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Abstract

Functional fresh cheeses can serve as effective carriers of bioactive compounds and probiotic
cultures. This study developed a Casu Axedu cheese fortified with olive leaf phenolics and
a probiotic-candidate Lactiplantibacillus plantarum (LP) strain. Three formulations were
produced from thermised sheep milk: a control (CA-I), a cheese with LP (CA-IL) and a
cheese combining olive leaf extract (OLE; 20 mg GAE 100 g~ ! milk) and LP (CA-IOL). In
all experimental cheeses, inulin was included as a dietary fibre, and lactose hydrolysis was
performed to improve product accessibility for lactose-intolerant consumers. Cheeses were
stored at 3 + 1 °C for 30 days and analysed for polyphenol profile, antioxidant capacity,
physicochemical and nutritional characteristics, microbiological quality, sensory properties
and consumer acceptance. OLE fortification approximately doubled the total polyphenols
and produced a more than threefold increase in FRAP antioxidant capacity in CA-IOL,
with a high percentage of the main olive leaf phenolics retained after 30 days. Composition,
fatty acid profile, vitamin A/E and cholesterol contents were unaffected by OLE and LP
addition; all formulations met “high in protein” and lactose-free label criteria (according to
the guidelines issued by the Italian Ministry of Health DGISAN Communication No. 27673
of 7 July 2015), and the inulin-based “source of fibre” claim was supported by formulation
and mass-balance calculation. Presumptive lactobacilli remained at high counts throughout
storage in the LP-containing cheeses, and OLE neither impaired the lactic microflora nor
promoted coliform growth. OLE addition increased perceived bitterness, astringency and
olive-like notes in CA-IOL, moderately reducing liking scores relative to those of the control
among the tested consumer panel (5.25 £ 1.7 at 30 d); mean liking nonetheless remained
above the neutral point of the 9-point hedonic scale. Overall, combining inulin, olive leaf
extract and a probiotic-candidate L. plantarum strain enabled the production of a Casu
Axedu cheese with enhanced antioxidant properties and improved nutritional features
while retaining acceptable sensory quality. This approach represents a promising strategy
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for the valorisation of olive by-products and the development of innovative sheep milk
dairy products consistent with circular economy principles.

Keywords: olive leaf extract; Lactiplantibacillus plantarum; Casu Axedu; functional cheese;
antioxidant capacity; nutritional properties

1. Introduction

Growing consumer interest in foods that combine traditional sensory quality with
additional nutritional and health-promoting properties has stimulated the development of
functional dairy products [1-3]. Cheese is a favourable matrix for such fortification because
of its nutrient density, buffering capacity and ability to protect sensitive compounds during
storage and gastrointestinal transit [4,5].

Among lactic acid bacteria (LAB), Lactiplantibacillus plantarum has attracted particular
attention because of its remarkable metabolic versatility, adaptation to diverse ecological
niches and technological robustness during food fermentations. L. plantarum is naturally
associated with a wide range of fermented plant and dairy products and exhibits excellent
tolerance to acid stress, osmotic pressure and other environmental conditions encountered
during cheese manufacture and storage [6-8]. From a technological perspective, L. plan-
tarum has been successfully employed as an adjunct culture in several cheese varieties,
where it contributes to acidification, proteolysis and flavour development while maintain-
ing high viable populations throughout storage. The proteolytic activity of selected strains
may also promote the release of bioactive peptides with antioxidant or other biological
properties, thereby further enhancing the functional potential of the cheese matrix [6,9].
Beyond its technological suitability, selected strains possess desirable functional character-
istics, including resistance to gastrointestinal conditions, adhesion to intestinal epithelial
cells, production of antimicrobial metabolites and modulation of host-associated microbial
communities. These properties are highly strain-dependent and therefore, the selection
and validation of individual strains remain essential prerequisites for their application as
adjunct cultures in functional foods [7].

In parallel with the growing demand for functional foods, increasing attention has
been devoted to the sustainable exploitation of agro-industrial by-products as sources of
high-value bioactive compounds [10]. Olive cultivation is one of the most economically
important agricultural activities throughout the Mediterranean basin, generating large
quantities of leaves during annual pruning and olive harvesting. Traditionally regarded as
agricultural waste, olive leaves are now recognised as a rich source of phenolic compounds
with considerable biological and technological potential. Their valorisation is fully consis-
tent with the principles of a circular economy and represents an opportunity to transform a
low-value by-product into an ingredient suitable for food applications. Olive leaves (Olea
europaea) are a well-documented source of phenolic compounds, including oleuropein,
hydroxytyrosol and verbascoside, with antioxidant, anti-inflammatory and antimicrobial
properties reported in the literature [11,12]. Because milk and most dairy products are
naturally poor sources of phenolics, the direct addition of olive leaf extract (OLE) has been
explored as a means of increasing the total phenolic content and antioxidant capacity of
dairy matrices, generally without major changes to proximate composition or texture [13].
Depending on the dose and processing conditions, however, OLE addition can also increase
bitterness and astringency and alter fermentation performance, indicating a need for matrix-
and dose-specific optimisation [14,15]. The effect of OLE on the survival and functionality
of specific probiotic-candidate strains such as L. plantarum, both in vitro and within the
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cheese matrix, has received comparatively little attention, and preliminary evidence from
fermented table olives suggests that L. plantarum and olive-derived phenolics may interact
favourably to enhance antioxidant content and limit spoilage microorganisms [16].

Despite these promising observations, relatively few studies have investigated the
simultaneous incorporation of probiotic bacteria and olive-derived phenolic extracts into
cheese. Most published investigations have evaluated either probiotic adjunct cultures or
plant extracts independently, while information regarding their combined technological
and functional effects remains limited [17]. In particular, little is known about how olive
phenolics may influence the survival and metabolic activity of probiotic bacteria within
cheese matrices or conversely, how bacterial metabolism may modify the phenolic profile
of olive extracts during storage. Understanding these reciprocal interactions is essential
for designing functional dairy products in which both microbial viability and bioactive
compound stability are preserved.

Dietary fibre and lactose management are additional, complementary strategies in func-
tional dairy development. Inulin is a widely used prebiotic fructan that increases dietary
fibre content, generally without compromising cheese texture or sensory quality [18,19], while
enzymatic lactose hydrolysis is a standard approach for producing lactose-reduced or
lactose-free dairy products for lactose-intolerant consumers [20].

Fresh cheeses may provide particularly favourable matrices for this purpose because
their relatively mild manufacturing conditions minimise the thermal degradation of heat-
sensitive bioactive compounds while supporting the survival of adjunct bacterial cultures.
Their high moisture content and limited ripening also allow the effects of added functional
ingredients to be evaluated without the confounding influence of extensive biochemical
changes occurring during prolonged maturation. Casu Axedu is a traditional Sardinian
soft fresh cheese recognised as an Italian Traditional Agri-Food Product (PAT;, MASAF,
2025) [21], typically produced from sheep and/or goat milk and characterised by high
moisture content, delicate acidity and a distinctive sensory profile linked to the local dairy
heritage [22]. It was selected as the model system for this study because its production
involves only mild thermal treatment and a short, low-temperature fermentation without
extended ripening, conditions that limit the thermal and enzymatic degradation of heat-
sensitive phenolic compounds and are favourable to the survival of added lactic acid
bacteria, in contrast to the conditions used for pressed or long-ripened cheese types. Unlike
most fresh cheeses, coagulation and fermentation occur directly in the retail container,
where the cheese remains throughout storage. Furthermore, the whey spontaneously
released from the coagulum is retained within the package and forms an integral part of the
product, being commonly consumed together with the cheese. Its strong regional identity
and Traditional Agri-Food Product status also make it a relevant case study for functionally
upgrading an existing traditional product without altering its identity. However, despite
its cultural and technological significance, Casu Axedu has received comparatively little
attention as a vehicle for functional food development. A recent multi-omics study reported
favourable shifts in gut microbiota composition and activity in rats fed Casu Axedu [23],
supporting further interest in its functional development.

The novelty of our work lies in the combined incorporation of inulin lactose hydrolysis,
olive leaf extract and a probiotic-candidate L. plantarum strain (UNICA B26) within Casu
Axedu, evaluated through an integrated technological, microbiological, chemical and sen-
sory approach. Because inulin and lactase treatment were applied as a common functional
base across all formulations, this design specifically allows for the additional effects of L.
plantarum and olive leaf extract, rather than just the independent effects of inulin or lactose
hydrolysis, to be assessed.
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Therefore, the aim of the present study was to develop a functional Casu Axedu cheese
enriched with olive leaf extract and a probiotic-candidate L. plantarum strain and to eval-
uate the effects of this combined fortification on (i) polyphenol content and antioxidant
capacity, (ii) composition and selected technological properties, (iii) microbiological pro-
file and lactobacilli viability, and (iv) sensory and consumer responses over 30 days of
refrigerated storage.

2. Materials and Methods
2.1. Experimental Design

Three Casu Axedu formulations: CA-I (control), CA-IL (with the probiotic-candidate
Lactiplantibacillus plantarum UNICA B26), and CA-IOL (with olive leaf extract (OLE) and
L. plantarum UNICA B26), were produced from thermised sheep milk using a common
inulin-enriched, lactose-hydrolysed base. Inulin and lactase treatment (Section 2.6) were
applied to all three formulations to create a common functional base with enhanced dietary
fibre content and reduced lactose content and to provide a uniform matrix in which the
additional effects of L. plantarum and OLE could be evaluated. Consequently, CA-I is
an inulin-enriched, lactose-hydrolysed control rather than a traditional Casu Axedu, and
the present design evaluates the additional effects of L. plantarum and OLE within this
already-functionalised matrix. Three independent cheesemaking trials were carried out
on three different production days. In each trial, a fresh batch of sheep milk was used and
divided into the three experimental formulations (CA-I, CA-IL, and CA-IOL), resulting in
three independent replicates per formulation and a total of nine cheesemaking trials.

Cheeses were stored at 3 £ 1 °C and analysed after 1, 15 and 30 days of refriger-
ated storage. Different analytical tests (composition and nutritional indices, polyphe-
nols/antioxidant capacity, syneresis, texture, colour, microbiological parameters, sensory
and consumer tests) were performed according to the procedures described below.

2.2. Preparation of the Olive Leaves Extract

The polyphenol-enriched extract (OLE) was obtained from the olive leaves (Olea
europaea variety Bosana) using an EtOH-H,O solution (60:40, v/v) at a solvent-to-plant ratio
of 1:3.33 (w/v). The leaves were ground with an immersion blender and subsequently
homogenised with an Ultra-turrax® T50 (IKA-Werke GmbH, Staufen, Germany) high-
performance dispersing instrument. The resulting mass was pressed to recover the liquid
fraction which, after being coarsely filtered, was centrifuged for 15 min at 4000 rpm at 7 °C.
The clear supernatant was concentrated under vacuum in a Rotavapor® rotary evaporator
(BUCHI, Newmarket, UK) to remove the ethanol. The resulting aqueous extract was filtered
through a 0.22 pm membrane and plated on Plate Count Agar (PCA; Microbiol, Cagliari,
Italy) to ensure microbiological suitability, then stored at —20 °C until use (no more than
20 days). The dry residue of OLE was determined in triplicate by drying the solution (2 g)
in a thermostatic oven at 105 £ 1 °C for 8 h until constant weight. The final yield was found
to be 8.96 & 0.03 g of dry residue per 100 g of OLE.

2.3. Determination of Total Polyphenols Content (Folin-Ciocalteu Assay) in Olive Leaves Extract

The total polyphenols content (TP) of OLE was estimated using the Folin-Ciocalteu
spectrophotometric assay on a Cary 50 UV-Vis spectrophotometer (Varian, Leini, Torino,
Italy). In brief, the absorbance was measured against a blank at 750 nm, using a calibration
curve prepared with fresh gallic acid standard solution (25-500 mg L~!). Prior to analysis,
OLE samples were diluted to 1:50 v/v with MeOH, and the TP results were expressed as
grams of gallic acid equivalent (GAE) per 100 g of OLE [24].
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2.4. Bacterial Strains

The Lactiplantibacillus plantarum (LP) strain used in this study, originally isolated from
Sardinian ewe raw milk, is maintained in the UNICA-DSMSP Culture Collection under
the accession code UNICA B26 (www.mbds.it, accessed on 14 May 2026), and is referred
to throughout this manuscript as a probiotic-candidate strain, since formal demonstration
of probiotic status under the relevant regulatory and scientific framework has not been
performed. The strain was routinely propagated in De Man, Rogosa and Sharpe broth
(MRS; Microbiol, Cagliari, Italy) at 30 °C under microaerophilic conditions. Its potential
probiotic properties were previously described by Pisano et al. [25]; the strain has also
previously been tested as a potential probiotic adjunct culture in caciotta cheese, where
it showed good technological performance and the capacity to persist in large quantities
within the cheese matrix throughout ripening [26].

The microbial starter culture used for Casu Axedu cheesemaking was comprised of
four autochthonous bacterial strains belonging to the Agris-BNSS Culture Collection (www.
mbds.it, accessed on 21 May 2026): Lactococcus lactis (BNSS 00542), Lactococcus lactis (BNSS
00576), Lactococcus lactis var. diacetylactis (BNSS 00763), and Enterococcus faecium (BNSS
00587). Each strain was individually cultivated in M17 medium (Microbiol, Cagliari, Italy),
lyophilised, and combined to obtain a final inoculum suitable for 100 L of milk at a target
concentration of 5 x 10 CFU mL~".

2.5. In Vitro Evaluation of the Effect of OLE on L. plantarum UNICA B26

The antibacterial activity of OLE against L. plantarum UNICA B26 was screened by
broth microdilution to determine the minimum inhibitory concentration (MIC), following
EFSA recommendations [27]. Serial twofold OLE dilutions (325-2.5 mg GAE 100 g}, from
an initial 1300 mg GAE 100 g~!) were prepared in Lactobacillus Susceptibility Medium
(90% ISO-Sensitest broth, 10% MRS broth) in 96-well microtiter plates and inoculated with
the strain to a final concentration of ~5 x 10° CFU mL~!. Plates were incubated at 37 °C
for 24-48 h under 5% CO,, and the MIC was recorded as the lowest OLE concentration
showing no visible growth. All assays were performed in triplicate.

Tolerance of the strain to OLE was further assessed by inoculating MRS broth and UHT
skimmed milk (7-8 log CFU mL~!) supplemented with OLE at 10 and 20 mg GAE 100 g~ !,
incubating for 24 h, and determining viable counts on MRS agar under microaerophilic
conditions. These in vitro results demonstrate compatibility between the OLE and strain
UNICA B26 under the tested conditions.

2.6. Casu Axedu Cheese Production

Raw whole sheep milk was obtained from the experimental farm of Agris Sardegna
(Sassari, Italy) and processed as summarised in Figure S1. Milk was filtered, supple-
mented with inulin (Fibruline® XL, Cosucra, Warcoing, Belgium; degree of polymerisation
(DP) > 20)at30 g kg’l milk, stirred at high speed using an Ultra-turrax ® T50 disperser,
thermised at 68 °C without holding time and immediately cooled to 36 °C, yielding ther-
mised milk with inulin (TM-I).

TM-I was divided into three 10 kg batches: two used directly for CA-I and CA-IL
production, and one fortified with OLE to a final concentration of 20 mg GAE 100 g~!
milk (TM-IO) for CA-IOL production. All batches were treated with commercial lactase
(GODO YNL2, Danisco, Copenhagen, Denmark; 0.4 g kg ~! milk) and inoculated with the
indigenous starter culture BNSS-CA (0.1 g kg~ ! milk; ~6 log CFU mL ). For CA-IL and
CA-IOL, L. plantarum UNICA B26 (frozen concentrate) was added simultaneously with the
starter at 0.50 mL kg_1 milk, to a final concentration of 6 log CFU mL~ L
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Rennet (Chymostar™, Copenhagen, Denmark; 600 International Milk Clotting
Unit—IMCU mL~!) was added at 43.2 IMCU kg~! milk, and the coagulum was dis-
pensed into 425 mL polypropylene containers (120 x 88 x 69 mm), held for 30—40 min for
presamic coagulation, and fermented at 25 °C for 18 h. Coagulation was assessed empiri-
cally according to the traditional cheesemaking practice routinely adopted for Casu Axedu
production. No appreciable differences among formulations were observed in coagulation
time or coagulum formation during cheesemaking.

In each formulation, fermentation was monitored continuously using an eight-channel
Liquiline CM448 pH system (Endress+Hauser, Gerlingen, Germany). Acidification curves
(pH vs. time) were used to derive Vm (maximum acidification rate, mUpH min~1), Tm
(time to Vm, min), and pHm (pH at Vm), according to the methods of Spinnler and
Corrieu [28]; these parameters were used as indicators of lactic acid bacteria metabolic
activity during fermentation. At the end of fermentation, the cheeses were cooled and
stored at 3 = 1 °C and analysed after 1, 15 and 30 days.

2.7. Compositional and Nutritional Characterisation of Milk and Cheese
2.7.1. Extraction and Quali-Quantitative Determination of Target Polyphenolic
Compounds in Cheese

Polyphenols were extracted from Casu Axedu according to the methods of Gil et al. [24]:
10 g of cheese were extracted with 10 mL of a EtOH:H;O mixture (60:40, v/v), ho-
mogenised with an Ultra-turrax® T50 disperser for approximately 20 s at 14,000 rpm,
sonicated for 10 min at 10 + 2 °C and centrifuged for 15 min at 4000 rpm at 7 °C.
The supernatant was transferred to 15 mL Falcon® tubes and stored at —20 °C for
24 h to facilitate possible further precipitation or separation of the fatty phase on
the surface. Samples were then diluted 1:5 (v/v) with 0.22 M H3POy, filtered with
0.22 pm cellulose acetate filters and injected into a high-performance liquid chromato-
graph (HPLC). This extraction method was validated in agreement with the ICH guid-
ance note [https://www.ema.europa.eu/en/documents/scientific-guideline /ich-q-2-r1
-validation-analytical-procedures-text-methodology-step-5_en.pdf (accessed on 5 March
2026)] by determining calibration ranges, linearity, limits of detection (LOD), limits of
quantification (LOQ), repeatability, recovery and selectivity for the target compounds in
the cheese matrix (Table S1). The linearity (expressed by the coefficient of determination,
r2) was evaluated by preparing standard mixtures at six different concentrations, and the
calibration curves were plotted using the external standard method, correlating the peak
area with the concentration by means of the least-squares method. The LODs and LOQs
were calculated according to the equation LOD = 3.3 1/S and LOQ = 10 r/S, respectively
(where r = standard deviation of the blank, and S = slope of the calibration curve). The
repeatability of this method was evaluated using the relative standard deviation (% RSD)
for the area under the peak after testing six injections of the same standard containing
the target standards. The recovery rates were evaluated by spiking Casu Axedu cheese
samples with two concentrations of the standard (see Table S1), and each spiked sample
was analysed in triplicate. To evaluate selectivity, three blank matrices were used, and no
interferences were observed in the same chromatographic window for either methodology.

Quali-quantitate analysis of the cheeses fortified with OLE was performed with a high-
performance liquid chromatography—photodiode array detector (HPLC-PDA) technique
following the method of Deluca et al. [29] and was specifically targeted to compounds be-
longing to the secoiridoids and flavonoids classes: luteolin glucoside was dosed at 360 nm,
verbascoside at 313 nm, oleuropein at 280 nm, and hydroxytyrosol and hydroxytyrosol
glucoside at 210 nm. Identification was based on comparison with pure standards, and for
hydroxytyrosol glucoside, on UV-Vis spectral comparison with literature data [30-36].
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2.7.2. Milk

Raw sheep milk (RM), thermised milk with inulin (TM-I) and thermised milk with
inulin and OLE (TM-IO) were analysed for fat, protein, casein, lactose and cryoscopy using
a Milkoscan FT+ (Foss, Hillerod, Denmark) and for pH using a Crison Basic 20+ pH-meter
(Crison Instruments S.A., Alella, Spain); dry matter was determined per ISO 6731 [37].
Inulin content in TM-I and TM-IO was not determined analytically; it was assumed to corre-
spond to the added amount based on formulation and mass-balance calculation, supported
by the observed increase in dry matter after fortification, matching the theoretical increase.

Total polyphenols (IP) in milk were determined by applying the method described
by Velazquez Vazquez et al. [38] to extract and quantify them through the Folin—Ciocalteu
spectrophotometric assay, using a Cary 1E spectrophotometer (Varian, Harbor City, CA,
USA): absorbance was measured against a blank at 750 nm using a calibration curve
prepared with fresh gallic acid standard solution (3-17 mg L~!), and results were expressed
as grams of gallic acid equivalent (GAE) per 100 g of milk.

To estimate the net contribution of OLE, the total net polyphenol content (TPN)
was calculated by subtracting the control sample without OLE from the content of to-
tal polyphenols determined in the OLE-fortified samples. Accordingly, TPN was calcu-
lated as TP(TM-1O) — TP(TM-I) for milk samples and as TP(CA-IOL) — TP(CA-IL) for
cheese samples.

The total antioxidant capacity (TAC) was measured using the Ferric Reducing Ability
of Plasma (FRAP) assay. Milk extraction was carried out according to the method of El-
Fattah et al. [39], with some modifications. Briefly, skim milk was obtained by centrifuging
whole milk at 3000 rpm for 30 min and carefully removing the upper cream layer. De-
proteinised milk was prepared by adding 10 mL of trichloroacetic acid (TCA) aqueous
solution (20% w/w) to skim milk. After 1 h at room temperature, the suspension was
filtered through Whatman No. 40 filter paper, and the resulting filtrate was subjected to the
FRAP assay, according to the procedure of Benzie and Strain [40]. Results were expressed
as pmol L~ ! of milk.

2.7.3. Cheese

Casu Axedu samples (CA-I, CA-IL, CA-IOL) were analysed for moisture (ISO 5534) [41],
fat [42], total nitrogen (TIN) (ISO 8968-1) [43], protein content (TN X 6.38), and pH (Crison
Basic 20+; Crison Instruments S.A., Alella, Spain).

Inulin content was estimated in the same manner as for milk, on a mass-balance basis;
since Casu Axedu is marketed together with the whey phase released during manufacturing
and storage, which remains within the final packaged product, substantial losses of inulin
are not expected. Therefore, the inulin content of the final product was estimated from the
amount added during formulation and mass-balance considerations.

The total polyphenol content (TP) was determined as described for milk, using a
calibration curve in the range 33-130 mg L1, and expressed as mg GAE per 100 g of cheese.
Total net polyphenol content (TPN) was calculated as TP(CA-IOL) — TP(CA-IL), where
CA-IL represented the corresponding control formulation without OLE. Total polyphenol
recovery (TPR) was calculated as the ratio between TPN and the theoretical amount of
polyphenols added through OLE (20 mg GAE 100 g~ ! milk), expressed as a percentage.

The total antioxidant capacity (TAC) was measured using the FRAP assay according
to the method of Yilmaz-Ersan et al. [44] and Benzie and Strain [40] and expressed as
umol kg ! of cheese.

Sugars (lactose, galactose, glucose, tagatose) and myo-inositol were quantified using
a gas chromatographic method, as described by Dedola et al. [45], on a Varian 3600 gas
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chromatograph equipped with a flame ionisation detector and a split-splitless injector
(Varian, Harbor City, CA, USA).

The fatty acid profile in cheese samples was determined as described by Addis et al. [46].

Tocopherol (Vitamin E), total retinol (Vitamin A), and total cholesterol were determined
using the reversed-phase HPLC method proposed by Panfili et al. [47] and Manzi et al. [48].

Individual free fatty acids (FFAs) were determined as previously described by Addis et al. [49].

Proteolysis was investigated by evaluating the evolution of proteolytic indices: soluble
nitrogen (SN) at pH 4.6, soluble nitrogen in 12% trichloroacetic acid (SN-TCA) and soluble
nitrogen in 10% phosphotungstic acid (SN-PTA), as described by Gripon et al. [50], and
expressed as a percentage of total nitrogen.

Energy values were calculated using standard conversion factors to the quantified
macronutrients, as follows: fat = 9 kcal g1, protein = 4 kcal g1, carbohydrates = 4 kcal g~ !,
and inulin = 1.9 kcal g~ !. Total energy was expressed as kcal per 100 g of product.

The “high in protein” claim was evaluated according to Reg. (EC) No 1924 /2006 [51]
and Reg. (EU) No 1169/2011 [52], considering that at least 20% of the total energy value
is provided by protein. The percentage of energy from protein was calculated as the ratio
between protein-derived energy and total energy.

The “source of fibre” claim was assessed considering an inulin content > 1.5 g per
100 kcal. The fibre contribution was attributed exclusively to the added inulin, and the
ratio between inulin content and total energy was used to verify eligibility.

2.8. Texture Analysis

Casu Axedu samples were subjected to a penetration test using a TA-XT Plus texture
analyser (Stable Micro Systems, Surrey, UK), equipped with a 20 mm diameter cylindrical
probe, at 4 °C. Before texture analysis, the whey was completely removed by aspiration;
then, texture measurements were performed with the cheese maintained in its original
retail container.

The penetration depth was 20 mm from the sample surface, with pre-test, test, and
post-test speeds of 1 mm s~ 1. Each sample was subjected to penetration directly on the free
surface of the cheese.

During the test, a force-displacement curve was recorded, considering both posi-
tive and negative values, as reported by Salvatore et al. [53]. From the resulting curve,
four parameters were determined: maximum positive force (Fmax, N; cheese hardness), pos-
itive area (N-mm; consistency), maximum negative force (N; adhesive force), and negative
area (N-mm; adhesiveness).

Data were acquired and processed using Exponent software version 6.2.6.0 (Stable
Micro Systems, Surrey, UK). The probe was cleaned after each measurement, and analyses
were performed in quadruplicate for each sample.

2.9. Syneresis

Syneresis was determined using the differential weighing method. Each sample was
weighed in its original packaging before whey removal. Whey was completely removed by
aspiration, and the packaging, containing only the cheese, was reweighed. Syneresis (%)
was calculated as the difference between initial and final sample weights, expressed as a
percentage of the initial weight, using the following equation:

Winitial (g) — Wfinal (g)

Syneresis (%) = Winitial ()

x 100 1)

where Winitial is the weight of the sample in its container before whey removal, and Wfinal
is the weight of the container with cheese only after complete whey removal.

https://doi.org/10.3390/foods15152694


https://doi.org/10.3390/foods15152694

Foods 2026, 15, 2694

9 of 34

2.10. Colorimetric Analysis

Colour was measured on the free surface of cheese samples using a portable CR-400
colorimeter (Konica Minolta, Milan, Italy), following the calibration and measurement
protocol of Aryana et al. [54]. The CIE L* a* b* colour space was used, where L* denotes
lightness (0 = black, 100 = white), a* denotes chromaticity on the green (—) to red (+) axis,
and b* denotes chromaticity on the blue (—) to yellow (+) axis.

Because the combination of L*, a*, and b* coordinates provide a more comprehensive
description of chromatic variations than does the analysis of individual parameters, the
total colour difference (AE) was also calculated according to the method of [39], using the
following equation:

AE = \/[(Lz — L)%+ (a2 —a)? + (by — bl)z] 2)

This parameter expresses the chromatic distance between cheese samples from the
compared treatments (distance of CA-I vs. CA-IL; distance of CA-I vs. CA-IOL; distance of
CA-IL vs. CA-IOL).

2.11. Microbiological Analyses

Microbial analyses were performed on thermised milk (TM) and Casu Axedu cheese
(CA-I, CA-IL and CA-IOL) at 1, 15, and 30 days of storage at 3 £ 1 °C. For each sampling
point, three biological samples were analysed for each experimental cheesemaking. For
each experimental cheesemaking, samples were analysed in duplicate for enumeration
of enterococci, mesophilic cocci, lactobacilli and coliforms. Tenfold serial dilutions were
prepared in sterile peptone water (0.1% w/v), plated on selective media: Kanamycin Aes-
culin Azide (KAA, Biolife Italiana, Milano, Italy) agar for enterococci (42 °C, 48 h, aerobic),
M17 agar (Microbiol, Cagliari, Italy) for mesophilic cocci (30 °C, 48 h, anaerobic), MRS
agar (Difco, Milano, Italy) with 50 mg L~! Vancomycin for lactobacilli (30 °C, 48 h, mi-
croaerophilic) and Violet Red Bile Agar (VRBA; VWR International, Milano, Italy) with
4-metilumbelliferil-p-D-glucuronide (MUG) for coliforms (37 °C, 24 h, aerobic) and in-
cubated under recommended conditions, following standard protocols for sheep milk
cheeses. For each biological sample, every tenfold serial dilution was plated in dupli-
cate on two plates; therefore, for each treatment and dilution, six plates were analysed
in total, and the mean value was used for calculations. Because the selective medium
used for lactobacilli does not itself confirm the identity of L. plantarum UNICA B26, and
strain-specific molecular confirmation was not performed on colonies recovered during
storage, counts on this medium are referred to throughout the manuscript as presumptive
lactobacilli, compatible with the inoculated strain. Bacterial counts were expressed as mean
log CFU g~! + standard deviation.

2.12. Sensory and Consumer Analyses

The sensory profile of Casu Axedu (CA-I, CA-IL, CA-IOL) at 1, 15 and 30 days of storage
(3 £ 1 °C) was assessed via quantitative descriptive analysis (QDA) [55] using a panel
of 10 trained assessors (35-55 years, balanced by sex) following ten 1 h training sessions
covering attribute elicitation, lexicon development and calibration (Table S2). Assessors
were selected from a larger pool of internal staff belonging to a sensory-analysis group with
more than 10 years of experience in applied sensory evaluation of sheep dairy products.
Assessor selection and training were conducted with reference to the general principles of
ISO 8586:2023 [56]. Prior to formal evaluation, panellists attended ten 1 h training sessions
devoted to familiarisation with the product category, attribute elicitation, development of
a consensual lexicon, definition of reference standards, and panel calibration of scale use.
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The final list of attributes, their sensory definitions, and the corresponding qualitative and
quantitative reference standards used for panel calibration are reported in the Supplementary
Materials (Table S1). Attribute intensity was scored on an unstructured 9-point scale (1 = very
low, 9 = very high) against reference standards. Sample evaluation was replicated to assess
panel discrimination ability, repeatability, and consensus.

Consumer acceptance was evaluated by a separate group of 60 adults (volunteers,
35-55 years old), balanced by sex, on cheeses at 1 and 30 days of storage at 3 & 1 °C.
Consumers were recruited among external subjects selected according to the required
demographic criteria and their familiarity with, or propensity to consume, this product
category. Overall liking was rated on a 9-point hedonic scale (1 = dislike extremely;
9 = like extremely; 5 = neither like nor dislike) [57]. In addition, a check-all-that-apply
(CATA) questionnaire was administered according to the methods of Ares et al. [58].
From a predefined list of 22 terms, consumers were asked to select those considered
applicable to each sample, including descriptors related to sensory properties, emotional
responses and hedonic perception. Consumer sessions were conducted in accordance with
the general principles for hedonic testing in a controlled sensory area, as described in
ISO 11136:2014 [59].

Samples (~4.0 x 4.0 x 2.0 cm) were presented in odourless containers, with random
three-digit codes, in a randomised balanced design [60] and in individual booths under con-
trolled conditions, according to ISO 8589:2007, ISO 13299:2016 and ISO 22935-2:2023 [61-63].
Participants were informed about study procedures, allergens and data anonymisation,
and participated voluntarily in accordance with IFST guidelines [64]; formal ethics com-
mittee approval was not required, as the study involved non-invasive sensory testing of
conventional foods, with minimal risk.

2.13. Statistical Analysis

Data on the in vitro effect of OLE on L. plantarum UNICA B26 (Section 2.5) were
analysed by one-way ANOVA, followed by Tukey’s post hoc test (GraphPad Prism
v. 5.0, GraphPad Software, San Diego, CA, USA); a level of p < 0.05 was considered
statistically significant.

Syneresis, texture, colorimetric, and compositional /nutritional data were analysed by
two-way ANOVA, with formulation (FF: CA-I, CA-IL, CA-IOL) and storage time (S: 1, 15,
30 days) as fixed factors (Minitab 16 v. 1.0, Minitab Inc., State College, PA, USA), followed
by Tukey’s HSD test, in which significant differences were found; the FF x S interaction
was tested for all parameters and was not significant (p > 0.05 for all), so the main effects
are presented separately.

Microbial counts were analysed by one-way ANOVA to assess differences in microbial
concentrations among samples and time points (TM, 1, 15, 30-day cheese) within each Casu
Axedu formulation and microbial group. This approach was selected to specifically evaluate
the temporal evolution of each microbial group within individual formulations during shelf
life, ensuring a direct and interpretable assessment of microbial dynamics. Tukey’s post
hoc test was applied to identify specific significant differences, with statistical significance
set at p < 0.05. This method was considered appropriate for capturing treatment effects
within each formulation, while avoiding unnecessary complexity that could arise from
multifactorial models.

Sensory and consumer data were processed using Smart Sensory Box (v. 2.3.5, Smart
Sensory Solutions, Sassari, Italy) and R Statistical Software (v. 4.3.1, R Foundation for
Statistical Computing, Vienna, Austria). QDA data were analysed by analysis of variance
(ANOVA), including formulation, storage time, and assessor as factors. Consumer overall
liking data were analysed by ANOVA, including formulation, storage time, and consumer
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as factors. Assessor and consumer terms were included in the respective models as ran-
dom factors to account for individual variability across evaluations. When significant
effects were detected, mean comparisons were performed using Tukey’s post hoc test,
with statistical significance set at p < 0.05. For clarity, the main tables report only the
product-related effects. Differences in the frequency of CATA term selection were evaluated
using Cochran’s Q test. Trained panel performance was considered satisfactory in terms
of discrimination ability, repeatability, and agreement with the panel consensus, based
on p-values, mean square error (MSE), and z-scores, respectively [65]. Accordingly, no
assessors were excluded, and all sensory data were retained for subsequent analyses. To
obtain an integrated overview of the sensory information, a multiple factor analysis (MFA)
was performed on the sensory data blocks collected at the storage times common to all
sensory approaches, namely QDA attribute intensities, CATA citation frequencies, and
hedonic variables (trained-panel overall sensory quality and consumer overall liking). RV
coefficients were calculated to assess the agreement among the different data blocks and
with the global compromise configuration. MFA was used as an exploratory multivariate
tool to visualise the relationships among descriptive attributes, consumer-derived terms,
and hedonic responses.

3. Results and Discussion
3.1. Total Polyphenol Content of the Olive Leaf Extract

The main phenolic compounds identified in OLE by HPLC-PDA (Supplementary Materials
Figure S2) belonged to the secoiridoid, flavone and simple phenol classes, consistent with
the profile typically reported for olive leaf extracts [11,12], and included the five target
compounds subsequently monitored in the fortified cheese (Section 3.3).

3.2. Evaluation of OLE Effect on L. plantarum UNICA B26

The preliminary screening carried out to analyse the antibacterial activity of the
OLE showed that the L. plantarum UNICA B26 strain was not inhibited by the OLE at
any of the concentrations tested, including the highest (MIC > 325 mg GAE 100 g~ !);
growth of the strain was slightly enhanced in the presence of OLE, increasing by about
2.5 log units after 24 h in MRS broth and by approximately 1 log unit in UHT skimmed
milk, with no significant difference between cultures grown with or without the extract
(p > 0.05, Figure 1). These results demonstrate compatibility between OLE and strain
UNICA B26 under the tested in vitro conditions. This tolerance is consistent with the
well-documented adaptability of Lactobacillus spp., and of L. plantarum in particular, to
phenolic-rich environments [66—68].

MRS medium (A) UHT skimmed milk (B)
b
1 b b 0 . b b b
10 =S 8 T =
9 7
- 8 -
' o0
o 7 =) 6
B 6 5
O s o
en 4 o3
=) -l
- 3 2
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1 0
0
mC C24h  mOLE24h (10 mg GAE 100 g-1) OLE24h (20 mg GAE 100 g-1) nC C24h  m OLE24h (10 mg GAE 100 g-1) OLE24h (20 mg GAE 100 g-1)

Figure 1. Effect of two different concentrations of OLE (10 mg and 20 mg GAE 100 g~ ') on viability
of the potential probiotic strain L. plantarum UNICA B26 in MRS (A) and in UHT skimmed milk
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(B) after 24 h incubation at 37 °C. Mean =+ SD of three independent experiments. C = viable counts
at time 0; C-24 h = viable counts detected after 24 h; OLE-24 h = viable counts detected after 24 h
with the addition of OLE at 10 or 20 mg GAE g_l ; different letters above the bars indicate significant
differences (p < 0.05).

3.3. Compositional and Nutritional Characterisation of Milk and Cheese
3.3.1. Milk

Thermisation and fortification with inulin, with or without OLE, modified selected
physicochemical and functional properties of sheep milk without significantly affecting its
gross macro-nutrient composition (Table 1).

Table 1. Physicochemical and macro-compositional parameters of milk.

RM! TM-I 2 TM-103 SEM 7 p-Value 8

pH (UpH) 6.51 6.56 6.62 0.07 ns

Dry matters (%) 16.4°b 18.8 1852 0.2 *
Fat (%) 6.3 6.2 6.1 0.1 ns
Protein (%) 5.2 5.2 5.1 0.1 ns
Casein (%) 3.8 4.1 4.1 0.1 ns
Fat/protein (-) 1.2202 1.197 1.186° 0.005 *
Cryoscopy (°C) —0.522 —0.70" —0.72"b 0.02 *
Lactose (%) 4.1 39 3.9 0.2 ns

TP (mg GAE 100 g~ 1) 4 4.4° 44° 15.8° 0.3 *
TPN (mg GAE 100 g~ 1) ° 11.4 -
TAC (umol L~! of milk) © 478 b 502 b 1499 2 30 *

L RM, raw sheep milk; 2 TM-I, (control) thermised sheep milk, fortified with inulin (DP > 20); 3 TM-IO, thermised
sheep milk, fortified with inulin (DP > 20) and OLE (TP = 20 mg GAE 100 g~ ! of milk); 4 TP, total polyphenol
content; 5 TPN, total net polyphenol content calculated as TP (TM-IO)-TP (TM-I). ® TAC, total antioxidant capacity
(FRAP method); 7 SEM, standard error of the mean; 8 p-value, ns, no significant difference (p > 0.05); * p < 0.05;
different superscript letters within rows indicate significant differences.

Indeed, pH, fat, protein, casein, lactose, and energy values did not differ significantly
among RM, TM-I, and TM-IO (p > 0.05), suggesting that the treatments preserved the
basic compositional characteristics of the milk matrix. By contrast, dry matter significantly
increased in the fortified thermised samples, most likely due to the addition of inulin
and other formulation solids (from OLE) (p < 0.05). This interpretation is supported by
the addition of inulin (3%, w/w) to both TM-I and TM-IO samples. The lower fat-to-
protein ratio detected in TM-I and TM-IO compared with that for RM should therefore be
interpreted mainly as a consequence of formulation-related shifts in solids balance rather
than as evidence of a biologically meaningful alteration in milk fat or protein fractions.
Likewise, the more negative cryoscopic values of thermised fortified samples are coherent
with the higher concentration of dissolved and dispersed components introduced by inulin
supplementation and, in the case of TM-IO, by OLE addition.

The main differences were observed in relation to the functional profile of the milk.
While inulin contributed to fibre enrichment, OLE fortification markedly increased both
total polyphenol content and antioxidant capacity. TM-IO exhibited significantly higher TP
and TAC values than did RM and TM-I, confirming the effectiveness of olive leaf extract
as a source of bioactive antioxidant compounds in the dairy matrix. However, although
OLE was added at 20 mg 100 g~ ! of milk, the net polyphenol content recovered in TM-IO
was only 11.4 mg GAE 100 g~ !. This lower recovery may be explained by interactions
between milk proteins and olive phenolic compounds, which are known to reduce the
extractable and analytically measurable free phenolic fraction through non-covalent and,
under some conditions, covalent binding mechanisms [69]. As highlighted by Veldzquez
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Véazquez et al. [38], the protein- and fat-rich matrix of milk and in particular, the presence
of proteins, can complicate the isolation, purification and analysis of phenolic compounds
when added to milk.

Despite this incomplete analytical recovery, the strong increase in FRAP values ob-
served in TM-IO indicates that the added phenolics retained substantial functional activity
within the milk system. This is consistent with the view that protein—polyphenol interac-
tions may limit phenolic extractability while still preserving antioxidant functionality in
dairy matrices. Overall, these findings indicate that inulin and OLE played complemen-
tary roles, with inulin mainly acting as a fibre-enriching ingredient and OLE as the major
contributor to the antioxidant and phenolic enhancement of thermised sheep milk [70].

3.3.2. Quantitative Determination of Phenolic Compounds

The thermised sheep milk used for the Casu Axedu production, fortified with OLE
(TP = 20 mg GAE 100 g’l milk, TM-IO), was investigated to evaluate the presence of
phenolic compounds immediately after the fortification and throughout their evolution
during storage at +3 °C. after 1, 15 and 30 days. Table 2 and Figure S2 report the amount of
the five target phenolic compounds, i.e., luteolin-7-O-glucoside (L-glu), verbascoside (Verb),
hydroxytyrosol (HTyr), hydroxytyrosol glucoside (HTyr-glu), and oleuropein (Olup), dosed
via the HPLC-PDA method. These five target phenolic compounds were selected because
they represented the main phenolic classes (simply phenols, flavones, secoiridoids and
lignans) in OLE extract (Figure S2), and their dosage, in the chromatograms at the specific
wavelengths, was optimal due to the lack of interfering compounds.

Table 2. Quantitative determination of target phenolic compounds (mg 100 g_l, mean =+ SD, n = 3).

T*gﬁfﬁ;’:j;‘g:‘“ TM-IO ! 1 Day 15 Days 30 Days
L-glu 8.59 +1.08 2 8.10 + 0.40 2 9.65+0.572 930 +1.452
Verb 0.87 4+ 0.07 2 1.03 + 0.03P 1.05 4+ 0.04 P 0.97 + 0.09 @b
HTyr 0.59 + 0.08 2 1.21 +0.28P 1.75 4 0.26 be 1.71 £ 0.09 ©

HTyr-glu 2 0.32 +£0.042 0.30 £ 0.062 0.14 £0.02° 0.11 +£0.09°
Olup 18.31 +3.402 13.57 +£2.99 b 11.81 +£3.522b 9.69 4 3.57P

1 TM-IO, thermised sheep milk, fortified with inulin (DP > 20) and OLE (TP = 20 mg GAE 100 g’1 of milk);
2 dosed as HTyr equivalents. L-glu: luteolin-7-O-glucoside, Verb: verbascoside, HTyr: hydroxytyrosol, HTyr-glu:
hydroxytyrosol glucoside, and Olup: oleuropein. Mean values within a line with different letters are significantly
different at p < 0.05.

Figure 2 reports the chromatograms at A = 280 nm of blank (CA-IL) and fortified Casu
Axedu at 30 days (CA-IOL), showing the separation of the dosed phenolic compounds.

The most abundant compounds in the thermised sheep milk used for the Casu Axedu
production after the addition of OLE (TM-IO) were oleuropein and luteolin-7-O-glucoside
(18.31 £ 3.40 and 8.59 + 1.08 mg/100 g, respectively). After 1 day, some changes in the
relative amounts were observed, and during the next 15 and 30 days, some of them revealed
a significant trend (Figure S3). During storage, oleuropein and hydroxytyrosol glucoside
decreased, with a smaller decrease between days 15 and 30 than between day 0 and day 15;
hydroxytyrosol increased progressively (from 0.59 4= 0.08 to 1.71 + 0.09 mg 100 g~ !), while
luteolin-7-O-glucoside and verbascoside remained essentially stable. The increase in hy-
droxytyrosol may be associated with the hydrolysis of oleuropein and related secoiridoids
during storage. Such bioconversion has recently been demonstrated during lactic acid
bacteria fermentation of olive leaves and has been attributed to the 3-glucosidase activity
of selected LAB strains [71]. Despite the absence of investigation into enzymatic activity in
the present study, a comparable mechanism, in conjunction with the acidic nature of the
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cheese matrix, may have been responsible for the concurrent decline in oleuropein and rise
in hydroxytyrosol observed during storage. Conversely, luteolin-7-O-glucoside and verbas-
coside demonstrated only minor variations, suggesting enhanced stability during storage.

Olup

HTyr

5790

Verb

L-glu

T T T T
10 15 2 25 min

Figure 2. Chromatogram at A = 280 nm of blank (CA-IL, Casu Axedu cheese fortified with
inulin—DP > 20—and Lactiplantibacillus plantarum UNICA B26; line in purple) and fortified Casu
Axedu at 30 days (CA-IOL, Casu Axedu cheese fortified with inulin—DP > 20—with OLE (TP = 20 mg
GAE 100 g~ ! of milk) and with Lactiplantibacillus plantarum UNICA B26; line in blue). L-glu: luteolin-
7-O-glucoside, Verb: verbascoside, HTyr: hydroxytyrosol, HIyr-glu: hydroxytyrosol glucoside, and
Olup: oleuropein.

Opverall, 76% of the main polyphenolic compounds initially present were retained after
30 days, indicating that fortification at 20 mg GAE 100 g ! of milk was sufficient to enrich
Casu Axedu with the typical olive leaf polyphenols and that this enrichment was largely
preserved over 30 days of refrigerated storage.

Olive leaf extracts have been the subject of significant research due to their high content
of oleuropein, hydroxytyrosol, and related secoiridoids. These natural antioxidants have been
extensively studied in the context of dairy systems, where their ability to enhance oxidative
stability, functional properties, and product shelf life has been demonstrated [15,72-75]. Overall,
polyphenol addition in dairy systems requires controlled dosing to balance technological
functionality and sensory quality [15,73,74]. Beyond the addition of yoghurt, factors such
as timing (i.e., the milk vs. curd ratio for cheese production) and formulation context are
crucial in determining phenolic retention, textural quality, and colour, while ensuring the
preservation of microbial viability and safety [76-78]. In the context of dairy matrices,
olive-derived polyphenols such as oleuropein and hydroxytyrosol have been observed
to contribute to antioxidant activity. However, the stability and functionality of these
polyphenols are contingent upon processing and matrix interactions [15,75,79,80]. The
prolongation of shelf life can be attributed to the antimicrobial properties that hinder the
growth of harmful microbes or the onset of spoilage in dairy systems, as evidenced by
several studies [15,72,73]. However, these effects are contingent on formulation and matrix
and necessitate dose optimisation to circumvent sensory concerns. Oleuropein (OLE) has
been demonstrated to enhance microbial stability in milk at controlled concentrations
(1.44-3.6 mg oleuropein mL~!), without compromising sensory quality [72,81,82]. The
antimicrobial and antioxidative properties of components derived from olive leaves or
pomace have been demonstrated in cheese and milk [83,84]. As demonstrated in the cited
literature, the utilisation of olive leaves and olive pomace as polyphenol-rich ingredients
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has the potential to enhance the circular economy’s principles of waste reduction and the
valorisation of agro-industrial by-products.

3.3.3. Casu Axedu

The formulation factor significantly affected several compositional parameters of
Casu Axedu (Table 3). Since all formulations shared the same inulin-enriched, lactose-
hydrolysed cheese matrix, the present study was designed to evaluate the additional effects
of olive leaf extract and Lactiplantibacillus plantarum UNICA B26, rather than the individual
effects of inulin supplementation or lactose hydrolysis. The slight but significant pH
decrease observed from CA-I to CA-IOL (p < 0.05), in the presence of L. plantarum and OLE,
remained within the usual range reported for Casu Axedu [23], suggesting that functional
enrichment was achieved without compromising the typicity of this traditional product.
A potential pH-lowering effect associated with OLE was also reported by other authors
and may be linked to a promoting effect of OLE on the metabolic activity and growth of
lactic acid bacteria [14,15,85]. Compared with CA-I and CA-IL, CA-IOL showed slightly
lower dry matter and fat contents (p < 0.05), whereas protein levels remained comparable
among formulations. This suggests that the combined inclusion of OLE and the selected L.
plantarum strain did not impair the protein density of the product, and it is reasonable to
assume that the observed differences in dry matter are mainly driven by small variations
in fat content and moisture associated with the OLE addition.

Table 3. Chemical-nutritional and functional parameters of Casu Axedu enriched with inulin and
olive leaf extract and inoculated with Lactiplantibacillus plantarum UNICA B26 during storage.

Formulation Factor Storage Time at 3 +£1°C p-Value !

CA-I' CA-IL? CA-IOL® 1Day 15Days 30Days SEM FF12 s FF x S 14

pH (UpH)

Dry matter (%)

Fat (%)
Protein (%)

TP (mg GAE 100 g~ 1) 4
TPN (mg GAE 100 g 1) ®

TPR (%) 6

TAC (umol kg~ of cheese) 7
Energy from protein (%) 8

Energy (kcal 100 g

—1) 9

4422 4362 4320 439 4.36 435 0.04 * ns ns
242 2202 21.2P 21.9 22.1 21.6 0.4 * ns ns
852 852 7.6P 8.4 8.3 8.0 0.3 * ns ns
6.5 6.4 6.4 6.84 654 608 0.2 ns * ns
12.0° 12.4b 2382 134°€¢ 16.4 B 1854 0.8 * * ns
11.4 12.1 12.3 10.8 0.9 - ns ns

57 61 62 49 4 - ns ns

560 b 606 P 1903 2 1012 1068 989 70 * ns ns
22.2 22.0 21.8 222 22.1 21.8 0.4 ns ns ns
117 115 111 120 115 109 4 ns ns ns

1 CA-I, Casu Axedu cheese fortified with inulin (DP > 20) (control); 2 CA-IL, Casu Axedu cheese fortified with
inulin (DP > 20) and Lactiplantibacillus plantarum (UNICA B26); 3 CA-IOL, Casu Axedu cheese fortified with inulin
(DP > 20) and OLE (TP = 20 mg GAE 100 g_1 of milk) and Lactiplantibacillus plantarum (UNICA B26); 4 TP, total
polyphenol content; ® TPN, total net polyphenol content calculated as TP (CA-IOL)-TP (CA-IL); ® TPR, total
polyphenol recovery, calculated as TPN in CA-IOL sample/TP added in milk (20 mg GAE 100 g~! of milk) x 100;
7 TAC, total antioxidant capacity (FRAP method); & product “high in protein”: at least 20% of total calories from
protein (Reg. (EC) 1924/2006 and Reg. (EU) 116/2010); ° Energy is determined taking into account the calories
provided by each nutrient (fat: 9 kcal g~1; protein: 4 kcal g~!; carbohydrates: 4 kcal g~!; inulin: 1.9 kcal g~ 1);
10 gEM, standard error of the mean; 11 p-value, ns, no significant difference (p > 0.05); * p < 0.05; 12 EE formulation
factor; 13 S, storage time factor at 3 & 1 °C; 14 FF x S, interaction between formulation factor and storage time.
Different superscript letters within rows indicate significant differences; lowercase letters indicate significant
differences between levels of the formulation factor (FF); uppercase letters indicate significant differences among
levels of the storage time factor (S).

The data reported in the literature are not always consistent regarding the effect
of polyphenols on the water-holding capacity of the casein network [86,87]. However,
some studies on the addition of OLE to dairy products showed a slight increase in the
water-binding capacity of the protein network, resulting in higher moisture content in the
final product [15,88]. The lower fat content observed in CA-IOL may be partly attributed
to a diluting effect associated with its higher moisture content. Nevertheless, some au-
thors suggested that the lower fat values in the samples containing OLE were due to a
reduction in the analytical recovery of fat because of the formation of complexes between
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polyphenols and lipids, thereby reducing the detectable fat fraction [89]. Total energy
(~111-117 kcal 100 g~!) and the proportion of energy derived from protein (x22% of kcal)
were not affected by the formulation factor, indicating that these fortified fresh cheese
products retained the nutritional profile and the “high protein” claim, according to EU
Regulation 1924 /2006.

Based on the amount of inulin added during formulation (30 g kg ~! milk), the theoreti-
cal inulin content of all formulations (CA-I, CA-IL and CA-IOL) was approximately 3%. As
Casu Axedu is marketed together with the whey released during manufacturing and storage,
substantial losses of inulin in the final product are not expected. Consequently, eligibility
for the “source of fibre” claim (>1.5 g inulin 100 kcal_l) was assessed on a formulation
basis and mass-balance considerations rather than on the direct analytical determination of
inulin in cheese.

The most pronounced effects of formulation were detected for total polyphenols
content (TP) and total antioxidant capacity (TAC). CA-I and CA-IL displayed comparable
TP levels (~12 mg GAE 100 g~ !), indicating that inulin and L. plantarum alone did not
significantly contribute to the phenolic profile. Conversely, CA-IOL showed a marked
increase in TP (23.8 mg GAE 100 g~ !) and a more than threefold rise in TAC (1903 vs.
560-606 pumol kg 1), demonstrating that OLE represented the main driver of the functional
upgrading of Casu Axedu in terms of TP and TAC. These findings are consistent with
previous observations on the use of olive leaf-derived ingredients in dairy matrices, where
substantial improvements in antioxidant activity have been reported without detrimental
effects on product identity or quality [15].

Despite the standardised addition of OLE at 20 mg GAE 100 g~! of milk, the total
net polyphenol content attributable to the extract (TPN ~ 11 mg GAE 100 g~ !) and the
corresponding recovery (TPR =2 50-60%) indicated that only about half to two-thirds of the
added phenolics were analytically recovered as extractable compounds. This behaviour
reflects the well-documented propensity of milk proteins, particularly caseins and whey
proteins, to interact with plant polyphenols through non-covalent and, in some conditions,
covalent mechanisms, thereby reducing the measurable free phenolic fraction in fortified
dairy products [38,90,91]. Nevertheless, the marked increase in TAC values observed in
CA-IOL suggests that a considerable proportion of OLE polyphenols remained function-
ally active within the cheese matrix, even if partially sequestered in protein—polyphenol
complexes and thus, less accessible to routine spectrophotometric assays. This interpre-
tation is in line with recent reviews indicating that protein binding may limit polyphenol
extractability, while maintaining, or even modulating, their antioxidant functionality and
stability in dairy-fermented systems [90].

Regardless of the formulation, storage at 3 = 1 °C up to 30 days had limited effects
on the studied parameters. Most compositional traits (pH, dry matter, fat, energy and
energy from protein) and TAC were not significantly influenced by storage time, indicating
satisfactory stability of the fortified Casu Axedu during refrigerated shelf life. Protein content
showed a modest but significant decrease at 30 days (p < 0.05), which can be ascribed to
proteolysis and moisture redistribution commonly observed in fresh and short-ripened
cheeses, but remained compatible with the maintenance of the “high protein” status of
the products.

Total polyphenol content (TP) in Casu Axedu increased progressively during refriger-
ated storage, from 13.4 mg GAE 100 g~ ! at day 1 to 16.4 and 18.5 mg GAE 100 g ! at days
15 and 30, respectively, whereas total antioxidant capacity (TAC, FRAP method) remained
statistically unchanged, with values close to 1000 umol L~! throughout the 30-day period.
This divergence suggests that storage enhances the Folin—Ciocalteu response without pro-
ducing a corresponding, significant gain in reducing power, as captured by FRAP. The
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simultaneous increase in TP and decrease in protein content in Casu Axedu at 30 days are
compatible with proteolysis and suggest that the apparent increase in “phenolic” content
may be due to matrix evolution. On the one hand, casein degradation into smaller peptides
is likely to weaken protein—polyphenol interactions and to improve the extractability of
olive leaf phenolics, thereby increasing the fraction detectable by the extraction proto-
col. On the other hand, the formation of peptides and exposure of amino acid residues
with reducing groups (e.g., tyrosine, tryptophan, cysteine) may contribute directly to the
Folin—Ciocalteu signal, which is known to respond to a broad range of non-phenolic
reducing substances, in addition to polyphenols [92].

The observation that the total net polyphenol content (TPN) attributed to the olive leaf
extract and its recovery do not change significantly over storage, despite the increase in
TP, supports the hypothesis that the higher TP values at later times reflect a combination
of enhanced phenolic release and growing interference from proteolysis products in the
Folin—Ciocalteu assay rather than a true accumulation of polyphenols. The absence of a par-
allel, significant effect of storage on TAC is consistent with this view: if part of the additional
Folin—Ciocalteu response is due to non-phenolic proteolysis products, only limited changes
in FRAP would be expected. Overall, refrigerated storage of olive-leaf-enriched Casu Axedu
appears to preserve antioxidant capacity while modulating the analytically detectable TP
through matrix dynamics and proteolysis-related interference in the Folin—Ciocalteu assay.

Total sugars and individual monosaccharides (galactose, glucose), disaccharides (lac-
tose), minor carbohydrates (tagatose) and myo-inositol showed no significant differences
among CA-I, CA-IL and CA-IOL, nor across storage times (p > 0.05, Table 4). This suggests
that the addition of inulin, L. plantarum and olive leaf extract did not alter the residual
carbohydrate profile of the cheese, which remained low, as expected for an acid-coagulated,
short-ripened product such as Casu Axedu. The absence of significant changes over 30 days
indicates that any carbohydrate metabolism associated with the adjunct cultures occurred
mainly during early fermentation, without further measurable depletion of residual sugars
during refrigerated storage. The addition of commercial lactase (GODO YNL2, Danisco) to
the initial TM-I and TM-IO milk allowed an almost complete hydrolysis of lactose, making
it possible to obtain a lactose-free Casu Axedu cheese. In fact, according to the guidelines
issued by the Italian Ministry of Health on the labelling of lactose in dairy products, a
cheese with a lactose content lower than 0.1 g/100 g may bear the claim “lactose-free”
(Italian Republic, Ministry of Health, DGISAN Communication No. 27673 of 7 July 2015).

Table 4. Sugar content of Casu Axedu enriched with inulin and olive leaf extract and inoculated with
Lactiplantibacillus plantarum UNICA B26 during storage.

Formulation Factor Storage Time at3 £1°C p-Value 5
CA-I' CA-IL?2 CA-IOL® 1Day 15Days 30Days SEM*? FF® S7 FFxSS8
Total sugars (%) 2.0 2.2 2.3 2.5 2.1 1.9 0.4 ns ns ns
(v + o+ B) 12 13 14 15 1.2 12 0.2 ns  ns ns
galactose (%)

(o + B) glucose (%) 0.7 0.8 0.9 0.9 0.8 0.7 0.1 ns ns ns
(o + B) lactose (%) 0.007 0.006 0.009 0.011 0.005 0.005 0.004 ns ns ns
myo-inositol (%) 0.014 0.014 0.017 0.018 0.015 0.012 0.003 ns ns ns
(x + B) tagatose (%) 0.004 0.005 0.006 0.005 0.005 0.005 0.001 ns ns ns

L CA-1, Casu Axedu cheese fortified with inulin (DP > 20) (control); 2 CA-IL, Casu Axedu cheese fortified with
inulin (DP > 20) and Lactiplantibacillus plantarum (UNICA B26); 3 CA-IOL, Casu Axedu cheese fortified with inulin
(DP > 20) and OLE (TP = 20 mg GAE 100 g~! of milk) and Lactiplantibacillus plantarum (UNICA B26); 4 SEM,
standard error of the mean; 5 p-value, ns, no significant difference (p > 0.05); 6 FF, formulation factor;” S, storage
time factor at 3 + 1 °C; 8 FF x S, interaction between formulation factor and storage time.
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Similarly, the fatty acid profile was remarkably stable across formulations and stor-
age time (p > 0.05, Table 5). The proportions of saturated (=70% of FAME), unsatu-
rated, trans, monounsaturated and polyunsaturated fatty acids, as well as the PUFA
n-6, PUFA n-3, and their ratio, did not differ among CA-I, CA-IL and CA-IOL and
were unaffected by storage time. This stability is consistent with a product derived
from the same raw milk and processing conditions, where fortification occurs primar-
ily through inulin and phenolic extract rather than via lipid manipulation, and con-
firms that the fortified Casu Axedu cheeses preserve the typical fatty acid pattern of the
traditional product.

Table 5. Fatty acid profile, vitamins, and cholesterol content of Casu Axedu enriched with inulin and
olive leaf extract and inoculated with Lactiplantibacillus plantarum UNICA B26 during storage.

Formulation Factor Storage Time at 3 +1°C p-Value 14

CA-I' CA-IL?2 CA-IOL? 1 Day 15Days 30 Days SEM 13 FF 15 s 16 FF x SV

Fatty acid profile
expressed as % of FAME
SFA 4
UFA®
TTFA ©
MUFA 7
PUFA 8
CLA cis9 trans 11 °
PUFA n-6 10
PUFA n-3 !
PUFA n-6/PUFA n-3 12
Vitamins and cholesterol
Vitamin A (ppm)
Vitamin E (ppm)
Cholesterol (ppm)

69.9 69.9 69.9 69.9 69.9 69.9 0.3 ns ns ns
30.1 30.1 30.1 30.1 30.1 30.1 0.3 ns ns ns
3.1 3.1 3.1 3.1 3.1 3.1 0.1 ns ns ns
21.9 21.8 21.8 21.8 21.8 21.9 04 ns ns ns
3.8 3.8 3.8 3.8 3.9 3.8 0.2 ns ns ns
0.76 0.75 0.76 0.76 0.76 0.76 0.03 ns ns ns
2.7 2.7 2.7 2.7 2.7 2.7 0.1 ns ns ns
1.1 1.1 1.1 1.1 1.2 1.1 0.1 ns ns ns
2.4 2.4 24 2.4 2.4 2.4 0.2 ns ns ns
0.96 2 0932 0.84b 0.93 0.88 0.91 0.04 * ns ns
3.3 3.3 3.1 3.3 3.1 3.2 0.4 ns ns ns
3132 299 ab 290 b 306 298 298 10 * ns ns

1 CA-1, Casu Axedu cheese fortified with inulin (DP > 20) (control); > CA-IL, Casu Axedu cheese fortified with
inulin (DP > 20) and Lactiplantibacillus plantarum (UNICA B26); 3 CA-IOL, Casu Axedu cheese fortified with inulin
(DP > 20) and OLE (TP = 20 mg GAE 100 g~ ! of milk) and Lactiplantibacillus plantarum (UNICA B26); * SFA,
saturated fatty acids; 5 UFA, unsaturated fatty acids; 6 TTFA, total trans fatty acids; 7 MUFA, monounsaturated
fatty acids (only cis isomers, as per Reg. (EU) No 1169/2011); 8 PUFA, polyunsaturated fatty acids; * CLA
cis9 trans11-conjugated linoleic acid (cis-9, trans-11 isomer); 10 PUFA n-6, omega-6 polyunsaturated fatty acids;
11 PUFA n-3, omega-3 polyunsaturated fatty acids; 1> PUFA n-6/PUFA n-3, ratio between omega-6 and omega-3
polyunsaturated fatty acids; 13 SEM, standard error of the mean; 14 p-value, ns, no significant difference (p > 0.05);
*p <0.05 15 FF, formulation factor; 16 S, storage time factor at 3 =1 °C; 17 FF x S, interaction between formulation
factor and storage time. Different superscript letters within rows indicate significant differences; lowercase letters
indicate significant differences between levels of the formulation factor (FF).

Within the fat-soluble fraction, only modest formulation effects were observed. Vi-
tamin A and cholesterol content were slightly lower in CA-IOL than in CA-I and CA-IL
(p < 0.05, Table 5), whereas vitamin E content showed no significant differences. The slightly
reduced vitamin A and cholesterol levels in CA-IOL are consistent with its marginally
lower fat content reported previously, but the magnitude of these changes is limited and
does not alter the overall nutritional positioning of the product. Importantly, storage did
not significantly affect vitamins or cholesterol, supporting the oxidative stability of the fat
fraction under the adopted conditions.

Free fatty acid (FFA) levels, whether expressed as short-, medium- or long-chain
FFAs, as well as total FFA, did not differ between formulations and remained stable dur-
ing storage (p > 0.05, Table S3). This indicates that neither the presence of L. plantarum
nor the inclusion of OLE promoted lipolysis beyond the low levels expected in a fresh,
acid-coagulated cheese and that the functional Casu Axedu formulations are not prone
to lipid hydrolysis during 30 days of storage under refrigerated conditions. Such stabil-
ity in FFA content is consistent with the maintenance of sensory quality and supports
the suitability of Casu Axedu as a carrier for added bioactive compounds, without trig-
gering excessive lipolytic activity. By contrast, proteolysis indices showed a clear effect
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of storage time, but not of formulation. SN/TN, TCA-SN/TN and PTA-SN/TN all in-
creased significantly from day 1 to day 30, reflecting the progressive breakdown of caseins
into water-soluble peptides and low-molecular-mass nitrogenous compounds, as typi-
cally observed in fresh and short-ripened cheeses. The absence of differences among
CA-I, CA-IL and CA-IOL suggests that inulin, L. plantarum and OLE do not substantially
modify the global proteolytic pattern of Casu Axedu, which remains primarily driven
by the intrinsic enzyme system of milk and the lactic microbiota associated with the
traditional process.

3.4. Texture, Whey Release, and Colour Parameters

The effects of formulation factor (FF) and refrigerated storage (S) at 3 °C for 1, 15, and
30 days on texture parameters, whey release, and colour attributes of Casu Axedu cheeses
are reported in Table 6.

Table 6. Texture, water holding capacity, and colorimetric parameters of Casu Axedu enriched
with inulin and olive leaf extract and inoculated with Lactiplantibacillus plantarum UNICA B26
during storage.

Formulation Factor Storage Time at 3 £ 1°C p-Value 7

CA-I' CA-IL2 CA-IOL® 1Day 15Days 30Days SEM® FF® S° FFxS10

Penetrometry parameters

Frnax (N) 222 214 16P 224 2.0 4B 1.78 0.2 * * ns
Positive area (N mm) 26 25 23 26 26 23 2 ns ns ns
Negative Finax (N) —057 =058 o412 046 054 050 006  * s ns
Negative area (N mm) —64°>  —59P —442 -504 618 5648 0.4 * * ns
Whey released
Syneresis (%) 4 302 302 23b 28 27 27 3 * ns ns
Colorimetric parameters
L* 89 89 88 89 88 89 1 * ns ns
a* —2.8b —26P —2.22 -25 —24 —2.6 0.2 * ns ns
b* 8.1°b 7.82b 8.72 8.2 8.0 8.4 0.3 * ns ns
AE? (distance from CA-Ivs. CA-IL) 0.6 0.6 0.6 0.6 0.1 - ns -
AE? (distance from CA-I vs. CA-IOL) 1.5 1.7 1.3 1.5 0.2 - ns -
AE? (distance from CA-IL vs. CA-IOL) 1.6 1.7 14 1.7 0.1 - ns -

L CA-1, Casu Axedu cheese fortified with inulin (DP > 20) (control); 2 CA-IL, Casu Axedu cheese fortified with
inulin (DP > 20) and Lactiplantibacillus plantarum (UNICA B26); 3 CA-IOL, Casu Axedu cheese fortified with
inulin (DP > 20) and OLE (TP = 20 mg GAE 100 g~! of milk) and Lactiplantibacillus plantarum (UNICA B26);
* Syneresis was expressed as the percentage of whey released from the Casu Axedu cheese, calculated on 100 g of
total product (cheese + whey); 5 AE represents the colour difference between samples in the CIELAB colour space
and is calculated as: AE = /[(L, — L1)? + (ay — a1)? + (by — b1)?]; ® SEM, standard error of the mean; ” p-value,
ns, no significant difference (p > 0.05); * p < 0.05; 8 FF, formulation factor; ° S, storage time factor at 3 = 1 °C;
10 FF x S, interaction between formulation factor and storage time. Different superscript letters within rows
indicate significant differences; lowercase letters indicate significant differences between levels of the formulation
factor (FF); uppercase letters indicate significant differences among levels of the storage time factor (S).

3.4.1. Texture Parameters

Formulation significantly affected several penetration parameters, whereas storage
time exerted a more limited effect. Frnax (maximum penetration force, an indicator of
gel hardness) was significantly lower in CA-IOL (1.6 N) than in CA-I (2.2 N) and CA-IL
(2.1 N) (p < 0.05). The very similar values observed for CA-I and CA-IL indicate that
Lactiplantibacillus plantarum UNICA B26 did not significantly affect the physical structure of
the cheese matrix under the specific conditions tested. Therefore, the differences observed
in CA-IOL are more likely associated with the incorporation of OLE, which may have
contributed to changes in the structural organisation of the casein gel, resulting in a
weaker and less cohesive protein network. A possible explanation could be related to
the interactions between milk proteins and phenolic compounds. Protein—polyphenol
interactions have been widely described in dairy systems [93,94] and may influence the
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organisation and physicochemical properties of the casein network during coagulation [95].
The presence of phenolic compounds could potentially interfere with these processes by
altering casein conformation or affecting mineral equilibria within the micelle, potentially
limiting casein—casein interactions and resulting in a less compact gel structure [96]. These
differences in penetration behaviour are consistent with the proposed interpretation and
are reflected in the penetration profiles (Figure S3), where CA-I and CA-IL exhibit very
similar curve shapes and peak forces, whereas CA-IOL shows a clearly lower maximum
peak and a slightly smoother profile during penetration, indicating that a lower force was
required to deform the gel network.

Storage time influenced Fnax, which decreased significantly from 2.2 N at day 1 to
1.7 N at day 30 (p < 0.05), likely reflecting progressive structural modifications of the
protein matrix associated with proteolysis increase (Table 6, p < 0.05). This trend would
be consistent with the proteolysis indices reported in Table S3, showing increased water-
soluble nitrogen and peptide fractions over the storage period, supporting the observed
softening of the gel network, in line with mechanisms described in the literature [97].
The penetration curves, reported in Figure 54, also illustrate this evolution, with slightly
lower peak forces and smoother profiles at later storage stages, indicating a progressive
weakening of the casein network. Although the positive area, representing the total me-
chanical work required for probe penetration into the matrix, was not significantly affected
by formulation or storage time, CA-IOL showed a consistent trend toward lower val-
ues (23 N-mm) compared with CA-I (26 N-mm) and CA-IL (25 N-mm), which would
indicate a slightly lower amount of energy required to deform the gel structure. Nega-
tive Fmax and negative area, which describe the force and energy required to detach the
probe from the gel, were significantly affected by formulation factor. CA-IOL exhibited a
lower absolute negative Fmax (—0.41 N) compared with that of CA-I (—0.57 N, p < 0.05),
which tended to be lower than that of CA-IL (—0.53 N, p = 0.08), suggesting reduced
adhesive interactions. A similar trend was observed for negative area, which was signifi-
cantly lower in CA-IOL (—4.4 N-mm) than in CA-I (—6.4 N-mm) and CA-IL (—5.9 N-mm)
(p < 0.05). These results are consistent with the hypothesis that polyphenols may inter-
fere with casein—casein interactions, thereby contributing to modifications in the protein
network structure. However, the observed reduction in adhesiveness may not solely
reflect changes in internal cohesion but could also be associated with alterations in sur-
face properties and gel-probe interactions. This interpretation is in agreement with the
structural effects previously reported for milk protein—polyphenol systems [93,94], par-
ticularly regarding the modulation of protein—protein interactions and casein network
organisation. Consistently, the withdrawal phase of the penetration curves (Figure S3)
shows a lower-magnitude negative peak for CA-IOL, further supporting the reduced
adhesive behaviour of this formulation. Storage time had a significant effect on the neg-
ative area, with the highest absolute value observed at 15 days (—6.1 N-mm), which
was significantly higher than at day 1 (—5.0 N-mm, p < 0.05), while the value at day 30
(—5.6 N-mm) did not differ significantly from that of either day 1 or day 15. This trend
may reflect general phenomena observed in cheese systems, such as transient hydration
and rearrangement within the casein matrix during early storage [98], followed by pro-
gressive proteolytic weakening at later stages, which could also affect textural properties,
including adhesiveness, as generally described in studies on cheese matrix evolution and
ripening dynamics [97].
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3.4.2. Whey Release

Syneresis was significantly affected by formulation (p < 0.05), but not by stor-
age time. Among the formulations, CA-IOL exhibited the lowest whey release (23%),
whereas CA-I and CA-IL showed higher values (30%). The reduced whey release in CA-
IOL is consistent with the higher moisture content observed in CA-IOL (Table 3) and
may reflect a lower degree of gel contraction, possibly due to OLE-induced changes
in the protein network. This interpretation aligns with reported structural effects of
protein—polyphenol interactions, which can alter network organisation and water retention
in casein matrices [90]. Similar results were reported by other authors for yoghurts enriched
with polyphenols derived from olive leaves, showing that this interaction between milk
proteins (caseins in particular) and polyphenols led to the formation of a protein network
with enhanced water-binding capacity [15,88].

3.4.3. Colour Parameters

The colourimetric parameters were moderately affected by formulation factor and
remained largely stable during storage. Lightness (L*) showed very similar values among
CA-I, CA-IL and CA-IOL (90-91), indicating that the different formulations did not sub-
stantially modify the overall brightness of the cheese matrix. Significant differences were
instead observed for the chromatic coordinates. CA-IOL showed a slightly higher a*
value (—2.2) than did CA-I (—2.8) and CA-IL (—2.6) (p < 0.05), indicating a modest shift
toward less negative values and therefore, a reduction in the green hue. The b* values
tended to be higher in CA-IOL (8.7) than in CA-I (8.1; p = 0.08) and were significantly
higher than those of CA-IL (7.8; p < 0.05), indicating a moderate increase in the yellow
component. These variations are consistent with the chromatic contribution of phenolic
compounds from OLE and their interactions with the cheese matrix, as previously reported
for dairy systems enriched with plant extracts [78]. Overall colour differences between
formulations were quantified using the CIELAB colour distance parameter AE, which
quantifies the overall colour difference between two samples by combining variations in L*,
a* and b* coordinates. In the present study, AE values ranged from 0.6 (CA-I vs. CA-IL)
to 1.5-1.6 for comparisons involving CA-IOL. These values indicate very limited colour
differences between formulations. In fact, AE values below 1 are generally considered
imperceptible, whereas values between 1 and 3 correspond to only minor differences that
are barely perceptible to the human eye [99]. Therefore, although statistically significant
variations in 4* and b* coordinates were detected, the overall visual differences among
cheeses would likely remain minimal. These results are consistent with the relatively
low total phenolic content of the experimental cheeses (0.20 mg GAE g~!), which was
markedly lower than that reported by Zandona et al. [78] for cheeses enriched with higher
levels of OLE (up to 2.21 mg GAE g~ !), where AE values exceeding 3 indicated clearly
perceptible colour changes. Consequently, the modest AE values observed in the present
study confirm that the incorporation of OLE at the tested concentration produced only
slight chromatic modifications without substantially altering the visual appearance of
the product.

3.5. Microbiological Parameters

The microbiological profile of Casu Axedu is shown in Figure 3, reporting log CFU g~ !
counts of enterococci, mesophilic cocci, mesophilic lactobacilli, and coliforms at 1, 15, and
30 days of refrigerated storage at 3 £ 1 °C for CA-I, CA-IL, and CA-IOL.
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Figure 3. Evolution of key microbial groups in Casu Axedu manufactured with: (A) inulin (CA-I),
(B) inulin and Lactiplantibacillus plantarum UNICAB26 (CA-IL), and (C) inulin, L. plantarum UNI-
CAB26, and olive-derived extract (CA-IOL). Enterococci, mesophilic cocci, mesophilic lactobacilli,
and coliforms were enumerated by plate count in thermised milk (TM) and in cheeses at 1, 15, and
30 days of storage; results are expressed as mean log CFU gfl. For each microbial group within
each technological treatment, columns sharing at least one common letter do not differ significantly
according to one-way ANOVA, followed by Tukey’s post hoc test (p < 0.05).

In control CA-, enterococci reached 7-8 log CFU g~ at all storage times, with no
significant differences (p < 0.05) among 1, 15, and 30 d samples; mesophilic cocci showed
similarly high levels, while coliforms remained below the detection limit (<1 log CFU g~ 1),
indicating good hygienic quality. In thermised milk (TM) and in the inulin-enriched control
cheese (CA-I) at day 1, the lactobacilli levels were below the detection limit and were
therefore not enumerated in subsequent control samples. CA-IL supplementation with L.
plantarum UNICA B26 maintained enterococci and mesophilic cocci at about 7-8 log CFU /g
across shelf life (no significant differences, p < 0.05), with coliforms undetectable and
mesophilic lactobacilli counts of approximately 7 log CFU g~! from day 1 onwards. Given
the absence of detectable autochthonous lactobacilli in CA-I under the same selective con-
ditions, these counts can reasonably be attributed to the intentionally added L. plantarum
UNICA B26, indicating successful integration and persistence of the probiotic-candidate
strain without interfering with the native starter lactic microbiota. In CA-IOL, entero-
cocci and mesophilic cocci levels mirrored those observed in CA-IL (about 7-8 CFU g~ !,
p < 0.05), and lactobacilli counts remained around 7 log CFU g~! from day 1 onwards.
This could indicate that the mesophilic lactobacilli population in both CA-IL and CA-IOL
was essentially represented by the added probiotic-candidate strain. Refrigerated storage
for 30 days induced only limited changes in the microbial populations. These findings
demonstrate that inulin supplementation supports the stable development of desirable
enterococci and mesophilic cocci in Casu Axedu, reaching technologically relevant pop-
ulations (7-8 log CFU g~!) throughout 30 days of storage, in agreement with previous
reports showing that inulin can sustain high lactic bacterial loads and improve microbial
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activity during cheese storage [100,101]. L. plantarum UNICA B26 addition (CA-IL) inte-
grates effectively into the cheese microbiota, maintaining viability above the level generally
considered adequate for delivering probiotic benefits (>7 log CFU g~!), and without inter-
fering with the starter lactic populations, in line with data for dairy-derived L. plantarum
strains [101,102]. The successful survival of L. plantarum UNICA B26 throughout refriger-
ated storage, despite the presence of olive phenolic compounds, is in agreement with the
observations of Ngamsomchat et al. [9], who demonstrated that L. plantarum maintained
high viable counts during the manufacture and storage of probiotic chevre cheese, confirm-
ing the suitability of this species as an adjunct culture in fresh dairy products. Likewise,
de Oliveira et al. [6] reported that L. plantarum CNPCO003 remained metabolically active
during the refrigerated storage of fresh cheese, contributing to product quality without
compromising technological performance. Finally, the pH and ApH/ At profiles (Figure 4)
exhibited similar trends across the three Casu Axedu formulations, with largely overlap-
ping curves and comparable minimum pH values. These observations were corroborated
by the kinetic parameters derived from the acidification curves (Table S4), for which no
significant differences (p > 0.05) were detected in the maximum acidification rate (Vm),
the time required to reach Vm (Tm), or the corresponding pH value (pHm). Specifically,
Vm ranged from -6.6 to -5.8 mUpH min~!, Tm from 631 to 678 min, and pHm from 5.64
to 5.81. Overall, these findings indicate that the addition of L. plantarum UNICA B26 and
OLE did not affect the acidification performance of the starter culture under the conditions
tested. From a technological perspective, this indicates that the incorporation of OLE and
Lactiplantibacillus plantarum UNICA B26 did not interfere with the acidification kinetics
during Casu Axedu manufacture, allowing the traditional cheesemaking procedure to be
maintained without technological adjustments.
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Figure 4. Evolution of pH and acidification rate in Casu Axedu cheese: CA-I, Casu Axedu cheese
fortified with inulin (DP > 20) (control); CA-IL, Casu Axedu cheese fortified with inulin (DP > 20) and
Lactiplantibacillus plantarum UNICA B26; CA-IOL, Casu Axedu cheese fortified with inulin (DP > 20),
OLE (TP =20 mg GAE 100 g~ ! of milk) and Lactiplantibacillus plantarum UNICA B26. ApH AT~
represents the rate of pH change over time (first derivative), expressed as thousandths of pH units
per minute.
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3.6. Sensory and Consumer Results

The sensory profile obtained by QDA (Table 7) confirmed that the formulation factor
was the main source of variation for the descriptive attributes most closely linked to
functional enrichment. In the QDA model, the individual assessor did not significantly
affect attribute ratings, confirming satisfactory panel consistency; therefore, interpretation
focused on formulation and storage-time effects. As reported in Table 7, the addition of
L. plantarum alone had a limited impact on the sensory identity of Casu Axedu: CA-I and
CA-IL did not differ significantly in overall sensory quality (6.03 and 5.77, respectively)
and showed comparable values for colour, bitter taste, fresh milk aroma, olive oil aroma,
astringency and off-flavour. The only marked difference attributable to the probiotic adjunct
was a higher sour taste intensity in CA-IL than in CA-I (4.83 vs. 4.43; p = 0.020), consistent
with the metabolic contribution of the adjunct culture, without evidence of sensory defects.

Table 7. Mean intensity scores of the sensory descriptors obtained by quantitative descriptive analysis
(QDA) for the three experimental formulations evaluated at the three shelf-life times. p-values from
two-way ANOVA for formulation (FF) and shelf-life (S) effects are also reported. QDA data were
analysed by ANOVA, including formulation factor (FF), storage time (S), and assessor; assessor was
included in the model as a random factor to account for panel variability. For clarity, only the p-values
for FF and S are reported, as the assessor effect was not significant (p > 0.05). Different lowercase and
uppercase letters, when present, indicate significant differences (p < 0.05) among mean liking scores
for formulation and storage time, respectively. ns, no significant difference (p > 0.05).

Formulation Factor Storage Time at3 + 1 °C p-Value
CA-1! CA-IL? CA-IOL3 1 Day 15 Days 30 Days FF S
Colour intensity 2714087 283b+08  3312+092 31428+087 272B+101 30444081 <0001 0.3
Acidic odour 4234077 427 +£0.72 4.38 £ 091 4324073 413 £0.80 4.45 4 0.83 ns ns
Sour taste 443° +1.29 4832 +1.18 4772 £153  485B+093 442484155 4814 +137 0020 0.030
Sweet taste 3523 +£1.00 335%4+104 324" 4+1.08 3.36 +0.95 3.46 +1.07 329+1.09  0.020 ns
Bitter taste 242P +121 241°+113 35724159 259B+148 27384153 30544125 <0.001 <0.001
Acidic aroma 432+ 0.84 448 + 091 4.45 + 0.96 4.44 +0.79 421 +0.87 4.63 +0.98 ns ns
Fresh milk aroma 3.582 +1.16 3.622 +1.22 329b +1.10 3.38 £ 1.16 3.44 +1.12 3.65 +1.21 <0.001 ns
Sheep milk aroma 423 +0.80 423+ 0.84 411+ 0.67 415+ 0.77 4.06 + 0.70 4374 0.82 ns ns
Olive oil aroma 218P +£097 224> +097 3302 £1.30 251+ 1.16 2.65+1.28 2544+ 115 <0001 ns
Cohesiveness 432 +1.19 3.99 +1.15 414+125 427 +1.18 410+£122 4114120 ns ns
Astringency 359 +£1.01  375P+124 4162 £1.12 3.72 +1.09 391+ 1.13 385+122 <0001 ns
Watery consistency 3.56 + 1.81 3.79 + 1.66 3.81 +1.71 3.81 +1.89 3.80 + 1.70 3.56 + 1.60 ns ns
Off-flavour 157 +083  1.82°4+125 2572 +£2.02 1.81 +£1.25 1.87 £ 1.62 2274156 <0001 ns
Overall sensory quality  6.032 £0.69 5772 +113 484> +130 5874+091 5604B+121 522B+128 <0.001 0.020

1 CA-1, Casu Axedu cheese fortified with inulin (DP > 20) (control); 2 CA-IL, Casu Axedu cheese fortified with
inulin (DP > 20) and Lactiplantibacillus plantarum (UNICA B26); 3 CA-IOL, Casu Axedu cheese fortified with inulin
(DP > 20) and OLE (TP =20 mg GAE 100 g’] of milk) and Lactiplantibacillus plantarum (UNICA B26).

By contrast, the cheese containing both L. plantarum and olive leaf extract (CA-IOL)
was clearly discriminated by trained assessors. Compared with CA-I and CA-IL, CA-IOL
showed higher perceived colour intensity (3.31 vs. 2.71-2.83; p < 0.001), bitter taste (3.57
vs. 2.42-2.41; p < 0.001), olive oil aroma (3.30 vs. 2.18-2.24; p < 0.001), astringency (4.16 vs.
3.59-3.75; p < 0.001) and off-flavour (2.57 vs. 1.57-1.82; p < 0.001), together with lower fresh
milk aroma (3.29 vs. 3.58-3.62; p < 0.001) and sweet taste (3.24 vs. 3.52 for CA-I; p = 0.02).
These changes resulted in a lower trained-panel overall sensory quality for CA-IOL (4.84)
than for CA-I and CA-IL (6.03 and 5.77; p < 0.001). The sensory impact of CA-IOL is
therefore mainly attributable to OLE, rather than to the probiotic adjunct, and reflects the
typical sensory contribution of olive-derived phenolics.

This interpretation is coherent with the chemical and physicochemical results reported
above. CA-IOL was the formulation with the highest total polyphenol content and antioxi-
dant capacity and contained olive-leaf phenolics such as oleuropein, luteolin-7-O-glucoside,
verbascoside and hydroxytyrosol. The same phenolic enrichment that improved the func-
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tional profile of the cheese also plausibly explains the higher bitterness, astringency and
olive-like notes perceived by the trained panel. The higher sensory colour intensity of
CA-IOL was consistent with the instrumental colour data, which showed a modest increase
in a* and b* coordinates in the OLE-fortified cheese, although the total colour differences
remained small. Conversely, the instrumental softening, lower adhesiveness and reduced
syneresis observed for CA-IOL were not paralleled by significant sensory differences in
cohesiveness or watery perception. This suggests that the OLE-induced structural modifi-
cations of the protein network, although analytically measurable, remained less relevant
to perception than did taste and aroma changes. This discrepancy may also be partly
explained by the different sample preparation used for the analyses: for logistical and or-
ganisational reasons, sensory tests were conducted on portioned samples, and the resulting
disruption of the curd structure may have affected texture perception by the assessors,
whereas structural analyses were performed on the whole curd.

Storage time exerted a secondary but significant effect on selected sensory attributes.
Colour, sour taste and bitter taste changed during refrigerated storage, while trained panel
overall sensory quality evaluations decreased from 5.87 at day 1 to 5.22 at day 30 (p = 0.020).
The increase in bitterness over storage (from 2.59 to 3.05; p < 0.001) may be related to
the progressive evolution of the protein matrix and phenolic fraction during storage. In
particular, the increase in proteolysis indices reported for the same samples (Table S3)
may have contributed to taste evolution, whereas the absence of significant formulation
effects on free fatty acids indicates that the sensory changes were not driven by lipolysis.
At the same time, acidic odour, acidic aroma, sheep milk aroma, watery perception and
cohesiveness remained stable during storage, indicating that the main sensory identity of
the fresh cheese was preserved throughout shelf life.

The consumer test, performed after 1 and 30 days of storage, confirmed the trend
observed by trained assessors. In the liking analysis, consumer liking was a significant
source of variability, as commonly observed in hedonic studies, reflecting inter-individual
differences in liking responses. Nevertheless, a clear formulation effect emerged. As re-
ported in Table 8, at day 1, consumer liking was highest for CA-I (6.33), intermediate for
CA-IL (6.13) and lowest for CA-IOL (5.61; p = 0.0237). After 30 days, CA-IL reached the
highest liking score (6.49), followed by CA-I (6.11), whereas CA-IOL remained signifi-
cantly less liked (5.26; p < 0.001). CATA responses clarified the drivers of this preference
pattern. Consumers selected bitter taste much more frequently for CA-IOL than for CA-
I and CA-IL both at day 1 (0.366 vs. 0.049-0.049; p < 0.001) and at day 30 (0.645 vs.
0.097-0.129; p < 0.001). At day 30, CA-IOL was also more frequently associated with
olive oil aroma (0.258 vs. 0.065-0.097; p = 0.006), and less frequently with positive or
identity-related terms such as balanced taste (0.097 vs. 0.419-0.452; p = 0.001), traditional
(0.032 vs. 0.194-0.226; p = 0.032) and natural (0.194 vs. 0.419-0.419; p = 0.047). These results
indicate that consumers detected the OLE-related sensory shift and that this perception
reduced product acceptability when the bitter/astringent component became dominant.
However, although significantly lower, the mean liking score of the CA-IOL sample re-
mained above 5 on the 9-point hedonic scale, corresponding to the anchor “neither like nor
dislike”, thus indicating moderate acceptability within the tested consumer group rather
than unequivocal rejection. Consistently, consumers did not significantly associate CA-IOL
with abnormal tastes or odours at either storage time, despite the higher off-flavour score
detected by trained assessors. This distinction is important because it indicates that the
lower liking of CA-IOL was not due to spoilage-related defects, but rather to the sensory
expression of the phenolic enrichment. This interpretation is supported by the microbiolog-
ical results: coliforms were absent, while enterococci, mesophilic cocci and L. plantarum
B26 persisted at technologically relevant levels during storage. Therefore, the lower ac-
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ceptability of CA-IOL should be interpreted as a formulation issue related to OLE dosage
and sensory balance, rather than as a loss of microbiological quality. Overall, the present
results suggest that further formulation optimisation is advisable to reduce bitterness and
astringency while preserving the functional benefits associated with OLE fortification.

Table 8. Consumer test results for the experimental cheeses evaluated at 1 and 30 days of storage,
including overall liking scores on a 9-point hedonic scale and citation frequencies for the CATA terms.
Overall liking data, including formulation and consumer at each storage time, were analysed by
ANOVA. The consumer effect was significant (p < 0.05), reflecting inter-individual variability in
liking responses. For clarity, only formulation-related comparisons at each storage time are reported
in the table. p-values from ANOVA are reported for overall liking, whereas p-values from Cochran’s
Q test are reported for each CATA term at each storage time. Different letters, when present, indicate
significant differences among mean liking scores (p < 0.05).

1 Day Storage 30 Days Storage

CA-11 CA-IL? CA-IOL®  p-Value CA-11 CA-IL? CA-IOL®  p-Value

Liking 6332+16 613 +15 561°+15 00237 61°4+16 6492416 526°+17  <0.001
Sour taste 0.293 0.268 0.463 0.058 0.548 0.516 0.419 0.444
Sweet taste 0.244 2 0.098 ab 0.049 ® 0.018 0.097 2 0.1292 0.0322 0.311

Bitter taste 0.049 b 0.049 b 0.366 2 <0.0001 0.129b 0.097 b 0.645 2 <0.0001
Fresh milk aroma 04152 0.268 @b 0.122° 0.003 0.290 0.226 0.129 0.178
Sheep milk aroma 0.195 0.220 0.146 0.607 0.194 0.258 0.097 0.150
Buttery aroma 0.049 0.146 0.073 0.074 0.161 0.194 0.065 0.307

Fresh grass aroma
(reminiscent of 0.073 0.146 0.122 0.497 0.065 0.129 0.194 0.336
thistle/artichoke)
Olive oil aroma 0.073 0.049 0.146 0.236 0.097 b 0.065 P 0.258 @ 0.006
Astringent mouthfeel 0.146 0.195 0.268 0.257 0.258 0.290 0.323 0.819
Cohesive texture 0.244 0.268 0.146 0.174 0.226 0.226 0.194 0913
(pudding-like consistency)
Presence of lumps 0.098 0.220 0.220 0.125 0.032 0.129 0.032 0.050
Watery texture 0.195 0.146 0.122 0.417 0.194 0.226 0.097 0.115
Traditional 0.195 0.146 0.073 0.232 0.226 0.194 ab 0.032° 0.032
Presence of 0.049 0.049 0.098 0.565 0.129 0 0.032 0.074
off-flavours/ off-odours

Balanced taste 0.317 0.293 0.220 0.522 0.45242 04192 0.097 ® 0.001
Rich taste 0.220 0.098 0.073 0.076 0.065 0.194 0.129 0.264
Flat taste 0.098 0.098 0.098 1.000 0.065 0.065 0.000 0.368
Cloying/tiring on the palate 0.024 0.049 0.098 0.247 0.032 0 0.129 0.074
Unpleasant/annoying 0.049 0 0.098 0.135 0.161 0.097 0.290 0.078
Natural 0.366 0.488 0.293 0.108 0.419° 04192 0.194° 0.047
Healthy 0.122 0.098 0.098 0.846 0.129 0.129 0.129 1.000
Smooth/soft texture 0.488 0.585 0.390 0.091 0.290 0.290 0.323 0.920

L CA-1, Casu Axedu cheese fortified with inulin (DP > 20) (control); 2 CA-IL, Casu Axedu cheese fortified with
inulin (DP > 20) and Lactiplantibacillus plantarum (UNICA B26); 3 CA-IOL, Casu Axedu cheese fortified with inulin
(DP > 20) and OLE (TP = 20 mg GAE 100 g~! of milk) and Lactiplantibacillus plantarum (UNICA B26).

The results are also consistent with the literature summarized for similar cheeses.
Previous studies reported that L. plantarum can modulate aroma development by increasing
and diversifying volatile metabolites in fresh cheeses, with effects that are strongly strain-
and matrix-dependent [103]. In the present study, L. plantarum B26 did not negatively
affect the sensory profile of Casu Axedu and CA-IL showed the highest consumer liking
after 30 days, in agreement with reports describing neutral or positive acceptability of L.
plantarum-supplemented fresh or soft cheeses [104,105]. On the other hand, the lack of a
clear sensory or instrumental textural change in CA-IL differs from results obtained with
exopolysaccharide-producing L. plantarum strains in low-fat Akawi cheese, where hardness
and adhesiveness were reduced [106]. In this work, softening and lower adhesiveness
were observed mainly in CA-IOL and were more plausibly related to protein-polyphenol
interactions than to the probiotic adjunct alone. Overall, the comparison with the work of
previous authors confirms that probiotic addition can be compatible with sensory quality,
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whereas polyphenol fortification requires careful dose optimisation to balance functional
improvement and consumer acceptance.

The multiple factor analysis provided an integrated confirmation of these results
(Table S4 and Figure S6). The high RV coefficient between QDA and CATA (RV = 0.9005)
indicated strong agreement between the descriptive sensory space generated by trained
assessors and the terms selected by consumers. The hedonic dataset (EDO), including the
overall sensory quality judgements of trained assessors and consumer liking, was also
strongly correlated with CATA (RV = 0.9031) and, to a slightly lower extent, with QDA
(RV =0.7934). All three data blocks showed high correlation with the global compromise
configuration (RV = 0.9361-0.9798). In the MFA map, bitter taste, astringency/astringent
mouthfeel, olive oil aroma, off-flavour, and unpleasant/annoying descriptors were grouped
in the same sensory region, opposite to consumer liking, overall sensory quality, balanced
taste, naturalness, traditionality, and fresh milk aroma (fresh m Ar). This multivariate
pattern, together with the univariate QDA and CATA results, supports the interpretation
that the sensory shift observed for the OLE-containing cheese (CA-IOL) was mainly driven
by bitterness, astringency, and olive-related notes, which were negatively associated with
hedonic response. The individual factor map further showed that the CA-IOL samples
were projected closer to this negative sensory region, whereas CA-I and CA-IL were located
nearer to the positive hedonic descriptors.

4. Conclusions

This study shows that Casu Axedu can be developed into a fibre-enriched, lactose-
reduced functional cheese combining olive leaf phenolics and a probiotic-candidate Lac-
tiplantibacillus plantarum strain (UNICA B26), without altering the main technological
identity of this traditional Sardinian fresh cheese. To our knowledge, this is the first study
evaluating the combined use of OLE and an autochthonous L. plantarum strain in Casu
Axedu cheese, thereby extending previous research on functional dairy products within a
traditional sheep milk matrix.

OLE fortification was an effective and sustainable way to increase the phenolic content
and antioxidant capacity of the cheese: total polyphenols approximately doubled and
FRAP antioxidant capacity increased more than threefold relative to the inulin-only control,
confirming the strong contribution of OLE to the functional profile of the product, retained
after 30 days of refrigerated storage. These improvements were achieved without altering
gross composition, fatty acid profile, or vitamin A/E and cholesterol content beyond minor
formulation-related shifts and while maintaining compliance with the “high in protein”
nutrition claim. Moreover, inulin and lactose hydrolysis provided a common nutritional
background enabling compliance with “source of fibre” and “lactose free” claims, the latter
in accordance with the Italian regulatory framework.

OLE and L. plantarum did not impair the main lactic microbiota of Casu Axedu, and
coliforms remained undetectable in all formulations; these results indicate that OLE did
not promote coliform growth, supporting the microbiological stability and hygienic quality
of the product. Presumptive lactobacilli, consistent with the inoculated strain, persisted at
concentrations generally associated with probiotic delivery throughout storage, although
strain-specific molecular confirmation was not performed; the cheese can therefore be
considered a suitable carrier for strain delivery.

Sensory and consumer evaluation showed that OLE fortification increased bitterness,
astringency and olive-related notes and moderately reduced liking relative to the control
among the tested consumer group. However, liking scores remained above the neutral point
of the hedonic scale, indicating that CA-IOL was moderately acceptable, while formulation
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optimization, particularly of the OLE dose, may further reduce bitterness and astringency
and improve acceptance.

Overall, the combined use of inulin, lactose hydrolysis, olive leaf extract and L. plan-
tarum UNICA B26 appears as a feasible strategy to enhance the antioxidant potential,
probiotic delivery and nutritional profile of Casu Axedu. From an industrial perspective,
the use of olive leaf extract is consistent with circular economy strategies, contributing to
the valorisation of olive by-products.

Despite these promising results, some limitations should be more clearly acknowl-
edged. The lack of a traditional (non-inulin, non-lactase-hydrolysed) Casu Axedu control
prevents direct comparison with the conventional product; inulin retention in the final
cheese was assessed by mass balance rather than direct analysis; the identity of lactobacilli
during storage was not confirmed at the strain level; and consumer results are representa-
tive of the tested panel rather than of the wider market. Moreover, the storage period was
restricted to 30 days, corresponding to the typical Casu Axedu shelf life. Longer storage peri-
ods may influence probiotic survival, the stability of phenolic compounds, lipid oxidation,
texture development and sensory quality. It could be of interest the use of OLE and the L.
plantarum UNICA B26 strain in different cheese types with longer ripening periods. Finally,
although L. plantarum UNICA B26 has previously demonstrated probiotic potential, in
this study, no gastrointestinal survival, colonisation potential or in vivo health effects after
cheese consumption were investigated. Future research could address these aspects by
extending storage studies, confirming strain identity at the molecular level, evaluating the
bioaccessibility and bioavailability of olive phenolics released from the cheese matrix, and
investigating the biological activity of the fortified product through in vitro gastrointestinal
digestion models and human intervention studies.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/foods15152694/s1, Figure S1: Flow diagram of the pilot-scale
production of Casu Axedu enriched with inulin and olive leaf extract and inoculated with Lactiplan-
tibacillus plantarum strain; Figure S2. Chromatogram at A = 280 nm of OLE (diluted 1:200 v/v with
0.22 M H3POy4) L-glu: luteolin-7-O-glucoside, Verb: verbascoside, HTyr: hydroxytyrosol, HTyr-glu:
hydroxytyrosol glucoside, Olup: oleuropein; Figure S3: Evolution of target phenolic compounds
in fortified Casu Axedu L-glu: luteolin-7-O-glucoside, Verb: verbascoside, HTyr: hydroxytyrosol,
HTyr-glu: hydroxytyrosol glucoside, Olup: oleuropein; Figure S4: Penetration profile of Casu Axedu
cheese (CA-I, Casu Axedu cheese fortified with inulin (DP > 20) (control); CA-IL, Casu Axedu cheese
fortified with inulin (DP > 20) and Lactiplantibacillus plantarum UNICA B26; CA-IOL, Casu Axedu
cheese fortified with inulin (DP > 20), OLE (TP = 20 mg GAE 100 g~ ! of milk) and Lactiplantibacillus
plantarum UNICA B26; Figure S5: Penetration profile of Casu Axedu cheese during storage time at
3 £ 1 °C; Figure S6: Multiple factor analysis (MFA) of QDA, CATA, and hedonic data collected at
the storage times common to all datasets. (A) Individual factor map of the experimental cheeses.
(B) Variable factor map. Blue labels correspond to QDA attributes, red labels to CATA terms, and
green labels to hedonic variables (trained-panel overall sensory quality and consumer overall liking).
For readability, “aroma” was abbreviated as “Ar” and “milk” as “m” in the variable labels. Variables
projected in the same area are positively associated, whereas variables located on opposite sides are
negatively associated. The MFA highlights the opposition between bitter taste, astringency/astringent
mouthfeel, and olive oil aroma, and the positive hedonic descriptors associated with liking, overall
sensory quality, balanced taste, naturalness, and traditionality; Table S1: Analytical parameters of
HPLC-PDA quantitative method. Data for calibration curves (calibration range and linearity), limit
of detection (LOD), limit of quantification (LOQ) and recovery (%) values are reported for each
target phenolic compound dosed by pure standard; Table S2: List of attributes used for quantitative
descriptive analysis. For each attribute, the sensory definition, reference standards, and correspond-
ing intensity values (in parentheses) employed for judge calibration are provided; Table S3: Free
fatty acids content and proteolysis indices of Casu Axedu enriched with inulin and olive leaf extract
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