢
C17:0 0.74 + 0.01 be 0.64 +£0.01° 0.63 £0.04° 0.80 + 0.09 2P 0.88 +0.052
C17:1 0.35+ 0.03 b 0.34 +0.00P 0.34 +0.00b 0.42 +0.012 0.40 +0.022
C18:0 10.66 4 0.21 2P 10.28 + 0.62° 11.22 £ 0.162 11.09 4+ 0.17 2P 10.76 4+ 0.17 2
Total trans C18:1 324 +0.06°¢ 2.85+0.10¢ 3.18 + 0.06 472 +0.25P 6.51 + 0.672
C18:1n9¢ 16.45 + 0.122 17.30 4+ 0.04 @ 1737 +0.712 17.30 +0.182 10.31 + 0.97 P
C18:2n6t 0.57 +0.04 2 0.59 +0.022 0.52 +0.042 0.55 + 0.02 2 033 +0.212
C18:2n6¢c 2.73+0.292 255+ 0.10 2 2.85+0.022 3.03 +0.26 2 2.77 +0.092
C18:3n6 0.32 +0.03P 1.07 £ 0.01°2 <LOD 029 +0.01P <LOD
C20:1 020 +£0.01P 0.20 +0.02b 0.17 £0.01b 022 +0.04b 0.32 4+ 0.032
C18:3n3 1.34 +0.052 <LOD <LOD <LOD 0.69 +0.16 P
C21:0 0.07 +0.032 <LOD <LOD <LOD <LOD
C22:0 0.26 +0.012 0.15+ 0.05b <LOD <LOD 0.33 +0.052
C20:4n6 0.43 + 0.01 be 0.37 £0.03 ¢ <LOD 0.50 +0.04P 0.63 £ 0.072
C23:0 0.40 + 0.03 2 <LOD <LOD <LOD <LOD
C24:0 0.13 +£0.022 <LOD <LOD <LOD <LOD
C20:5n3 0.03 +£0.012 <LOD <LOD <LOD <LOD
C24:1 0.06 +0.012 <LOD <LOD <LOD <LOD
C22:6n3 0.03 + 0.00 2 <LOD <LOD <LOD <LOD
SFA 66.16 =+ 0.19 <d 66.80 =+ 0.73 b¢ 68.50 & 0.44 P 64.35 +0.14 4 71.46 + 0.66 2
MUFA 28.40 +0.24 b 28.63 + 0.57P 28.13 + 0.48 P 31.27 +£0.122 2412 +1.71°¢
PUFA 5.44 +0.182 458 +0.16° 3.37 £ 0.06 438 +£0.19° 442 4+ 053P
UFA 33.84 +0.19 @b 33.20 + 0.72 be 31.50 4 0.44 € 35.65 + 0.14 2 28.54 + 0.66 4
SCFA 7.60 & 0.18 be 8.75+0.37b 6.66 £ 0.23 ¢ 7.93 +0.19 be 11.31 +£0.202
MCFA 54.40 + 0.28 P 5491 +059P 57.05 4+ 0.29 2 53.14 £ 0.21°¢ 54.77 +0.99 P
LCFA 38.00 + 0.44 2 36.34 +0.25P 36.29 + 0.42 P 38.93 +0.142 33.92 4+ 0.80 ¢
SCFA /MCFA 0.14 + 0.01 be 0.16 £0.01P 0.12 £0.00 € 0.15 + 0.01 be 0.21 +0.022
SCFA/LCFA 0.20 + 0.01 be 0.24 +0.02b 0.18 £0.01°¢ 0.20 + 0.01 be 0.33 +0.032
SFA /UFA 1.96 + 0.02 be 2.03 + 0.06 be 218 +£0.04P 1.81 +0.01°¢ 251 +0.082

a-d Different letters in the same row indicate statistically significant differences (p < 0.05). <LOD
(below the limit of detection, LOD). M = milk; C = curd; W = whey; MC = mozzarella cheese;
SW = stretching water.
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3.4. Triglyceride Profile in Milk, Curd, Whey, Mozzarella and Stretching Water

The triglyceride (TG) profile of the different matrices analyzed during the buffalo

mozzarella process is reported in Table 10.

Table 10. Triglycerides (TG) profile in the analyzed samples (average data are reported).

TG (%) M C W MC SW
C24 0.29 + 0.08 2 0.19 + 0.052 0.24 +0.06 2 0.23 + 0.08 2 0.25+0.032
C26 0.46 + 0.09 2 0.35 4+ 0.07 2 0.43 +0.092 0.48 +0.072 0.42 +0.052
C28 0.81+0.102 0.63 + 0.052 0.70 £ 0.09 2 0.73 +0.07 2 0.71 +0.102
C30 1.10 + 0.28 2 1.05 +0.152 1.13 £ 0.152 1.20 +£0.222 1.07 £0.142
C32 3.24 + 0492 27140242 273 +0352 2.75+0.292 256 +0.172
C34 7.05 + 0.49 2 723 +0292 721 +0392 7.83 +0.402 7.08 +£0.272
C36 14.26 + 0.61° 14.44 + 0.31° 14.57 4+ 0.45 @b 15.83 + 0.552 14.70 4 0.34 @b
C38 16.25 + 0.46 @ 16.38 + 0.43 2 16.37 + 0.64 2 17.57 + 0.60 @ 16.40 + 0.27 2
C40 9.95 + 0.56 9.80 + 0.54 2 9.57 + 0.36 2 10.76 + 0.50 2 9.78 +0.29 2
C42 5.11 + 0452 5.03 +0.122 5.01 +0.192 5.40 + 0.37 2 4.80 +0.232
C44 485+ 0.362 478 +0.102 5.10 £0.292 466 +0.212 495+ 0.132
C46 6.43 + 0.47 2 6.51 +0.18 2 6.35+0.282 537 +0.20 6.52 +£0.232
C48 8.94 + (.91 2 8.87 + 0.39 2b 9.28 4+ 0.56 2 7.67 +0.40P 9.01 £+ 0.34 b
C50 1046 +1.112 10.62 + 0.192 10.70 4+ 0.69 @ 9.24 +0.332 10.61 + 0.372
C52 7.77 + 0432 8.45 + 0.252 7.99 4+ (0.39 2 7.55 + 0.352 8.28 +(0.2542
C54 2.99 + 0492 292 +0322 26140522 2.70 +0.252 2.82 4+ 0402

b Different letters in the same row indicate statistically significant differences (p < 0.05). M = milk;
C = curd; W = whey; MC = mozzarella cheese; SW = stretching water.

Overall, the relative triglyceride distribution was broadly similar among milk,
curd, whey, mozzarella cheese, and stretching water. Low-carbon-number triglycerides
(C24-C32) represented a relatively small proportion of the total triglyceride fraction and
showed only limited variations among the different processing matrices. Similarly, triglyc-
erides in the C34-C42 range represented a substantial proportion of the triglyceride profile,
with C36 and C38 among the most abundant families. In particular, C38 ranged from
16.25% in milk to 17.57% in mozzarella cheese, whereas C36 ranged from 14.26% in milk to
15.83% in mozzarella cheese. Higher-carbon-number triglycerides (C44—-C54) also showed
generally comparable relative proportions among the processing matrices, although some
differences were observed for individual triglyceride families. In particular, C46 and C48
showed lower relative proportions in mozzarella cheese (5.37% and 7.67%, respectively)
compared with milk (6.43% and 8.94%, respectively), whereas the remaining high-carbon-
number triglycerides showed comparatively limited variations. The overall distribution
was consistent with previous findings reported for buffalo mozzarella and buffalo milk
fat [30]. Taken together, these results indicate that the overall relative triglyceride profile
was largely maintained across the different processing matrices, despite variations in the
relative abundance of some individual triglyceride families. This suggests that the tech-
nological steps involved in buffalo mozzarella production did not result in major changes
in the overall triglyceride composition of the recovered lipid fractions [34]. However,
since triglycerides were expressed as relative percentages of the total triglyceride fraction,
differences among matrices should be interpreted as changes in relative composition rather
than as direct evidence of selective retention or loss of individual triglyceride families
during processing.

3.5. Free Cholesterol Content in Milk, Curd, Whey, Mozzarella and Stretching Water

The free cholesterol content analysis in the different dairy matrices shown in Figure 3
indicates variable values between M, C, W, MC, and SW. Buffalo milk showed a free
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cholesterol concentration of approximately 237 mg /100 g fat, which decreased slightly in C
(228 mg/100 g fat) and MC (229 mg/100 g fat).

300
250 T
200

150

100

50

M C w

Figure 3. Free cholesterol content (mg/100 g fat) in milk (M), curd (C), whey (W), mozzarella cheese
(MC), and stretching water (SW). Data are expressed as mean =+ standard deviation (SD) across the
ten independent production batches (1 = 10). Different letters above the bars indicate statistically
significant differences among the matrices (p < 0.05), whereas bars sharing the same letter are not
significantly different.

The analysis of free cholesterol content showed differences among the lipid fractions
recovered from the different processing matrices (Figure 3). Buffalo milk showed a free
cholesterol concentration of approximately 237 mg/100 g fat, with comparable values
observed in curd (228 mg/100 g fat) and mozzarella cheese (229 mg/100 g fat). In contrast,
whey and stretching water showed lower cholesterol concentrations, approximately 89
and 84 mg/100 g fat, respectively. These results indicate that the lipid fractions of curd
and mozzarella cheese maintained cholesterol concentrations comparable to those of the
initial milk fat, whereas lower values characterized the lipid fractions recovered from the
aqueous processing streams. However, since cholesterol was expressed as mg/100 g of
extracted fat, these differences describe the cholesterol concentration within the recovered
lipid fraction and should not be interpreted as the total amount of cholesterol transferred
to each processing stream. Moreover, the low amount of fat recovered from whey and
stretching water should be considered when interpreting these values. The cholesterol
concentration observed in milk was generally consistent with values previously reported
for buffalo milk fat [47,48], while differences among buffalo milk and dairy products may
also reflect the natural variability reported in the literature [45,46]. Overall, the results
suggest that buffalo mozzarella processing is associated with differences in the distribution
of cholesterol among the lipid fractions recovered from the different processing matrices.

4. Conclusions

Overall, the data reported highlights how the lipid quality and distribution in the
buffalo mozzarella are closely linked to the process conditions and to the composition
of the starting buffalo milk. Future studies should further investigate the relationship
between technological variables (pH, temperature, stretching duration) and mozzarella
cheese microstructure, as well as evaluate the impact of zootechnical, climate, and dietary
factors on the lipid composition and nutritional profile of the derived products. This infor-
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mation could contribute to the optimization and standardization of the buffalo mozzarella
production process investigated in this study, with potential positive impacts on product
quality and nutritional value.
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