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ABSTRACT

Traditional cheeses play a vital role in the modern diet, yet the seasonal nature of
goat’s milk production restricts their availability. Although storing cheese in oil is one
of the oldest preservation methods, scientific data are limited. This thesis therefore
investigated how different storage times of semi-hard goat cheese in a 50:50 mixture
of Mljet’s extra virgin olive oil and refined sunflower oil influence its physicochemical
composition, proteolysis, texture, nutritional and sensory properties. Five batches of
cheese were produced, and each was randomly divided into three groups according
to the ripening method: (i) 60 days in air (group 1 — control), (ii) 10 days in air and 50
days in oil (group 2), and (iii) 20 days in air and 40 days in oil (group 3). The study
hypothesised that immersion in oil would reduce moisture loss, increase pH, lower fat
and salt content, intensify proteolysis, and improve textural, nutritional, and sensory
properties, and aimed to quantify these effects in all ripening treatments.

Oil had a strong impact on moisture dynamics: the control group showed a continuous
increase in dry matter (p <0.01), early immersion in group 2 almost halted dehydration,
and group 3 maintained intermediate moisture due to initial water loss during air
ripening followed by oil protection. These patterns influenced protein and fat contents,
with group 2 showing the lowest average values (protein: 22.73 %, fat: 30.27 %; p <
0.01), while the control and group 3 were similar. Group 3 had the highest average
unsaturated fatty acids (UFAs; 9.38 g/100 g), including oleic acid (7.68 g/100 g), and
a significantly higher final oleic acid content (8.70 g/100 g; p < 0.01) than group 2. After
60 days, group 3 had the highest total polyphenols (345.02 mg GAE/100 g; p < 0.05),
flavonoids (1.73 mg QE/g; p <0.01), and antioxidant activity measured by 2,2-diphenyl-
1-picrylhydrazyl (4.40 mmol L™ TE; p < 0.01).

Ripening conditions significantly influenced proteolysis (p < 0.01). Due to the highest
moisture in the non-fat substance (58.27 %) and the lowest salt-in-moisture ratio (2.40
%), group 2 exhibited the most intensive proteolytic activity, resulting in the lowest
residual caseins (a-CN: 72.24 %; B-CN: 82.35 %; para-k-CN: 90.28 %) and the highest
water-soluble (WSN %TN: 23.10) and trichloroacetic acid-soluble (TCA-SN %TN:
11.50) nitrogen. The control group, affected by strong dehydration, exhibited the
slowest proteolysis, while group 3 had moderate proteolytic activity.

Texture and sensory analyses demonstrated the benefits of oil ripening. Control
cheeses had the significantly (p < 0.01) highest hardness (50.25 N), lowest
fracturability (45.50 N), and were least cohesive and elastic, due to greater moisture
loss. Oil-ripened cheeses were softer, more elastic, and more cohesive, particularly in
group 2. Sensory evaluation ranked group 3 highest overall (18.66; p < 0.05), with the
best taste (9.52) and colour (0.98). Group 2 had the lowest odour score (1.65), while
the control had the lowest taste (8.99) and texture scores (1.49).

This research highlights the key transformations during oil ripening, showing that oil is
an effective medium that limits moisture loss, enriches cheese with phenolics and
UFAs, and enhances sensory and textural quality. Later immersion in oil proved
optimal, yielding the most balanced and desirable sensory profile. These findings may
benefit traditional cheesemakers, as they show that storing cheese in oil can improve
its quality and provide a solid basis for future research on different oil-ripening
durations and the use of various types of oil for ripening, to better understand the
underlying processes.

Keywords: semi-hard goat cheese, ripening in oil, physicochemical composition,
proteolysis, texture, fatty acid profile, antioxidant activity, sensory properties



EXTENDED ABSTRACT IN CROATIAN

Utjecaj ¢uvanja polutvrdog kozjeg sira u ulju na njegov fizikalno-
kemijski sastav, proteolizu, teksturu, nutritivna i senzorna svojstva

Tradicijski sirevi imaju vaznu ulogu u suvremenoj prehrani te pridonose ocCuvanju
prirode, podrijetla sirovine i proizvoda te lokalnog gospodarstva, osobito u podrucjima
s ograni¢enim resursima, poput otoka, gdje sezonalnost proizvodnje kozjeg mlijeka
ograni€ava dostupnost sira. lako je Cuvanje sira u ulju jedna od najstarijih metoda
produljenja trajnosti, znanstveni podaci o njezinu utjecaju na fizikalno-kemijska,
nutritivna i senzorna svojstva sira te biokemijske procese tijekom zrenja su ograniceni.
Stoga je cilj ovog doktorskog rada bio utvrditi utjecaj Cuvanja polutvrdog kozjeg sira u
ulju na njegov fizikalno-kemijski sastav, proteolizu, teksturu, nutritivna i senzorna
svojstva.

Istrazivanje je provedeno na pet Sarzi polutvrdog kozjeg sira, pri Cemu je svaka Sarza
nasumicno podijeljena u tri skupine prema nacinu zrenja: (i) 60 dana na zraku (skupina
1 / kontrolna skupina), (ii) 10 dana na zraku i 50 dana u ulju (skupina 2), te (iii) 20 dana
na zraku i 40 dana u ulju (skupina 3). Svaka Sarza sadrzavala je 13 sireva proizvedenih
od 100 L svjezeg punomasnog mlijeka Sanskih koza (prosje¢an sastav: mast 3,79
g/100 g; proteini 3,38 g/100 g; laktoza 4,08 g/100 g; kazein 2,55 g/100 g; suha tvar
12,29 g/100 g; bezmasna suha tvar 8,46 g/100 g; pH 6,62; ukupni broj bakterija 2,21
x 10° CFU/ml; broj somatskih stanica 1,58 x 10° stanica/ml). Kao medij za ¢uvanje
koriStena je mjeSavina ekstra djeviCanskog maslinovog ulja (Mljet) i rafiniranog
suncokretovog ulja (50:50). Cijeli koluti sira, pri Cemu je svaki predstavljao pojedinacan
uzorak, uzorkovani su 0. (grus), 10., 20., 30., 45. i 60. dana zrenja te su provedene
analize fizikalno-kemijskog sastava, proteolitickih parametara, sadrzaja polifenola i
flavonoida, antioksidativne aktivnosti te teksturnih i senzornih svojstava.

Rezultati su pokazali zna€ajan utjecaj ulja na dinamiku gubitka vode tijekom zrenja
sira, pri ¢emu je polaganje sira u ulje gotovo potpuno zaustavilo dehidraciju, dok je
kontrolna skupina imala kontinuirani porast suhe tvari (p < 0,01; prosje¢an udio: 62,96
%) tijekom cijelog zrenja, $to se odrazilo i na prosje€an udio proteina i masti tijekom
zrenja sira (24,42 %; 32,68 %). Sirevi uronjeni u ulje nakon 20 dana zrenja na zraku
(skupina 3) imali su znacajno visi (p < 0,01) prosje€ni sadrzaj suhe tvari (61,10 %) od
skupine 2 (58,31 %), Sto je posljedica vec¢eg gubitka vode tijekom duljeg zrenja na
zraku. Takav tijek zrenja oblikovao je otvoreniju (porozniju) teksturu sira skupine 3, sto
je pogodovalo ulasku ulja, vidljivom na presjeku kao masne kapljice u sirnim ocima.
Zbog toga je prosjecni udio proteina i masti bio znac¢ajno visi (p < 0,01) u skupini 3
(24,22 %; 33,06 %) nego u skupini 2 (22,73 %; 30,27 %), a utjecaj ulaska ulja bio je
vidljiv i u sadrzaju masnih kiselina. Skupina 3 imala je znacajno visi (p < 0,05) prosjecni
udio nezasi¢enih masnih kiselina (9,38 g/100 g) u odnosu na skupinu 2 (8,64 g/100 g),
kao i znacajno veci (p < 0,01) udio oleinske kiseline koji je iznosio 8,70 g/100 g, dok je
u skupini 2 iznosio 7,41 g/100 g posljednjeg dana zrenja. Od 16 identificiranih zasicenih
masnih kiselina (ZMK), u svim tretmanima najzastupljenije su bile palmitinska,
stearinska, miristinska, kaprinska i laurinska kiselina, dok je medu 14 NMK, uz
mononezasi¢enu oleinsku, dominirala polinezasi¢ena linolna kiselina, povezana s
povoljnim ucincima na zdravlje.



Nacin zrenja znacajno je (p < 0,01) utjecao na intenzitet proteolitickih promjena u siru.
Najizrazenija proteoliza zabiljezena je u skupini 2, $to je posljedica duljeg Cuvanja u
ulju i najveceg udjela vode u bezmasnoj tvari sira (MNFS: 58,27 %) te najniZzeg udjela
soli u vodenoj fazi sira (S/M: 2,40 %). To potvrduju i najniZe vrijednosti rezidualnih
kazeina (a-CN: 72,24 %; B-CN: 82,35 %; para-k-CN: 90,28 %) te najviSe vrijednosti u
vodi topljivih frakcija dusSika (WSN %TN: 23,10 %) i duSi¢nih frakcija topljivih u
trikloroctenoj kiselini (TCA-SN %TN: 11,50 %) posljednjeg dana zrenja. Suprotan
obrazac uocen je u kontrolnoj skupini, koja je zbog najnize vrijednosti MNFS (47,94 %)
te najviSeg udjela soli (1,15 g/100 g; S/M: 5,20 %), pokazala najslabiji intenzitet
proteolize, rezultiraju¢i najviSim udjelima rezidualnih kazeina (a-CN: 80,23 %; 3-CN:
90,64 %; para-k-CN: 93,96 %) te najnizim vrijednostima topljivih du$i¢nih frakcija
(WSN %TN: 14,32; TCA-SN %TN: 8,50). U skupini 3 proteoliza je bila umjerenog
intenziteta, Sto je vidljivo u vrijednostima proteolitickih pokazatelja (a-CN: 76,81 %; -
CN: 87,36 %; para-k-CN: 92,84 %; WSN %TN: 17,10; TCA-SN %TN: 9,80). Tijekom
zrenja pH vrijednost se u svim skupinama smanijivala do priblizno 20. dana (s pocetnih
5,32), a zatim se postupno povecéavala. Sirevi ¢uvani u ulju, zbog vecée koli€ine vode i
intenzivnije proteolize koja oslobada alkalne spojeve, imali su visu pH vrijednost
tijekom cijelog razdoblja zrenja te nesto viSi zavrsni pH (5,38) u odnosu na kontrolnu
skupinu (5,36).

Antioksidativni potencijal vazan je nutritivni pokazatelj jer polifenoli i flavonoidi izravno
doprinose zastiti od oksidativhog stresa. Nakon 60 dana zrenja, njihovi su udjeli bili
znacajno visi u sirevima skupine 3 (p < 0,05; 345,02 mg GAE/100 g ukupnih polifenola;
p < 0,01; 1,73 mg QE/g flavonoida) u odnosu na kontrolnu skupinu (301,97 mg
GAE/100 g; 1,60 mg QE/g) i skupinu 2 (284,22 mg GAE/100 g; 1,62 mg QE/g). To je
posljedica specificne strukture sira nastale dehidracijom tijekom duZeg perioda zrenja
na zraku u odnosu na skupinu 2, koja je omogucila prodor ulja, a s njime i fenolnih
spojeva. U skladu s time, antioksidativna aktivnost odredena metodom 2,2-difenil-1-
pikrilhidrazil (DPPH) znacajno (p < 0,05) je rasla tijekom zrenja sira skupine 3 te je na
kraju zrenja bila znacajno visa (p < 0,01; 4,40 mmol L™ TE) u odnosu na ostale
skupine. Slijedi skupina 2 (4,04 mmol L™" TE), gdje je ranije polaganje u ulje zastitilo
sir od znacajnog gubitka vode, €ime je ogranicen intenzivniji prodor ulja i pripadajucih
antioksidansa u sir. Najniza vrijednost utvrdena je u kontrolnoj skupini, u kojoj je zbog
dehidracije prevladao u€inak koncentracije fenolnih spojeva podrijetlom iz krmiva (3,73
mmol L™ TE). U kontrolnoj skupini nakon 45. dana zrenja zabiljezen je pad sadrzaja
fenolnih spojeva, vjerojatno zbog razli€itih uvjeta zrenja i posljedi€¢nih biokemijskih
promjena koje su dovele do oksidacije i hidrolize fenola. Antioksidativha aktivnost
odredena metodom 2,2-azino-bis(3-etilbenzotiazolin-6-sulfonska kiselina) (ABTS)
razlikovala se (p < 0,01) izmedu kontrolne skupine i sireva koji se ¢uvaju u ulju te je
pokazala obrnut obrazac u odnosu na DPPH, §to je oCekivano jer ABTS mjeri aktivnost
hidrofilnih i lipofilnih spojeva, dok je DPPH izrazito osjetliva na vrstu otapala i
reakcijske uvjete, poput viSeg udjela vode u uzorku.

Analiza senzornih i teksturnih karakteristika polutvrdog kozjeg sira jasno pokazuje da
nacin i trajanje zrenja snazno utjeCu na njegovu ukupnu kvalitetu. Najvidu (p < 0,05)
ukupnu senzornu ocjenu postigao je sir iz skupine 3 (18,66). lako se sirevi iz pojedinih
skupina nisu znacajno razlikovali u vanjskom izgledu i presjeku, sirevi Cuvani u ulju
pokazali su prednost u klju¢nim senzornim svojstvima, osobito okusu (p < 0,05).
NajviSu ocjenu okusa imao je sir iz skupine 3 (9,52), zatim iz skupine 2 (9,25), dok je
kontrolni sir imao najnizu ocjenu (8,99). Cuvanije sira u ulju imalo je znagajan pozitivan



utjecaj (p < 0,05) na senzorne ocjene boje (skupina 2: 0,92; skupina 3: 0,98) i teksture
(skupina 2: 1,82; skupina 3: 1,80) u odnosu na kontrolni sir (0,85; 1,49), gdje je vedéi
gubitak vode tijekom zrenja na zraku negativno utjecao na teksturu. Suprotno tome,
prethodno zrenje na zraku u skupinama 2 i 3 omogucilo je formiranje strukture
pogodnije za penetraciju ulja, Sto je rezultiralo veCom ocjenom teksture. Skupina 2
dobila je najnizu ocjenu mirisa (1,65) zbog vece koli€ine vode i duljeg perioda zrenja u
ulju, znac€ajno nizu (p < 0,05) od kontrolne skupine (1,88) i skupine 3 (1,79).

Instrumentalna analiza teksture pokazala je da su kontrolni sirevi na kraju zrenja imali
znacajno (p < 0,01) najvecu Cvrstocu (50,25 N) i najmanju lomljivost (45,50 N), uz
najnizu kohezivnost (0,05), Sto je posljedica najveéeg gubitka vode tijekom zrenja na
zraku. Sirevi Cuvani u ulju bili su meksi i kohezivniji, pri Cemu je skupina 2, zahvaljujuci
najintenzivnijoj proteolizi i najve¢em udjelu vode, imala znacajno (p < 0,01) najmanju
¢vrstocu (27,18 N), najvecu lomljivost (20,99 N) i kohezivnost (0,12) posljednjeg dana
zrenja. Ova skupina takoder je pokazala najvecu elasti¢nost (p < 0,01; 9,15 mm) te
najnegativniju vrijednost adhezivnosti (p < 0,05; -0,86 N) u odnosu na kontrolnu
skupinu (6,94 mm; -0,31 N) i skupinu 3 (7,76 mm; -0,54 N), Cije su vrijednosti, uz one
za ¢vrstocu, lomljivost i kohezivnost (p < 0,01; 37,48 N; 31,39 N; 0,09), odrazavale veci
gubitak vode tijekom duljeg zrenja na zraku te izrazeniji prodor ulja u sir tijekom zrenja
u ulju. lako nije bilo statistiCki znacajne razlike, sirevi koji su nastavili zrenje u ulju imali
su 60. dana zrenja vece vrijednosti deformacije u toc¢ki loma (skupina 2: 37,06 %;
skupina 3: 34,70 %) u odnosu na kontrolnu skupinu (31,47 %). Kvantitativha
deskriptivna analiza dodatno je potvrdila manju mrviCavost u ustima tijekom
konzumacije, vecu ljepljivost i izraZeniju elasti€nost odredenu prstima sireva Cuvanih
u ulju u odnosu na kontrolnu skupinu, uz znacajne korelacije izmedu instrumentalnih i
senzornih parametara (p < 0,01 za skupine 1i 2; p < 0,05 za skupinu 3). Sirevi u ulju
dobili su viSe ocjene dopadljivosti teksture.

Istrazivanje je pruzilo sveobuhvatan uvid u specificne promjene koje nastaju tijekom
¢uvanja sira u ulju. Rezultati jasno potvrduju da nacin i trajanje zrenja upravljaju
biokemijskim procesima tijekom zrenja polutvrdog kozjeg sira te oblikuju njegova
fizikalno-kemijska, teksturna, nutritivna i senzorna svojstva. Zrenje u ulju smanjuje
gubitak vode, obogacuje sir NMK i fenolnim spojevima te poboljSava teksturu, okus i
ukupnu prihvatljivost. Posebno je vazno Sto ulje prenosi bioaktivhe spojeve u sir samo
kada je njegova struktura dovoljno otvorena da omogudi difuziju, Sto se postize tek
nakon odredenog stupnja dehidracije, kao u siru koji se stavlja u ulje nakon 20 dana
zrenja na zraku. Produljeno zrenje na zraku dovelo je do najpovoljnijeg masno-
kiselinskog i antioksidativnog profila, najuravnotezenije teksture i najbolje senzorne
ocjene. Dobiveni rezultati predstavljaju temelj za standardizaciju tradicionalne
tehnologije Cuvanja sira u ulju te otvaraju nove mogucnosti za daljnja istrazivanja
usmjerena optimizaciji kvalitete.

Kljuéne rijeé€i: polutvrdi kozji sir, zrenje u ulju, fizikalno-kemijski sastav, proteoliza,
tekstura, profil masnih kiselina, antioksidativna aktivnost, senzorna svojstva
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Explanation of the connection between research hypotheses and published

research papers

Remark: Semi-hard goat cheese was produced in five batches, with cheeses from
each batch divided into three groups according to the ripening method: (i) 60 days
of ripening in air (group 1, control group); (ii) 10 days of ripening in air followed by
50 days in oil (group 2); (iii) 20 days of ripening in air followed by 40 days in oil (group

3).

Research hypotheses

Explanation of the connection

H1: Storing goat cheese
in oil alters its
physicochemical
composition (increases
moisture content and
pH, decreases fat,
protein, and salt
content).

In A1 and A4, it was confirmed that storing goat cheese
in oil affects its physicochemical composition. Oil
prevents water loss from the cheese, resulting in
increased moisture content (A1) and higher moisture in
non-fat substances (A4), while simultaneously reducing
salt content (A1) and salt in moisture (A4). Cheeses
stored in oil, especially those from group 2, showed
slightly higher pH values and lower protein content at
the end of ripening compared to the control group
ripened exclusively in air (A1). Group 2, which was
stored longer in oil, had the lowest fat content,
consistent with hypothesis 1. The single differing
parameter in group 3, its higher fat content, reflects the
group’s specific ripening trajectory, characterised by
greater moisture loss and subsequent oil penetration
(A1).

H2: Storing goat cheese
in oil intensifies
proteolysis and
improves cheese
texture.

The intensity of proteolysis was investigated in A4, while
various texture parameters were determined in A1
(sensory evaluation panel), A2 (Quantitative Descriptive
Analysis — QDA and texture analyser) and A4 (texture
analyser). Proteolysis was more pronounced in cheeses
that continued ripening in oil, especially in the group with
longer storage in oil (group 2), as indicated by the lowest
percentage of residual caseins and the highest values
of soluble nitrogen fractions (A4). This confirmed that
storing goat cheese in oil increases the intensity of
proteolysis. Additionally, cheeses ripened in oil were
softer and more cohesive (A4), which is consistent with
the results of sensory evaluation, where oil-ripened
cheeses received higher texture scores (A1 and A2).
These findings support hypothesis 2: storing cheese in
oil intensified proteolysis and improved texture.




H3: Storing goat cheese
in oil enhances
nutritional properties
(increases polyphenols,
flavonoids, unsaturated
fatty acid content, and
antioxidant activity).

In A1, the total amounts of unsaturated fatty acids
(UFAs) were determined, whereas in A3 the fatty acid
profile was identified and quantified. Group 3 had the
highest average content of UFAs, including the main
monounsaturated fatty acid in olive oil, oleic acid (A1),
the highest polyphenol and flavonoid content, and the
greatest antioxidant activity (A3) as determined by the
2,2-diphenyl-1-picryl-hydrazyl (DPPH) method. This
method is more sensitive to higher moisture content in
the sample than the 2,2’-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid) (ABTS) method.
The results further indicate that the intensity of oil
penetration into the cheese depends on the duration of
prior air ripening, with longer air ripening allowing the
formation of such a cheese structure that favours
greater oil absorption. These studies confirm hypothesis
3: storing goat cheese in oil improves its nutritional
properties, as evidenced by increases in polyphenols,
flavonoids, unsaturated fatty acid content, and
antioxidant activity.

H4: Storing goat cheese
in oil improves sensory
properties of cheese.

Cheeses stored in oil achieved higher overall sensory
scores, with group 3, which had a longer prior air
ripening period, standing out in particular (A1). When
evaluating individual characteristics, cheeses that
continued ripening in oil received higher scores for
colour, texture, cross-sectional appearance, and taste.
The results of Quantitative Descriptive Analysis (QDA)
(A2) showed that group 3 received the highest scores
for overall likeability of external appearance, cross-
sectional properties, odour, and flavour. These findings
support hypothesis 4: storing goat cheese in oil
improves its sensory properties. However, they also
emphasise the importance of precisely defining the
optimal duration of oil ripening to achieve the best
possible sensory quality.




1. INTRODUCTION

Goat’'s and ewe’s milk cheeses hold a special place among traditional dairy products,
not only for their distinctive sensory properties but also because of their seasonal
production. Unlike cow’s milk, which is available throughout the year, goat’s and ewe’s
milk are produced only during specific periods, making preservation methods essential
for extending cheese availability and ensuring quality (Ngjera et al., 2021). This is
particularly important given the growing interest from consumers, who, by choosing
traditional cheeses, support local economic development, especially in areas with
limited resources (Tudor Kalit et al., 2014; Miller and Lu, 2019), such as the islands
(Matutinovic et al., 2007).

The ripening medium plays a crucial role in preserving the distinctive qualities of small
ruminant cheeses within this dynamic and complex ripening process (McSweeney,
2004; Fox et al., 2017) by directing the microbiological and biochemical
transformations that shape the sensory characteristics of the cheese (Tekin and Gller,
2019). Traditional cheeses may ripen in natural rinds (Tudor Kalit et al., 2012), animal-
skin sacks (Tudor Kalit et al., 2020; Gin and Seydim, 2022), brine (Hayaloglu et al.,
2008), wine (Tejo Cavalcanti et al., 2023), oil (Ordofiez et al., 1978; Ordofez and
Burgos, 1980), herbs (Di Cagno et al., 2007), or lard and spices (Tolentino Marinho et
al., 2015), as well as in various materials such as cloth (Tarak¢i and Durmus, 2016),
wood (Thodis et al., 2023; Senoussi and Hayaloglu, 2026), plastic (Ceylan et al., 2007;
Hayaloglu et al., 2007a), and earthenware (Ceylan et al., 2007; Senoussi and
Hayaloglu, 2026). Some systems also use soil, sand (Sevgi Kirdar and Kose, 2022),
or caves (Gun and Seydim, 2022) to achieve specific maturation conditions.

Each ripening medium varies in air and water permeability, which significantly affects
moisture loss, enzyme activity, and microbial growth. Moisture content is one of the
most influential parameters in cheese ripening (Havranek et al., 2014). In cheeses
ripened in air, progressive moisture loss slows biochemical reactions. This effect is
particularly pronounced in small cheeses made from the milk of small ruminants
(Franco et al., 2003), due to their higher surface-to-weight ratio, which accelerates
dehydration (Prieto et al., 2002). Conversely, higher moisture content generally
supports a more favourable enzyme conformation, thereby intensifying biochemical

activity during ripening (Fox et al., 2017). Proteolysis, driven by residual coagulant,
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indigenous milk enzymes, and microbial proteases, plays a central role in determining
cheese maturity and quality (McSweeney, 2004; Fox et al., 2017), as well as flavour
and texture development (Burgos, 2016; Ardo et al., 2017). The breakdown of casein
alters the protein matrix (Burgos, 2016; Ardo et al., 2017) and, together with protein
interactions, pH changes, and fat distribution, contributes to textural outcomes
(Gunasekaran and Ak, 2003; Albayrak Karaoglu, 2023), which are also strongly
influenced by moisture dynamics (Gunasekaran and Ak, 2003).

Modern dietary preferences increasingly favour natural, high-quality foods with
distinctive flavour, aroma, and perceived health benefits (Bartowska et al., 2018). Dairy
products contain a wide range of antioxidants (Fardet and Rock, 2018), although their
antioxidant potential varies with species, genetics, feeding regime, milk composition,
and processing (Fardet and Rock, 2018; Stobiecka et al., 2022). However, they contain
relatively low levels of phenolic compounds (Barukgi¢ et al., 2022), which are potent
plant-derived antioxidants (Jakobek, 2015; Khan et al., 2018; Rodriguez-L6pez et al.,
2020). Due to its high content of phenolics and monounsaturated fatty acids (MUFA),
particularly oleic acid (Granado-Casas and Mauricio, 2019; Kabaran, 2019), extra
virgin olive oil (EVOO), a key component of the Mediterranean diet, is recognised as a
functional food. Storing cheese in oil is one of the oldest preservation techniques and
may enrich it with bioactive compounds, as reduced exposure to oxygen, the oxidative
stability of monounsaturated oleic acid, and the natural antioxidants present in the oil
contribute to maintaining and enhancing the product’s quality (Klisovi¢ et al., 2022).
On the Croatian islands of Bra¢ and Krk, cheeses are traditionally immersed in EVOO,
while in southern Croatia, particularly in Dubrovnik and on the island of Mljet, cheeses
are preserved in a mixture of locally produced olive oil and commercial refined
sunflower oil. However, the timing of immersion is not standardised and can range from
a week (Caput et al., 2003) or two (Medina et al., 1992) to several months (Prpi¢ et al.,
2003), a variability also observed in similar practices throughout the Mediterranean
(Ordonez et al., 1978; Ordofiez and Burgos, 1980). Some cheeses may be stored in
oil until imminent consumption (Martinez et al., 2011), while others, such as Lebanese
Shanklish (Nehme et al., 2019; Mefleh et al., 2022) and Spanish goat Aracena
(Martinez et al., 2011), can be stored in olive oil for up to two years.

Once submerged in oil, cheese continues to ripen; however, the biochemical pathways
involved and the resulting effects on physicochemical composition, nutritional value,

and sensory attributes are still poorly understood. The two available studies on
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Manchego cheese, conducted over forty years ago (Ordofiez et al., 1978; Ordofiez and
Burgos, 1980), provide only preliminary insights into its microbiology and proteolysis.
A study of Gredos goat cheese (Medina et al., 1992) evaluated microbiological and
basic chemical changes during ripening in oil. Many articles mention oil immersion only
as an option, including examples such as Greek Ladotyri Mytilinis (Nega and Moatsou,
2012), Spanish goat’'s milk cheeses such as Ibores, Acehuche, La Siberia, and
Quesailla (Martinez et al., 2011), and Njegusi cheese from Montenegro (Mirecki et al.,
2015). The most recent study focused mainly on EVOO used as a medium for cheese
preservation (Klisovic et al., 2022).

To date, no study has comprehensively evaluated how different storage durations in
oil affect the overall quality attributes of semi-hard goat cheese within a single
experimental design. By addressing this gap, the present work provides an integrated
understanding of oil-ripening, identifies the most appropriate immersion regime, and

establishes a foundation for future research and technological optimisation.

1.1. Hypothesis and the objectives of the thesis

1.1.1. Research hypotheses

Storing goat cheese in oil:

H1: Alters its physicochemical composition (increases moisture content and pH,
decreases fat, protein, and salt content),

H2: Intensifies proteolysis and improves cheese texture,

H3: Enhances nutritional properties (increases polyphenols, flavonoids, unsaturated
fatty acid content, and antioxidant activity),

H4: Improves sensory properties of cheese.

1.1.2. Research objectives

To assess the effect of storing goat cheese in oil on its:

O1: Physicochemical composition, proteolysis, and texture,

02: Nutritional properties, including polyphenol, flavonoid, fatty acid content, and
antioxidant activity,

03: Sensory properties.



2. REVIEW OF RELEVANT LITERATURE

2.1. Traditional ripening practices

The global goat dairy industry is expanding rapidly, driven by the high nutritional
quality, potential health benefits, better digestibility, and desirable sensory attributes of
goat dairy products compared with cow’s milk products (Bartowska et al., 2018; Miller
and Lu, 2019), as well as the important role of goats in supporting sustainable
livelihoods in resource-limited regions (Matutinovi¢ et al., 2007; Miller and Lu, 2019).
At the same time, traditional dairy products remain integral to the modern diet, with
consumers increasingly choosing traditional cheeses to express concern for nature,
value the origin of raw materials, preserve cultural heritage, and support local
economic development (Matutinovi¢ et al., 2007; Tudor Kalit et al., 2014; Miller and Lu,
2019). These cheeses are distinguished from industrially produced varieties by their
unique sensory qualities, while goat’s milk and its products are often associated with
environmentally sustainable production systems and greater health benefits.
Mediterranean countries exemplify this trend, being renowned for their long-standing
goat’s milk cheesemaking traditions, which foster product diversity and cultural identity
(Bartowska et al., 2018), and for their continued use of traditional maturation mediums
in artisanal production (Senoussi and Hayaloglu, 2026).

Traditional cheese ripening is influenced by environmental conditions such as humidity
and temperature, the duration of ripening, and the type of ripening medium, which may
include natural rind (Tudor Kalit et al., 2012), animal-skin sacks (Hayaloglu et al.,
2007b; Tudor Kalit et al., 2020; Gin and Seydim, 2022), brine (Hayaloglu et al., 2008),
wine (Tejo Cavalcanti et al., 2023), herbs (Di Cagno et al., 2007), lard and spices
(Tolentino Marinho et al., 2015), or oil (Ordofiez et al., 1978; Ordofez and Burgos,
1980; Klisovi¢ et al., 2022). Various materials are also used, including cloth (Tarakgi
and Durmus, 2016), wood (Thodis et al., 2023; Senoussi and Hayaloglu, 2026), plastic
(Ceylan et al., 2007; Hayaloglu et al., 2007a), and earthenware (Ceylan et al., 2007;
Senoussi and Hayaloglu, 2026). In some traditional systems, in addition to these
mediums, cheeses are further ripened in soil or sand (Sevgi Kirdar and Kdse, 2022) or
in caves (Gun and Seydim, 2022) to achieve specific maturation conditions. These
traditional materials and ripening conditions create specific microbial ecosystems that

contribute to cheese ripening and quality development (Kalit et al., 2024) and govern
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the physicochemical and biochemical changes responsible for the development of

characteristic sensory properties (Senoussi and Hayaloglu, 2026).

2.1.1. Animal skin and alternative ripening materials

Several traditional cheeses worldwide are ripened in animal skin sacks, including Sir
iz miSine (Croatia), Sir iz mijeha (Bosnia and Herzegovina, Montenegro), Tulum and
Divle Cave cheeses (Turkey), Bouhezza (Algeria), and Darfiyeh (Lebanon). Their
pronounced, piquant taste and aroma develop through intense lipolysis and
proteolysis, driven by the limited oxygen availability inside the skin sack, the native
microflora of the raw milk and skin, and the specific steps of their traditional production
(Tudor Kalit et al., 2020). In Turkey, for centuries, goat skin, known as tulum in Turkish,
was used for cheese ripening. Today, many producers replace it with semi-synthetic
materials such as salami casings, cloth, plastic, glass, or pottery for hygienic, financial,
and legislative reasons. However, the most significant deficiency observed in
alternative casings is their limited permeability. For example, although glass may be
more hygienic, its lack of permeability can be a significant disadvantage during cheese
ripening (Gun and Seydim, 2022), as various defects can occur in products where the
moisture content is not balanced (Hayaloglu et al., 2007b). Animal skin serves as a
porous barrier, displaying lower air permeability than natural cheese rinds but higher
than plastic containers (Tudor Kalit et al., 2012; 2014). Goat skin exemplifies this
behaviour with its high air and oxygen permeability but relatively low water vapour
permeability, a pattern attributed to distinct structural pathways for gas and moisture
transport (Hayaloglu et al., 2007a; Gun and Seydim, 2022). In traditional Tulum cheese
production, these permeability characteristics interact with the natural cave
environment, which typically has higher temperatures and humidity, to influence the
cheese microflora and enzymatic activity, ultimately shaping the chemical,
biochemical, and microbiological qualities of the final product (Tekin and Guler, 2019).
Besides skin, some traditional cheese varieties use other materials for ripening
containers. Another traditional Turkish cheese, Canak (Pan) cheese, is made from raw
goat’s or ewe’s milk without a starter culture and is coagulated with homemade calf
rennet. The hand-crumbled and salted curd is placed into earthenware containers
called pans (¢anak), in alternating layers with potato slices. The pan is sealed tightly

and buried in sand or underground, where the cheese ripens for about three months



(Sevgi Kirdar and Kdse, 2022). This distinctive ripening environment contributes to the
characteristic sensory and biochemical profile of Canak cheese.

Traditionally produced Feta cheese is often matured in beech or oak wooden barrels
and dry salted, while the more industrial alternative is typically packed in tin cans filled
with brine. The porous structure of wood allows a slow ingress of oxygen into the barrel,
promoting biochemical interactions that enrich the cheese’s flavour. Wood also
restricts excessive moisture loss and supports the development of a natural biofilm on
the inner barrel surface, further contributing to the cheese’s characteristic sensory
profile. In contrast, tin cans provide a sealed and more hygienic environment that
shields the cheese from external influences, resulting in a milder flavour and a softer
texture (Thodis et al., 2023).

Yoghurt-based cheeses may be stored in permeable clay pots or in far less permeable
plastic bags, each affecting cheese quality differently. Lebanese Shanklish is made by
heating yoghurt to coagulate the proteins, draining and salting the curd, shaping it into
balls, and sun-drying them before seasoning with spices. The balls are then left to ripen
for several weeks in earthenware jars and can later be preserved in olive oil,
developing a progressively stronger, piquant flavour as they age (Nehme et al., 2019).
Labneh, on the other hand, is a semisolid dairy product made by draining yoghurt to
remove water and water-soluble components, resulting in a slightly acidic,
concentrated fermented milk. When further thickened to about 40% total solids and
stored in cups or polyester bags under a protective layer of olive oil, it becomes Labneh
Anbaris, a traditional long-keeping form sold in rural areas of the Middle East (Ahmad
et al., 2013).

2.1.2. Plant-based materials used as ripening mediums

Some cheesemaking traditions take a more unconventional approach by using plant
materials as wrappings, coatings, or inclusions within the cheese mass, allowing herbs,
spices, or even winemaking by-products to influence the cheese’s character during
ripening. Italy is renowned for its remarkable diversity of traditional cheeses, many of
which have developed unique regional practices that extend beyond conventional
ripening methods. Among these, a distinctive group of cheeses is aged under plant
materials, which impart characteristic aromas, flavours, and visual traits. Notable

examples include Casciotta di Urbino, ripened under walnut leaves; Barricato San
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Martino, aged beneath aromatic herbs such as mint, thyme, and rosemary; Vento
d’Estate, matured under hay; and Ubriaco di Raboso, enriched by ripening in grape
pomace from wine production. Ripening under plant materials appears to influence the
release of several volatile compounds during maturation, contributing to specific
aromas and supporting the growing interest in this niche category of Italian cheeses
(Di Cagno et al., 2007).

The use of wood and tree bark can enhance the sensory quality of dairy products and
add value by integrating plant chemical compounds, such as terpenoids and
flavonoids, into cheese, potentially enhancing its bioactive properties. For example,
the Swiss cheese Vacherin Mont d’Or is ripened in contact with a band of wood from
the conifer Picea abies. Heat-treated bark bands from Eucalyptus grandis (eucalyptus),
Pinus elliottii (pine), and Cupressus lusitanica (cypress) may also be used to wrap
cheese and contribute distinctive aromatic notes (Teixeira Correa et al., 2020).

Herbs such as Allium sp., Chaerophyllum sp., Anthriscus nemorosa, Ferula sp.,
Prangos sp., Silene vulgaris, Thymus sp., and Mentha sp. can be used in cheeses to
add flavour and aid preservation. Tarakgi et al. (2006) observed that increasing the
proportion of scalded brined mendi (Chaerophyllum sp.) in herby cheese made from
cow’s milk and vacuum-packed in plastic bags, where it continued ripening for 90 days
at low temperatures, altered the physicochemical composition and biochemical
processes, particularly moisture content, ripening index, and lipolysis, resulting in
different sensory characteristics.

Herbal coatings, due to their impact on sensory characteristics often appreciated by
consumers, have increased interest in the use of plant extracts in food processing. The
combination of lard and rosemary, in addition to affecting moisture content, provides a
mild aroma and spicy flavour (Tolentino Marinho et al., 2015). Immersing cheese in a
coating mixture of aloe vera gel with varying concentrations of lemon peel essential ail,
followed by sealing in polypropylene containers and refrigeration, enhances shelf life

and improves quality attributes (Nejad Sajjadi et al., 2024).

2.1.3. Liquid ripening mediums

Liquid ripening mediums such as brine, wine, and oil create distinct ripening
environments that direct the biochemical processes in cheese, shape its sensory

profile during storage, and help preserve its quality over time. Brined cheeses are



produced mainly in Mediterranean and Balkan countries and are known by various
names depending on their country of origin. Traditionally, brined cheeses were made
from ewe’s or goat’s milk, but the shorter lactation period of these animals has led to
increased use of cow’s milk or mixed milks in modern production. Generally, these
cheeses have no rind and are characterised by their salty and mildly acidic taste. Some
cheeses, such as Turkish Otlu (herby) cheese, can contain about 25 different herbs.
These herbs, together with brining, give the cheese its distinctive appearance, aroma,
and flavour, and help extend its shelf life (Tarakgi et al., 2006; Hayaloglu et al., 2008;
Hayaloglu and Farkye, 2011). In some traditional practices, it may also be ripened for
3-8 months, 30-80 cm beneath the soil surface, in a plastic container or pot with the
opening facing down to allow moisture to release (Tarakgi et al., 2004; Hayaloglu and
Farkye, 2011), resulting in a product with improved flavour and body (Tarakg¢i and
Akyuz, 2009).

Even in fresh, non-ripened cheeses, the liquid medium can directly shape product
quality, as shown in fresh mozzarella, where bergamot- and calcium-lactate solutions
extend shelf life and improve texture and antioxidant activity (Zappia et al., 2020).
Greek Manura cheese is made from raw ewe’s milk or a mixture with goat’s milk and
undergoes a complex ripening process. It is ripened on beds of straw for up to four
months, then marinated in red wine for five to ten days, covered with wine sediment
for one day, and finally transferred to empty barrels until consumed (Gerasi et al.,
2003). Coalho, a traditional Brazilian cheese, has a naturally short shelf life due to
minimal ripening, making improved preservation strategies essential. Marinating the
cheese in red wine for up to seven days is a particularly effective technique, enriching
sensory attributes while helping to slow quality deterioration (Tejo Cavalcanti et al.,
2023). In addition to preserving the cheese, wine by-products such as grape pomace,
when added to brine, can also affect the formation of fatty acids and volatile aroma
compounds that influence taste and aroma, especially by increasing the amount of
short-chain free fatty acids, as described in izmir Tulum cheese (Atalay et al., 2023).
In some Adriatic island traditions, goat’s and ewe’s milk cheeses are preserved in oil,
a practice that effectively compensates for the pronounced seasonality of small
ruminant milk production, in contrast to the continuous availability of cow’s milk (Najera
et al., 2021). On islands such as Bra¢ and Krk, cheeses are typically submerged in
olive oil, while producers in Dubrovnik and on the island of Mljet use a blend of

sunflower and olive oil. The point at which cheeses are transferred to oil varies by local
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practice: Bra¢ and Krk cheeses undergo at least two months of ripening in air before
immersion, while Dubrovnik and Mljet cheeses are placed in oil after about seven days
(Caput et al., 2003; Prpi¢ et al., 2003; Barukci¢ and Tudor Kalit, 2019). According to
StaniSic¢ (1960), Dubrovnik cheeses intended for domestic use were traditionally stored
in earthenware vessels or, if these were unavailable, in glass jars, and then covered
with oil. This method allowed producers to preserve the cheeses for extended periods
without risk of spoilage.

Comparable methods are found elsewhere in the Mediterranean. For example,
Manchego, a traditional Spanish hard ewe’s cheese (Ordofiez et al., 1978; Ordofiez
and Burgos, 1980), and Greek Ladotyri Mytilinis (Nega and Moatsou, 2012), a cheese
made from ewe’s milk or a mixture of ewe’s and goat’s milk, may be immersed in olive
oil after approximately three months of ripening in air. Goat’s milk Gredos is submerged
after only 15 days, where it continues to ripen for 45 days (Medina et al., 1992). In
contrast, Lebanese Shanklish may be stored in olive oil for up to two years (Nehme et
al., 2019), as is the case with the Spanish goat variety Aracena (Martinez et al., 2011).
Ewe’s milk Njegusi cheese from Montenegro can also be dipped in olive oil, where it
can remain for 90 to 150 days (Mirecki et al., 2015). Some Spanish goat cheeses
(Acehuche, La Siberia, Quesailla) can be kept in olive oil until consumption, whereas
Ibores cheese may be coated with paprika and olive oil (Martinez et al., 2011).

As shown by examples in the available literature, both the choice of oil and the duration
of immersion vary considerably. However, their effects on cheese ripening and quality

changes during storage in oil remain largely unexplored.

2.2. Moisture dynamics in the ripening medium

Water in cheese exists as bulk water, which moves freely within the matrix, and bound
water, which is tightly associated mainly with proteins through hydrogen or ionic
interactions (Tomaszewska-Gras et al., 2019). The literature indicates that the greatest
moisture loss occurs at the beginning of ripening, typically within the first 15 days, after
which dehydration proceeds much more slowly, depending on the ripening medium
(Fresno and Alvarez, 2012; Rako et al., 2019; Alvarez and Fresno, 2021). Porosity and
permeability are fundamental functional attributes of traditional cheesemaking
containers, governing moisture and gas exchange during this period (Senoussi and
Hayaloglu, 2026).



These differences are evident in specific cheese types. Cheese ripened in a natural
rind dehydrates more quickly and achieves a higher total solids content than cheese
ripened in a sack (Tudor Kalit et al., 2012). Tulum cheese ripened in animal skin,
compared with cheeses ripened in low-permeability mediums such as plastic or stone
containers (Ceylan et al., 2007; Tudor Kalit et al., 2014; Tarak¢l and Durmus, 2016),
also attains higher total solids due to the porous structure of the skin (Hayaloglu et al.,
2007a). Similarly, according to the overview of traditional cheesemaking containers by
Senoussi and Hayaloglu (2026), earthenware containers have inherent microporosity
that enables controlled regulation of moisture and gas transfer during ripening. This
porous structure facilitates gradual water diffusion, promoting greater moisture loss
than non-porous materials and thus actively shaping the physicochemical and
microbiological conditions of the ripening environment. In contrast, cloth readily
transfers water; therefore, such cheese has a higher dry matter content than those
ripened in pots, stomach, skin, or plastic (Tarak¢i and Durmus, 2016). Coatings such
as lard and rosemary form a barrier that limits moisture loss, helping to retain moisture
and resulting in higher moisture content and weight in coated cheeses compared with
control cheeses (Tolentino Marinho et al., 2015).

In addition to the effect of dehydration on moisture dynamics, ongoing proteolysis
generates charged peptide residues that bind additional water molecules, increasing
the proportion of bound water and reducing the amount of free, mobile water
(Tomaszewska-Gras et al., 2019; Chen et al., 2020), with the latter being one of the
factors affecting lubrication within the cheese matrix (Gunasekaran and Ak, 2003).
Temperature also influences moisture retention: cheeses ripened at lower
temperatures retain more moisture and dehydrate more slowly, as demonstrated for
Tulum cheese (Yilmaz et al., 2005) and Gredos cheese (Medina et al., 1992), while
higher ripening temperatures lead to faster moisture loss, as seen in Croatian Sir iz
miSine (Tudor Kalit et al., 2014). The combined effects of ripening conditions,
dehydration, and proteolysis make moisture content a key factor governing the ripening
rate and sensory properties (Havranek et al., 2014), as higher moisture supports more
favourable enzyme conformation and accelerates biochemical reactions during

ripening (Fox et al., 2017).
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2.3. Interplay between the ripening medium, proteolysis, and texture

As a biochemically dynamic product, cheese undergoes substantial transformations
during ripening (Fox et al., 2017), including lactose metabolism, lipolysis, and
proteolysis, each influenced by various factors (McSweeney, 2004).

Among these processes, proteolysis is particularly important, as it drives the
conversion of fresh curd into cheese with its characteristic sensory and structural
attributes (Ardé et al., 2017; Alvarez and Fresno, 2021), and its progression is strongly
influenced by the ripening medium (Tekin and Guler, 2019). In line with this, Tarakgl
and Durmus (2016) demonstrated that the environment in which cheese matures plays
an important role in proteolytic development, with cheeses ripened in plastic and skin
exhibiting the highest degrees of proteolysis, followed by those matured in pots, cloth,
and stomach. Comparable trends were reported by Ceylan et al. (2007), who observed
a similar hierarchy (plastic < ceramic < skin). Beyond container effects, several studies
have shown that surface treatments and immersion mediums can modulate
proteolysis. For example, preservation in bergamot juice mixtures (Zappia et al., 2020),
coating with rosemary and lard (Tolentino Marinho et al., 2015), addition of brined
mendi herb (Tarakgi et al., 2006), marination in wine (Tejo Cavalcanti et al., 2023),
wrapping cheeses in plants (Di Cagno et al., 2007; Teixeira Correa et al., 2020), or
submerging them in grape pomace (Di Cagno et al., 2007) have all been shown to
influence the intensity and trajectory of proteolysis during ripening. A similar effect was
described by Ordorez et al. (1978), who found that olive oil penetration into Manchego
cheese after 30 days reduces all microbial groups except enterococci, whose
continued activity increases free amino acid levels. These findings suggest that the
ripening medium may influence microbial populations and, consequently, proteolytic
progression.

The degree to which ripening mediums influence proteolysis depends on both
environmental conditions and the intrinsic composition of the milk used to produce the
cheese. Therefore, proteolytic patterns in goat cheese are closely linked to the
composition of goat’s milk, which contains relatively high levels of 3-casein (3-CN; CN
= casein) (Park, 2001; Albayrak Karaoglu, 2023) and lower levels of as1-CN compared
to cow’s milk (Albayrak Karaoglu, 2023). During coagulation, chymosin hydrolyses
K-CN and preferentially acts on as1-CN, while as2-CN and B-CN are more resistant,

particularly in the presence of NaCl (Fox et al., 2017). Indigenous enzymes also
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contribute to casein degradation (Havranek et al., 2014; Fox et al., 2017; Kelly and
Larsen, 2021), with plasmin showing strong activity towards 3-CN and as1-CN but
limited action on k-CN and as2-CN (Havranek et al., 2014). In addition to the degree of
casein degradation, proteolysis is commonly monitored using water-soluble nitrogen
(WSN %TN), a recognised indicator of primary proteolysis and a reliable ripening index
(Jokanovi¢ et al., 2023). Primary proteolysis is driven mainly by chymosin and
indigenous milk enzymes (Vrdoljak et al., 2022; BaracC et al., 2024). As ripening
progresses, peptides in the WSN fraction are further degraded into low-molecular-
weight compounds, reflected in increasing TCA-soluble nitrogen (TCA-SN %TN),
which represents secondary proteolysis mediated by starter and non-starter
microorganisms and residual chymosin (Vrdoljak et al., 2022; Bara¢ et al., 2024).
Starter lactic acid bacteria (LAB) contribute mainly through intracellular peptidases
released upon cell lysis, while non-starter lactic acid bacteria (NSLAB) become
increasingly important later in ripening, producing small peptides and free amino acids
that complement starter activity (Havranek et al., 2014). Although absolute values vary
among cheese types, WSN %TN consistently increases during ripening, confirming its
reliability as a marker of proteolytic development (Jokanovic et al., 2023).

Texture is a complex sensory attribute that determines the final quality and
recognisability of cheese (Fox et al.,, 2017). Textural changes during cheese
maturation largely reflect the balance between moisture loss, which increases
hardness, and proteolytic activity, which progressively softens the cheese matrix
(Tolentino Marinho et al., 2015). Proteolysis is considered the most significant process
influencing texture formation and, together with lipolysis, contributes to the
development of taste, odour, and aroma (Rako et al., 2019). During ripening,
proteolysis breaks down casein micelles into peptides and free amino acids through
the action of proteolytic enzymes (Burgos, 2016; Fox et al., 2017). The accumulation
of free amino acids and their subsequent catabolism, such as deamination and
decarboxylation, contribute to the formation of alkaline compounds, leading to an
increase in pH (Fox et al., 2017). Along with decreasing water activity, these changes
generally promote cheese softening and may affect mechanical properties such as
hardness, cohesiveness, and elasticity (Rako et al., 2019).

The paracasein network contributes to the mechanical properties of cheese
(O’Callaghan and Guinee, 2004). As ripening progresses and water content

decreases, protein molecules become less mobile, forming a denser and more rigid
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matrix (Fresno and Alvarez, 2012). Reduced water also increases casein
concentration, promoting the formation of additional casein bonds, which together
contribute to the progressive increase in hardness during ripening (Alvarez and
Fresno, 2021). Although moisture dynamics and proteolysis are key drivers of texture
development, other factors also influence the mechanical behaviour of cheese. For
example, depending on temperature, fat may function as a lubricant or plasticiser
(Gunasekaran and Ak, 2003), reducing the force required for fracture and compression
(Guinee et al., 2000). Furthermore, texture development is influenced by the combined
effects of pH, calcium content, and the salt-in-moisture (S/M) ratio (McSweeney, 2004;
Walstra et al., 2006; Bansal and Veena, 2024), with salt regulating casein hydration
and the calcium-phosphorus balance (Soltani et al., 2024). Elevated salt
concentrations inhibit enzymatic and microbial activity (Santapaola et al., 2021; Sakkas
et al., 2023; Soltani et al., 2024), thereby reducing proteolysis (Bontinis et al., 2008).
This relationship is clearly illustrated in Canak cheese, where hand-salting leads to
uneven salt distribution and consequently a limited rate of proteolysis during ripening
(Sevgi Kirdar and Kose, 2022). Tarakgl et al. (2006) noted that technological
disadvantages, heterogeneous distribution of the brined herb in cheese, and dry salting
can result in differences in the salt content of herby cheeses during ripening. Salt
influences texture by strengthening the cheese surface and modifying rheological
behaviour through changes in protein charge, solubility, aggregation, and hydration
(Pastorino et al., 2003; Rysova and Smidova, 2021). It increases the water-binding
capacity of caseins (Sakkas et al., 2023) and facilitates whey release through osmotic
pressure (Rysova and Smidova, 2021). Higher salt content increases ionic strength in
the water phase, inducing conformational changes in caseins and altering the
paracasein network, which becomes more hydrated and expands within the matrix
(Pastorino et al., 2003; Ivanis et al., 2024). Swelling of protein strands may compensate
for reduced protein-protein interactions, enhancing the matrix’s resistance to
deformation. These effects are consistent with the tendency of proteins to become
insoluble at high ionic strength (Pastorino et al., 2003).

Taken together, the literature shows that texture develops through the combined
effects of moisture loss, proteolysis, salt distribution, and protein matrix changes, all of
which can be directly shaped by the ripening medium, thereby affecting both the rate

of ripening and the final texture.
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2.4. Nutritional and antioxidant properties shaped by the ripening
medium

Antioxidant activity is a key nutritional attribute of foods, given the significant role of
oxidative stress in the development of numerous chronic diseases. Among dietary
antioxidants, phenolic compounds are particularly important. These plant-derived
secondary metabolites are widely recognised for their strong antioxidant capacity
(Rodriguez-Lépez et al., 2020; Bas, 2026) and have been extensively studied due to
the wide range of potential health benefits associated with polyphenol-rich foods
(Jakobek, 2015; Khan et al.,, 2018; Kabaran, 2019). Regular consumption of
antioxidant-rich foods, characteristic of the Mediterranean diet (Klisovi¢ et al., 2022),
has been associated with a lower risk of cardiovascular diseases, certain cancers and
metabolic disorders (Arts et al., 2002; Lamothe et al., 2014; Khan et al., 2018;
Stobiecka et al., 2022). Polyphenols, particularly flavonoids, are major contributors to
these effects due to their strong radical-scavenging and metal-chelating activities (Bas,
2026).

Dairy products are a major source of nutrients and bioactive compounds, accounting
for nearly 30% of total dietary intake (Khan et al., 2019; Stobiecka et al., 2022), and
represent an important source of antioxidant compounds. Their concentrations vary
with the product matrix (milk, yoghurt, fermented milk, cheese) and with mechanical,
thermal, and fermentation processing conditions. Dairy antioxidants include both
hydrophilic and lipophilic constituents: proteins, particularly caseins, which can
generate antioxidant peptides during enzymatic hydrolysis and contribute to the
antioxidant activity of cheese during ripening (Fardet and Rock, 2018; Chen et al.,
2019; Khan et al., 2019; Sik et al., 2023), as well as antioxidant enzymes (superoxide
dismutase, catalase, glutathione peroxidase), conjugated linoleic acid (CLA),
coenzyme Q10, lactoferrin, vitamins E, A, and D3, carotenoids, and various minerals
and trace elements. The antioxidant potential of dairy products depends on raw milk
quality, microbial cultures, species-specific milk composition (Stobiecka et al., 2022),
and genetic determinants (Fardet and Rock, 2018).

Within this category, goat cheese has attracted particular attention. Alongside the
growing interest in functional foods (Sik et al., 2023), demand for goat cheese has
increased, especially for traditional varieties valued for their nutritional properties and

perceived health benefits (Sepe and Arguello, 2019). Despite its favourable nutrient
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composition, cheese is inherently low in phenolic compounds (Barukci¢ et al., 2022)
and therefore exhibits limited antioxidant activity, although natural plant additives
introduced through feed or processing can partially enhance this capacity (Stobiecka
et al., 2022). Consequently, the use of plant extracts as sources of phenolics and
bioflavonoids has gained attention, with evidence suggesting that such enrichment
improves antioxidant activity (Stobiecka et al., 2022). However, polyphenols
themselves are unstable in the human digestive system, but their properties can be
preserved through interactions with milk proteins. Previous research has largely
focused on adding individual extracted polyphenols to cheese, such as green tea
polyphenols (Lamothe et al., 2014).

Fruits, vegetables, and cold-pressed edible oils have high antioxidant activity linked to
their polyphenol and flavonoid content, and when used as ripening mediums, can
influence the antioxidant properties of cheese. Some herbs and spices are added to
cheese as sources of health-promoting compounds for consumer health and well-
being (Hayaloglu and Farkye, 2011). Among the many plants known for their
antioxidant activity, rosemary (Rosmarinus officinalis) stands out. It is widely used in
foods, either as a fresh herb or as an extract, and provides distinctive sensory notes
that are often appreciated by consumers (Tolentino Marinho et al., 2015). Bergamot, a
citrus fruit rich in phenolics, flavonoids, and other bioactive compounds, is notable for
inhibiting pathogenic bacteria, reducing biofilm formation, and limiting microbial
motility, while bergamot-based preserving liquids enhance the antioxidant activity of
mozzarella cheese (Zappia et al., 2020). Wine and its by-products can serve as
effective carriers of bioactive compounds that enhance the antioxidant properties of
dairy products (Atalay et al., 2023; Tejo Cavalcanti et al., 2023), as can other traditional
plant materials used in ripening, such as tree bark (Teixeira Correa et al., 2020).
EVOO, another cornerstone of the Mediterranean diet, is widely regarded as a
functional food due to convincing evidence of its ability to modulate physiological
functions, promote health, and reduce the risk of chronic disease. These effects result
from both its major and minor fractions, with particular emphasis on the phenolic
fraction (Rodriguez-Lopez et al., 2020; Barukgic et al., 2022; Bas, 2026). It contains a
wide range of antioxidants, more than 30 phenolic compounds, and demonstrates
significantly higher antioxidant activity than other edible oils (Kostadinovic-Velickovska
and Mitrev, 2013). Antioxidants in EVOO include tocopherols, B-carotene, lutein,

squalene, both lipophilic and hydrophilic phenols, and a diverse range of phenolic
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compounds such as phenolic acids (vanillic, gallic), phenolic alcohols (tyrosol,
hydroxytyrosol), secoiridoids (oleuropein, oleocanthal), lignans (pinoresinol), and
flavones (luteolin). Its high monounsaturated fatty acid content, particularly oleic acid,
further enhances its health-promoting properties (Granado-Casas and Mauricio, 2019;
Kabaran, 2019), although it also reduces oxidative stability compared with refined oils
(Kostadinovic-Velickovska and Mitrev, 2013). Due to its antioxidant richness and
traditional culinary uses, EVOO also offers technological potential. It has long been
used to preserve seasonal foods such as vegetables and cheeses. During storage,
compounds migrate between the oil and the food matrix via triacylglyceride-driven
diffusion until equilibrium is reached, with the rate and extent of exchange strongly
influenced by the food'’s initial moisture and fat content (Klisovi¢ et al., 2022).

Milk fat is the most variable component of milk, influenced by numerous physiological
and environmental factors. In goat’s milk, as in cow’s and ewe’s milk, its proportion
fluctuates widely (2-5%) (Bozani¢ et al., 2018), ranging from about 3.3% at the
beginning of lactation to 2.7% mid-lactation, and rising to approximately 4.6% towards
the end (Havranek et al., 2014). As around 90% of milk fat is retained in cheese, it
plays a vital role in shaping cheese texture and flavour. Feeding practices, particularly
diets rich in high-fibre forages, are essential for generating ruminal precursors required
for milk fat synthesis. Goat’s milk contains smaller fat globules (< 2 ym) and lacks
agglutinin, preventing globule clustering and slowing cream separation. This finer
dispersion also contributes to faster digestion, occurring within roughly 40 minutes
compared with more than two hours for cow’s milk. Its fat consists predominantly of
triacylglycerols (98%), which are the source of the fatty acids (FAs) crucial for cheese
quality (Havranek et al., 2014).

FAs play both beneficial and detrimental roles in human metabolism, depending on
their composition and dietary source (Chen and Liu, 2020), and saturated fat from dairy
products is often unjustly portrayed as a major health risk (Kanekanian, 2014). Goat’s
milk, due to its higher proportion of unsaturated FAs compared with cow’s milk (Wang
et al., 2016; Park et al., 2017), has been associated with several potentially beneficial
health outcomes (Simopoulos, 2008). It contains a higher proportion of essential FAs
(linoleic, linolenic, arachidonic) and a markedly greater share of medium-chain FAs
(C6-C14), which account for about 38 % of total FAs. Short-chain FAs - caproic,
caprylic, and capric - represent roughly 20 %, contributing to both the distinctive flavour

and recognised health-related properties. It also contains elevated levels of n-3 and n-
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6 polyunsaturated FAs and conjugated linoleic acid (CLA; 0.7 %) (Havranek et al.,
2014). Omega-3 and omega-6 FAs exert well-documented cardioprotective effects
(Simopoulos, 2008), while CLA demonstrates anticarcinogenic, antiatherogenic, and
immunomodulatory properties (Benjamin and Spener, 2009). The lipid fraction is
further distinguished by higher concentrations of monounsaturated (MUFA), odd-
chain, and branched-chain FAs, all of which play a significant role in shaping the
sensory characteristics of goat’s milk products (Havranek et al., 2014).

Beyond the intrinsic quality of raw milk, the FA composition of cheese is strongly
shaped by production practices, ripening conditions, and storage (Sevgi Kirdar and
Kdse, 2022). For example, brines enriched with grape pomace varieties have been
shown to modify FA development and aromatic volatiles in izmir Tulum cheese, notably
increasing short-chain FAs (Atalay et al.,, 2023). During storage in oil, evidence
indicates that FAs migrate between the cheese and the oil, with MUFAs especially

moving into the cheese and affecting its FA composition (Klisovi¢ et al., 2022).

2.5. Ripening medium and sensory outcomes

The sensory profile of cheese is influenced by numerous factors during ripening,
including moisture redistribution, proteolysis, lipolysis and interactions with the ripening
medium. Several studies report characteristic changes in aroma, flavour intensity, and
mouthfeel, reflecting the specific chemical signatures of the medium used.

For example, depending on the plant material, cheeses may develop herbal, fruity, or
wine-derived notes, along with distinct changes in rind appearance, cross-section
colour, and textural perception (Gerasi et al., 2003; Di Cagno et al., 2007; Tejo
Cavalcanti et al., 2023). Herbs, spices, and other condiments are added to cheeses to
impart unique flavours, colours, and appearance. Such cheeses are typically artisanal,
hand-crafted products with minimal mechanisation. Extracted juices or oils may also
be incorporated to enhance colour and flavour, although it is essential that added plant
materials remain stable during ripening and do not unintentionally mask the cheese’s
natural flavour unless this is intended (Hayaloglu and Farkye, 2011).

On the other hand, some materials can impart fewer desirable notes; for instance, pine
bark was associated with lower sensory acceptance compared with cypress and

eucalyptus bark (Teixeira Correa et al., 2020). Culinary herbs used in the production
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of Labneh cheese also affected its quality; however, ultimately, the plain version was
preferred (Ahmad et al., 2013).

Cheeses ripened in animal skin develop a pronounced, piquant odour, taste, and
aroma due to intense lipolysis and proteolysis under the specific ripening conditions
inside the skin (Tudor Kalit et al., 2020). Yilmaz et al. (2005) noted that Tulum cheese
is preferred for its characteristically natural mouldy taste and flavour, resulting from the
growth of native microorganisms, particularly moulds, which contribute to ripening.
Consumer evaluations also indicate that cheese ripened in a skin sack is perceived as
higher quality than cheese ripened in plastic barrels when alternative materials are
considered (Hayaloglu et al., 2007a). Similarly, porous materials such as wood
promote sharper flavour development (Thodis et al., 2023).

Coating cheese with lard and rosemary helps retain moisture, resulting in cheese
without a visible rind and with a pale colour, while imparting a characteristic rosemary
aroma (Tolentino Marinho et al., 2015). The use of olive oil and thyme improves
consumer acceptance by reducing the specific “goaty” flavour of goat cheese and
adding herbal and aromatic notes (Zine-Eddine et al., 2022).

Besides the medium, the duration of ripening is also important. According to Yilmaz et
al. (2005), sensory scores of Tulum cheese declined significantly after 60 days,
highlighting the need to balance medium-specific effects with optimal ripening time.
The available literature indicates that different ripening mediums contribute to the
development of specific sensory characteristics by influencing moisture dynamics,
microbial activity, and biochemical changes during ripening. Understanding these
interactions could help identify the technological potential of traditional mediums for
developing new production strategies and supporting greater standardisation and

quality control in artisanal cheese manufacture.
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3. RESULTS AND DISCUSSION

3.1. Review of published qualification papers

3.1.1. The influence of ripening of semi-hard goat cheese in oil on its
physicochemical composition and sensory properties (Appendix 1)

The aim of this paper was to determine the influence of ripening of semi-hard goat
cheese in oil (mixture of Mljet’s extra-virgin olive oil and refined sunflower oil; 50:50)
on its physicochemical composition and sensory properties, as well as to determine
the optimal time of immersion of the cheese in oil. Five batches of cheeses were
produced, and the cheeses of the same batch were randomly divided into 3 groups
according to the ripening method: (1) ripening in air (control group, treatment 1), (2)
ripening in oil after 10 d of ripening in air (treatment 2), (3) ripening in oil after 20 d of
ripening in air (treatment 3). Cheeses were sampled during ripening at d 0, 10, 20, 30,
45, and 60, and physicochemical analyses were performed. Oil as a ripening medium
for cheese prevented water loss from the cheese (groups 2 and 3), and the significantly
lowest contents of dry matter, protein, fat, saturated fatty acids (SFA), unsaturated fatty
acids (UFA), oleic acid, and salt were found in group 2. Group 3 had the highest
contents of fat, SFA, UFA, and oleic acid. Prolonged ripening of the cheese in air before
immersion in oil resulted in greater water loss and the formation of such cheese
structure that allowed oil to penetrate the cheese. Water retention and oil penetration
into the cheese altered the physicochemical composition of the goat cheese, having a
significantly positive effect on the sensory characteristics, particularly colour, texture,
and taste, allowing the cheese to be consumed even when goat’s milk is not produced

due to seasonality.

Keywords: semi-hard goat cheese, ripening in oil, physicochemical composition,

sensory properties
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3.1.2. Sensory profile of semi-hard goat cheese preserved in oil for different
lengths of time (Appendix 2)

The aim of this study was to investigate the sensory profile of semi-hard goat cheese
preserved in an oil mixture (extra virgin olive oil from Mljet and refined sunflower oil;
50:50). Five batches of cheese were made, and each batch was divided into three
groups: (i) ripening in air (group 1 - control group), (ii) ripening in oil after 10 days of
ripening in air (group 2), (iii) ripening in oil after 20 days of ripening in air (group 3).
After 60 days of ripening, six trained experts performed quantitative descriptive
analysis (QDA), and texture was analysed with a texture analyser.

The correlations between the descriptive sensory scores of textures and the texture
analyser results were significantly related. Compared to the control group, the oil-
ripened cheeses had significantly (p < 0.05) higher oily odour and taste intensity and
greater elasticity and stickiness determined by fingers, but thinner rind, lower cross-
sectional colour intensity, and lower crumbliness in the mouth. Ripening in oil improved
rind thickness, taste, texture, and cross-sectional properties. Group 3 cheeses were
preferred in terms of appearance, cross-section, odour, and taste, suggesting that
prolonged ripening in air before immersion in oil positively affected the sensory

characteristics of the cheese.

Keywords: semi-hard goat cheese; ripening in oil; sensory profile; quantitative

descriptive analysis; texture
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3.1.3. Semi-hard goat cheese ripened in oil: antioxidant potential and fatty acid
profile (Appendix 3)

The aim of this study was to determine the total polyphenol and flavonoid content,
antioxidant properties and fatty acid profile of semi-hard goat cheese ripened in an oil
mixture (Mljet’s extra virgin olive oil and refined sunflower oil; 50:50) for different time
periods. Five batches of cheese were produced, and each batch was divided into three
groups: (1) ripening in air (control group), (2) ripening in oil after 10 days of air ripening,
(3) ripening in oil after 20 days of air ripening. The cheeses were sampled on days 0,
10, 20, 30, 45 and 60 of ripening. On day 60, the total polyphenol and flavonoid content
differed significantly (p < 0.05, p < 0.01, respectively) between the group 1 (control
group) and group 3 as well as between groups 2 and 3. A significant difference (p <
0.01) was found in antioxidant activity between the control group and group 3 with two
spectrophotometric methods (DPPH - 2,2-diphenyl-1-picryl-hydrazyl; ABTS - 2,2’-
azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)). The ripening treatment significantly
(p < 0.01) influenced the saturated (SFA) and unsaturated fatty acid (UFA) content
between the oil-ripened cheeses. The prolonged air ripening prior to the immersion
into oil in group 3 cheeses led to a greater water loss, and the formation of a cheese
structure that allowed the oil to penetrate, resulting in a higher polyphenol and flavonoid
content, antioxidant activity (DPPH) and UFA content (including oleic and linoleic acid)
than in group 2. This indicates that the time of immersion influences the bioactive

compounds in the cheese and thus, affects the nutritional value of the cheese.

Keywords: semi-hard goat cheese; ripening in oil; fatty acid profile; polyphenols;

flavonoids; antioxidant activity
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3.1.4. Proteolytic and textural parameters of oil-ripened semi-hard goat cheese
(Appendix 4)

The proteolytic and textural properties of semi-hard goat cheese ripened in a 50:50
mixture of extra virgin olive oil and refined sunflower oil were investigated. Five batches
were divided into three groups: group 1 (control; 60 days air-ripened), group 2 (10 days
air and 50 days oil-ripened), and group 3 (20 days air and 40 days oil-ripened).
Samples were taken on days 0, 10, 20, 30, 45, and 60 to evaluate proteolysis (water-
soluble nitrogen (WSN), trichloroacetic acid-soluble nitrogen (TCA-SN), residual
caseins), texture (hardness, fracturability, strain at fracture, cohesiveness), moisture
in non-fat substances (MNFS), and salt in moisture (S/M). Qil ripening preserved
MNFS and intensified proteolysis, reflected in the highest WSN and TCA-SN (23.10
%; 11.50 % total nitrogen (TN), respectively) and lowest residual a-casein (72.24 %)
in group 2 (p < 0.01). Due to air ripening, control cheese had the highest S/M (5.20 %)
and lowest MNFS (47.94 %), resulting in the slowest proteolysis as evidenced by the
highest values of all residual caseins (p < 0.01). Textural changes mirrored proteolysis
and moisture dynamics: the control cheese was the hardest (50.25 N) and most
fracture-resistant (45.50 N), while oil-ripened cheeses, especially group 2, were softer
(27.18 N) and more cohesive (0.12; p < 0.01). In group 3, prolonged air ripening led to
higher water loss (MNFS: 55.40 %) and elevated S/M (3.53 %) compared to group 2,
resulting in moderate proteolysis. These results demonstrate that oil as a ripening

medium can be used to modulate development of cheese texture and quality.

Keywords: casein, proteolysis, ripening in oil, semi-hard goat cheese, texture
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3.2. Unified discussion

Semi-hard goat cheese is a seasonal product, and although preservation in oil is a
long-standing traditional practice (Klisovi¢ et al., 2022), scientific data on how
immersion in oil influences cheese quality remain limited. This dissertation addresses
this gap by systematically examining how different storage durations in an oil mixture
affect the physicochemical characteristics (Article 1), proteolysis (Article 4), texture
(Articles 1, 2 and 4), and nutritional properties, including polyphenols, flavonoids, fatty
acids, and antioxidant activity (Article 3), as well as the sensory attributes (Articles 1
and 2) of semi-hard goat cheese. By quantifying these changes during ripening and
the differences between ripening treatments, this research (Figure 1) provides
guidance for optimising traditional ripening practices and extending the availability of
goat cheese beyond the milk production season. It also provides a solid scientific basis

for further research.

Effect of storing semi-hard goat cheese in oil on its quality
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Figure 1. Overview of the study design and main findings

3.2.1. Moisture dynamics

Moisture dynamics emerged as one of the major factors contributing to the observed
differences among ripening treatments. Cheeses ripened in air exhibited the most

pronounced dehydration, resulting in the highest (p < 0.01) dry matter content (DM;
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70.01 %) (Article 1, Figure 2) and significantly (p < 0.01) lowest moisture in non-fat
substances (MNFS; 47.94 %) (Article 4, Table 1) on the final day of ripening, due to
water evaporation, microbiological growth, and lactic acid production (Ceylan et al.,
2007; Havranek et al., 2014). Based on the dry matter content at the end of ripening,
the control and group 3 cheeses fall within the category of extra-hard cheeses (> 66
%), whereas group 2 cheeses are classified as hard cheeses (55 - 66 %). Stanisi¢
(1960) classified the air-ripened cheeses from Dubrovnik that he studied (mean DM =
61.95 %) as hard cheeses; however, his samples varied considerably in producer and
ripening duration, which may explain the differences.

The small size of these cheeses also likely intensified moisture loss due to the larger
surface-to-weight ratio, as noted in earlier studies (Prieto et al., 2002; Franco et al.,
2003). Barac et al. (2024) observed that the relatively small artisanal semi-hard goat
cheese Lider (720 - 820 g after pressing) loses moisture more rapidly, which is
consistent with the results of this dissertation. Tolentino Marinho et al. (2015) noted
that the small size of the cheese samples, combined with the ventilation system,
contributes to reducing the moisture content in the control cheese without a rosemary-
lard coating.

The slowing of dehydration in the later stages of cheese ripening, following significant
moisture loss at the beginning, was also reported in studies on Majorero and Palmero
goat cheeses (Fresno and Alvarez, 2012; Alvarez and Fresno, 2021) and traditional
Croatian cheese ripened in a lamb skin sack (Sir iz miSine) (Rako et al., 2019).
Submerging the cheese in oil (groups 2 and 3) effectively limited further water loss,
confirming the moisture-protective function of oil as a ripening medium and resulting in
higher final (day 60) moisture retention in both treatments (group 2: DM = 60.08 %,
MNFS = 58.27 %; group 3: DM =65.00 %, MNFS = 55.40 %) (Article 1, Figure 2; Article
4, Table 1). Italian cheeses ripened under plant materials have a slightly lower mean
moisture content than Ubriaco di Raboso cheese (31.80 %), which was completely
submerged under a deep layer of grape pomace (Di Cagno et al., 2007). Increasing
the herb ratio of mendi (Chaerophyllum sp.) also decreases the dry matter content of
herby cheese (Tarakgi et al., 2006). Walstra et al. (2006) noted that some semi-hard
cheeses produced as rindless loaves are wrapped in a plastic film that is almost
impermeable to water, thereby minimising dehydration. Similar moisture retention
effects after 60 days of ripening have been reported for other low-permeability

environments, although with generally lower DM values than those observed in oil. For
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example, cheeses ripened in plastic barrels (DM = 54.78 %, Ceylan et al., 2007; DM =
49.14 %, Hayaloglu et al., 2007a) or ceramic pots (DM = 59.82 %, Ceylan et al., 2007),
used as substitutes for goatskin sacks in Tulum cheese production, show reduced
dehydration compared with more permeable mediums such as goatskin. Animal skin,
due to its specific structure, is a semi-permeable medium. Therefore, the results of
Tudor Kalit et al. (2012) on Sir iz miSine show a higher degree of dehydration after 60
days of ripening (DM = 68.16 %) than the oil-ripened cheeses in this dissertation. In
another study (Thodis et al., 2023), Feta cheeses in wooden barrels tend to lose more
moisture during the later stages of storage compared to those stored in stainless steel
tanks and hermetically sealed tin cans. The authors attributed this difference to the
porous nature of wooden barrels, which allows a greater amount of moisture to escape
from the product than other materials.

Because moisture loss concentrates solids, changes in DM were directly reflected in
protein and fat content during ripening (Article 1, Figures 3 and 4). Protein levels
increased as moisture decreased, and both protein and fat contents differed
significantly (p < 0.01) among treatments (Article 1, Table 1). Early immersion in oil
(group 2) resulted in the lowest average protein and fat values (protein: 22.73 %; fat:
30.27 %) due to limited dehydration, compared to the groups 1 and 3 (Article 1, Table
1). Ubriaco di Raboso cheese, ripened in grape pomace, has the lowest fat content
(29.80 %), but the highest protein content (29.70 %) compared to other Italian cheeses
ripened with different plant materials. For example, Casciotta di Urbino, made from a
mixture of cow’s and ewe’s milk and ripened under walnut leaves, contains 28.50 %
protein and 34.50 % fat. Cow’s milk cheeses covered with herbs (Barricato San
Martino) have 27.50 % protein and 32.10 % fat, while those ripened in hay (Vento
d’Estate) contain 28.20 % protein and 31.20 % fat. These differences in fat and protein
content result from the distinct production technologies used for each cheese. The
cheeses differ in the type of milk, rennet (rennet paste versus liquid calf rennet), salting
method (brine versus dry salting), specific plant materials, and ripening duration
(typically 3-4 months). Plant materials such as walnut leaves, herbs, and hay are more
permeable to air, allowing greater moisture loss and thus concentrating fat in the
cheese matrix. In contrast, grape pomace creates a more humid, less aerated
environment that reduces dehydration and alters biochemical pathways during
ripening, accounting for the lower fat but relatively higher protein content observed in
Ubriaco di Raboso (Di Cagno et al., 2007).
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In contrast, the control group had the highest average protein content (24.42 %) and
an elevated average fat content (32.68 %) (Article 1, Table 1) due to continuous
moisture loss (Article 1, Figure 2). Group 3 showed a similarly high average protein
content (24.22 %) as the control group but a higher average fat content (33.06 %)
(Article 1, Table 1). This resulted from prolonged air ripening before immersion, which
created such a cheese structure that promoted oil penetration. This structural effect
was evident from the presence of oil droplets in the cheese eyes (Article 1, Figure 10)
and was supported by fatty acid analysis (Article 1, Table 1 and Figures 5 — 7; Article
3, Tables 2 and 3).

According to the Croatian Official Gazette (2009), all cheeses in this dissertation are
classified as full-fat cheeses (= 45 % and < 60 % F/DM), as after 60 days of ripening,
their F/DM values were 53.42 % in the control group, 52.39 % in group 2, and 58.81 %
in group 3.

Salt was also a major determinant of ripening behaviour across treatments, primarily
through its influence on moisture distribution, as well as microbial and enzyme activity
(Santapaola et al., 2021). The effect of salt depends on its concentration in the liquid
phase of the cheese, expressed as salt-in-moisture (S/M) (Sakkas et al., 2023; Soltani
et al., 2024). The control group, which underwent the greatest dehydration, showed a
continuous increase in salt content throughout ripening (p < 0.01), ultimately reaching
the highest final value (1.53 %) (Article 1, Figure 8) and S/M value (5.20 %) (Article 4,
Table 1). The control cheese in the study by Nejad Sajjadi et al. (2024) shows a similar
increasing pattern, while the S/M ratio in Greek Ladotyri Mytilinis (Nega and Moatsou,
2012) is also above 5% (6.25 %). This concentration effect mirrors the results reported
in cheeses ripened in natural rind or animal skin sacks (Tudor Kalit et al., 2012), where,
due to higher moisture loss, salt content continues to increase, a trend more
pronounced through the highly permeable cheese rind. In contrast, oil-ripened cheeses
accumulated salt more slowly, with the largest increase occurring before immersion,
when moisture loss was still possible (Article 1, Figure 8). Group 2, immersed after
only 10 days of air ripening, retained the most moisture and therefore had the lowest
S/M (p < 0.01; 2.40 %) on day 60, followed by group 3 (3.53 %), which underwent a
longer period of air ripening before immersion (Article 4, Table 1). Gredos goat cheese,
which was also subjected to a prolonged air ripening phase before being immersed in
olive oil, has a final S/M of 1.29 %, much lower than both oil-ripened cheeses in this

dissertation (Medina et al., 1992). Aloe vera gel and lemon peel essential oil coatings
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also slow salt accumulation in the cheese by retaining significantly more moisture than
the control, owing to the stronger barrier properties of the coating and packaging
(Nejad Sajjadi et al., 2024).

The evolution of pH also reflected differences in moisture dynamics. All cheeses
showed a significant initial decline (p < 0.01) followed by a gradual increase, consistent
with findings for other goat cheeses (Fresno and Alvarez, 2012; Alvarez and Fresno,
2021). However, cheeses ripened in oil exhibited slightly higher pH values towards the
end of ripening (5.38 in groups 2 and 3 compared to 5.36 in control group cheeses)
(Article 1, Figure 9), likely due to the oxygen-limited environment and enhanced
proteolysis, which generate alkaline compounds such as amines and ammonia (Tudor
Kalit et al., 2012). Reduced lactose availability and lower lactic acid production may
also contribute to this pH increase (Havranek et al., 2014). Conversely, the slow pH
decline in Gredos goat cheese (from 6.79 in the curd to 4.74 on day 60) results from
the low microbial load of the raw milk, the absence of added starter cultures, the low
coagulation and ripening temperatures (8 - 10 °C), and the fact that, unlike the cheeses
in this dissertation, it is not pressed and therefore retains large amounts of whey
(Medina et al., 1992). Like Gredos cheese, Nejad Sajjadi et al. (2024) observed that
with ongoing storage, the pH values of all cheese samples in their study continue to
decline, which is attributed to the activity of lactic acid bacteria (LAB) (Thodis et al.,
2023). However, at the end of storage in a refrigerated sealed container, cheeses
coated with aloe vera gel and lemon peel essential oil still have a higher pH (5.10 —
5.25) than the non-coated control samples (4.86) due to the antimicrobial activity of
these herbal coatings. A similar observation was found in olive oil-coated Labneh
cheese mixed with culinary herbs (mint, poppy seeds, cinnamon, basil) compared with
the control (Ahmad et al., 2013).

3.2.2. Proteolytic changes

Ripening treatment significantly affected (p < 0.01) the distribution of residual a-, B-
and para-k-caseins (CN). The control cheese retained the highest proportion of all
caseins (a-CN =80.23 %, B-CN =90.64 %, para-k-CN = 93.96 %) at the end of ripening
(60t day), followed by group 3 (a-CN = 76.81 %, B-CN = 87.36 %, para-k-CN = 92.84
%) and group 2 (a-CN = 72.24 %, B-CN = 82.35 %, para-k-CN = 90.28 %) (Article 4,
Table 1).
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The greater resistance of 3-CN compared with a-CN may be due to the limited activity
of plasmin, which preferentially hydrolyses 3-CN and as2-CN, while its action on as1-CN
is much slower (Bhatt et al., 2017). Similar casein degradation trends have been
reported in Gredos goat cheese (Medina et al., 1992), Sir iz miSine (Tudor Kalit et al.,
2020), and ltalian cheeses ripened under different plant materials (Di Cagno et al.,
2007), where rennet and starter-culture proteinases predominantly target as-CN. In
contrast, in Bouhezza goat cheese, the absence of rennet and the dominant role of
indigenous microflora result in more intense B-CN hydrolysis (Medjoudj et al., 2017).
In this study, B-CN also showed lower resistance compared with para-k-CN, which,
although located on the surface of the micelle and therefore more accessible to
proteolytic enzymes, is more resistant to enzymatic degradation because of its
structural role in micelle stabilisation. However, k-CN is more susceptible to cathepsin
D and chymosin (Kelly and Larsen, 2021), which is crucial for milk gelation in cheese
production (Huppertz et al., 2017).
Beyond these observations, the central mechanism shaping the trajectory of casein
degradation is the moisture and salt dynamics during ripening. These parameters
stabilised in oil-ripened cheeses shortly afterimmersion in oil (Article 1, Figure 2; Article
4, Figures 4a and 4b). However, the highest moisture content in group 2 cheeses
(Article 4, Table 1), resulting from prolonged storage in oil and its moisture-protective
effect, accelerated chemical reactions. Consequently, casein levels decreased
significantly (p < 0.05) throughout ripening, suggesting a higher extent of proteolysis in
comparison with the other treatments.
Similarly, Tolentino Marinho et al. (2015) reported that a rosemary-lard coating
enhances proteolysis in both pasteurised and raw milk cheeses compared to the
controls, due to the coating'’s role in reducing moisture evaporation.
Conversely, the pronounced and continuous dehydration throughout almost the entire
ripening period of the control cheeses in this dissertation (Article 1, Figure 2; Article 4,
Figure 4a) slowed proteolytic activity, similar to findings in Lider cheese (Barac et al.,
2024). As the greatest moisture loss occurred in the first third of ripening (Article 1,
Figure 2), the degradation of a-CN and B-CN (Article 4, Figures 2a and 2b) in the
control group was no longer significant (p < 0.05) after this period, while para-k-CN
degradation slowed after day 30 (Article 4, Figure 2c). In group 3 cheeses, the
decrease in residual caseins was no longer significant during the second half of
ripening (Article 4, Figures 2a, 2b and 2c). Their intermediate casein levels, consistent
28



with the MNFS results (Article 4, Table 1), indicate a moderate extent of proteolysis
compared with the other treatments, reflecting the effect of prolonged ripening in air
before storage in oil.

Proteolysis was further assessed by measuring water-soluble nitrogen as a percentage
of total nitrogen (WSN %TN) and trichloroacetic acid-soluble nitrogen as a percentage
of total nitrogen (TCA-SN %TN). Both fractions increased significantly (p < 0.05) during
ripening (Article 4, Figures 3a and 3b), with clear treatment-dependent differences
observed at day 60 (Article 4, Table 1). The initial WSN %TN (6.04 %) and TCA-SN
%TN (2.34 %) values (Article 4, Figures 3a and 3b) indicate limited proteolysis during
cheese production and the early stages of ripening, consistent with findings for Lider
cheese (Barac et al., 2024). In the control group, both fractions increased rapidly during
the first 30 days before stabilising (Article 4, Figures 3a and 3b), reaching 14.32 %
(WSN %TN) and 8.50 % (TCA-SN %TN) (Article 4, Table 1), a trend also observed in
goat cheese from the Quebrada of Humahuaca region ripened for 80 days. According
to Burgos et al. (2016), this pattern reflects residual rennet activity, which strengthens
the gel structure and forms a compact casein matrix that gradually breaks down into
smaller peptides, consistent with the continued increase in TCA-SN %TN (Article 4,
Figure 3b) observed up to day 60. Ladotyri Mytilinis shows a similar extent of
proteolysis, with TCA-SN %TN reaching a mean value of 9.1 (Nega and Moatsou,
2012). Interestingly, on the first day of ripening of Gredos goat cheese, the soluble
nitrogen fractions decrease, likely because prolonged whey retention allows whey
proteins and small peptides to drain out with the whey. After this initial loss, all soluble
nitrogen fractions increase steadily throughout ripening as proteolysis progresses
(Medina et al., 1992).

The lower soluble nitrogen content in the control cheese can be attributed to its greater
moisture loss and higher salt content (Article 1, Table 1; Article 4, Table 1). MNFS,
which reflects the protein-to-moisture ratio (Fox et al., 2017), decreased continuously
in the control group, while S/M increased (Article 4, Figures 4a and 4b). Elevated salt
concentrations inhibit enzymatic and microbial activity (Santapaola et al., 2021; Sakkas
et al., 2023; Soltani et al., 2024), thereby reducing proteolysis (Bontinis et al., 2008),
as also observed by Sevgi Kirdar and Kdse (2022) in their study on traditional Canak
cheese maturing under soil. Similar moisture-driven reductions in proteolytic intensity
have been reported for Lider cheese (Barac et al., 2024), where the small cheese size

also accelerates dehydration (Prieto et al., 2002). In contrast to the control cheese,
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soluble nitrogen fractions in oil-ripened cheeses (groups 2 and 3) increased
continuously throughout ripening (Article 4, Figures 3a and 3b), reaching significantly
(p <0.01) higher final WSN %TN values (23.10% and 17.10%, respectively) compared
to the control group (14.32%). The TCA-SN %TN value of group 2 (11.50%) on day 60
also differed significantly (p <0.01) from group 3 (9.80%) and the control group (8.50%)
(Article 4, Table 1).

Proteolytic activity during cheese ripening is strongly influenced by moisture and salt
content, as these govern the activity of both exogenous and endogenous proteolytic
enzymes, as well as the bacteria responsible for secondary proteolysis (Barac¢ et al.,
2024). Moisture loss is typically most pronounced during the first 15 days of ripening
(Fresno and Alvarez, 2012; Rako et al., 2019; Alvarez and Fresno, 2021). After
immersion in oil, MNFS values in groups 2 and 3 stabilised, confirming the moisture-
protective effect of oil (Article 4, Figure 4a). Medina et al. (1992) also noted that
immersing Gredos goat’'s milk cheese in olive oil after 15 days of ripening in air
stabilises the moisture content, which remains practically unchanged until the end of
ripening. Group 2, immersed after only 10 days, retained the highest moisture and
lowest salt levels (Article 1, Table 1; Article 4, Table 1), which explains its more intense
proteolysis compared to group 3, which had intermediate average protein content
compared to other treatments (Article 1, Table 1). These results are consistent with
studies on cheeses ripened in animal skin sacks, where reduced moisture loss and
specific microflora enhance proteolysis (Hayaloglu et al., 2007a; Tudor Kalit et al.,
2012; 2014; Gun and Seydim, 2022;). According to Senoussi and Hayaloglu (2026),
traditional mediums such as wooden vats, animal-skin bags, and earthenware vessels
facilitate cheese ripening through water exchange and microbial interactions.
Differences in air permeability between ripening mediums directly influence moisture
retention and, consequently, the rate and extent of proteolytic reactions (Rako et al.,
2019). For example, ripening in an animal skin sack for 75 days produces markedly
higher WSN %TN (22.77 %) and TCA-SN %TN (12.36 %) than cheese ripened in a
natural rind (16.27 % and 8.21 %, respectively). This difference becomes most
pronounced after 45 days, indicating more intense proteolysis in the animal skin, where
lower moisture loss, reflected in higher final MNFS values (48.68 % vs 40.59 %),
favours continued enzymatic activity (Tudor Kalit et al., 2012). Furthermore, Hayaloglu
et al. (2007a) reported that WSN %TN and TCA-SN %TN increase significantly in all

Tulum cheeses during ripening. However, the slightly lower nitrogen fractions in
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cheeses ripened in goat skin are attributed to their lower moisture content, as the
higher air permeability of the animal skin promotes greater dehydration compared to

plastic bags.

3.2.3. Texture development

Ripening treatment significantly affected hardness and fracturability (p < 0.01), with the
control cheese showing the highest values (50.25 N and 45.50 N), followed by group
3 (37.48 N and 31.39 N) and group 2 (27.18 N and 20.99 N) (Article 4, Table 1). The
control cheese exhibited the greatest moisture loss and highest S/M ratio (Article 4,
Table 1), conditions known to slow proteolysis and increase matrix rigidity, as reduced
water content dehydrates proteins, limits their mobility, and promotes additional
casein-casein interactions (Fresno and Alvarez, 2012; Alvarez and Fresno, 2021).
Consequently, the control cheese developed the hardest and least fracturable
structure. In contrast, group 2 retained the highest moisture (highest MNFS) and had
the lowest S/M ratio (Article 4, Table 1), enabling more extensive proteolysis and
resulting in the softest and most fragile microstructure. Group 3, subjected to prolonged
initial air ripening, experienced substantial moisture loss before oil immersion, nearly
doubling its S/M ratio during the first 20 days (Article 4, Figures 4a and 4b). This
moisture reduction likely increased microstructural porosity (Ong et al.,, 2020),
facilitating oil penetration, as confirmed by the presence of oil droplets in the cheese
cross-section (Article 1, Figure 10). Oil can function as a lubricant or plasticiser within
the paracasein network (Guinee et al., 2000; Gunasekaran and Ak, 2003), reducing
fracture force. Therefore, the combination of oil penetration, moderate moisture
retention, and ongoing proteolysis accounts for the intermediate hardness and
fracturability values of group 3 (Article 4, Table 1).

Ripening time further influenced texture. Hardness and fracturability values increased
significantly in the control group and group 3 cheeses during ripening (p < 0.05), while
remaining consistently low in group 2 (Article 4, Figures 5a and 5b). The stable MNFS
and S/M values in group 2 (Article 4, Figures 4a and 4b) resulting from early immersion
in oil, supported sustained proteolysis and prevented hardening. In contrast,
progressive moisture loss in the control group (Article 1, Figure 2) increased the S/M
ratio (Article 4, Table 1) and accelerated the rise in hardness and fracturability values,

consistent with trends reported for Majorero and Palmero cheeses (Fresno and
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Alvarez, 2012; Alvarez and Fresno, 2021). In group 3, the more extensive proteolysis
compared to the control group likely increased the number of ionically charged
proteolytic residues capable of interacting with water molecules, thereby promoting a
shift from free to bound water within the cheese matrix (Chen et al., 2020). This
transition reduces the proportion of freely mobile water, which normally acts as a
lubricant between protein and fat (Gunasekaran and Ak, 2003; Tomaszewska-Gras et
al., 2019), resulting in decreased lubricity and increased friction within the paracasein
network when exposed to stress and strain (Guinee, 2016). Simultaneously, the
hydration and swelling of casein strands, enhanced by increased ionic strength and
the water-binding capacity of casein, can compensate for reduced interactions
between the proteins and strengthen the matrix’s resistance to compression (Pastorino
et al., 2003). Together, these processes provide a mechanistic explanation for the
progressive increase in hardness and fracturability values observed in group 3
cheeses during ripening (Article 4, Figures 5a and 5b). In contrast, cheeses such as
Croatian Sir iz miSine soften during ripening due to slower moisture loss and extensive
proteolysis, which weakens the paracasein network (Rako et al., 2019), highlighting
the decisive role of moisture dynamics.

Cohesiveness also differed significantly among treatments. On the final day of
ripening, oil-ripened cheeses exhibited greater cohesiveness (group 2: 0.12; group 3:
0.09) than the control (0.05) (Article 4, Table 1). According to Ong et al. (2020), higher
salt concentrations and increased porosity can lead to coarser surface microstructures
and thicker curd junctions, weakening the efficiency of protein matrix binding and
ultimately producing a less cohesive texture, as reflected in the crumbly mouthfeel of
the control cheese (Article 2, Figure 8). Early oil immersion in group 2 stabilised MNFS
and S/M values (Article 4, Figures 4a and 4b), enabling intense proteolysis and yielding
the most cohesive structure, capable of greater deformation before fracture. Group 3
also exhibited significantly higher cohesiveness than the control (p < 0.01), though
lower than group 2 (p < 0.01), reflecting the combined effects of initial moisture loss
(Article 1, Figure 2; Article 4, Figure 4a) and subsequent oil penetration (Article 1,
Figure 10). In addition, although not significant, oil-ripened cheeses had higher strain
at fracture (group 2: 37.06 %; group 3: 34.70 %) compared to the control group (31.47
%), because moisture retention is known to enhance this textural property by reducing
protein concentration and increasing lubrication between fat and protein (Gunasekaran

and Ak, 2003). Throughout ripening, strain at fracture and cohesiveness declined
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significantly (p < 0.05) in all treatments (Article 4, Figures 5¢ and 5d), indicating a
shorter texture (Gunasekaran and Ak, 2003). The decline was most pronounced in the
control cheese due to the inverse relationship between moisture and salt contents
(Article 4, Figures 4a and 4b). The decrease in moisture weakens internal bond
strength, reducing cohesiveness (Ruvalcaba-Gomez et al., 2020), a trend also
observed in Majorero goat cheese (Fresno and Alvarez, 2012) and in Croatian cheese
matured in a lamb skin sack, where slower moisture loss allows proteolysis to progress
(Rako et al., 2019). Qil-ripened cheeses showed a smaller decline due to stable MNFS
and S/M values (Article 4, Figures 4a and 4b), consistent with literature demonstrating
that higher moisture and swollen protein particles reduce resistance to deformation
(Gunasekaran and Ak, 2003).

Furthermore, sensory evaluation by Quantitative Descriptive Analysis (QDA)
supported the instrumental findings. Oil-ripened cheeses (groups 2 and 3) were
significantly less crumbly than the control (Article 2, Figure 8). Crumbliness in the
mouth correlated strongly with load at break (p < 0.01 for groups 1 and 2; p < 0.05 for
group 3) (Article 2, Table 3). The control cheese had the highest load at break (45.50
N) (Article 2, Table 2), consistent with its highest dry matter content (Article 1, Table 1)
and the known firming effect of protein dehydration (Fresno and Alvarez, 2012).
Stickiness determined by fingers was significantly (p < 0.05) higher in oil-ripened
cheeses, particularly group 2 (Article 2, Figure 8), aligning with adhesion force
measurements (group 2: -0.86 N, group 3: -0.54 N) (Article 2, Table 3) and reflecting
their higher moisture content (Article 1, Table 1; Article 4, Table 1). Similarly, a more
pronounced increase in adhesiveness was observed in cheese matured with a
rosemary-lard coating (Tolentino Marinho et al., 2015) and in cheese coated with aloe
vera gel and a higher amount of lemon peel essential oil (Nejad Sajjadi et al., 2024)
than in the control cheese. Elasticity values were also significantly higher in groups 2
(9.15 mm) and 3 (7.76 mm), with group 2 showing the greatest elasticity (p < 0.01)
(Article 2, Table 2), supported by strong correlations with elasticity determined by
fingers (p < 0.01 for groups 1 and 2; p < 0.05 for group 3) (Article 2, Table 3). Overall
texture likeability was higher in both oil-ripened groups, with no significant difference
between groups 2 and 3 (Article 2, Figure 8), consistent with sensory analysis scores.
Texture scores from the sensory panel were lowest in the control group and
significantly higher (p < 0.05) in groups 2 and 3 (Article 1, Table 2).
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The use of oil as the ripening medium resulted in combined effects of moisture
retention, reduced salt concentration, enhanced proteolysis, and incorporation of oil
into the cheese matrix, which together produced the more favourable texture observed

in oil-ripened cheeses.

3.2.4. Nutritive value and antioxidant potential

The fatty acid (FA) composition of the cheeses reflected both the intrinsic
characteristics of ruminant’s milk fat and the influence of the ripening treatment. Small
ruminant milk triglycerides are naturally rich in short-chain FAs (Park et al., 2017),
which contribute to cheese flavour as precursors of volatile aroma compounds
(McSweeney, 2004). Although cheese fat is highly digestible, its saturated fatty acid
(SFA) content is often viewed critically (Barac et al., 2018), despite the lack of evidence
linking dairy intake to cardiovascular disease (Kanekanian, 2014). Goat’s milk fat is
particularly valued for its higher proportion of unsaturated fatty acids (UFAs) compared
with cow’s milk (Wang et al., 2016; Park et al., 2017), including omega-3 and omega-6
fatty acids and conjugated linoleic acid (CLA), all of which exhibit well documented
bioactive properties (Simopoulos, 2008; Benjamin and Spener, 2009).

Across all treatments, 16 of 17 SFAs (Article 3, Table 2) and 14 of 16 UFAs (Article 3,
Table 3) were identified, with SFAs predominating, as expected for foods of animal
origin (Bara¢ et al., 2018; Fernandes et al., 2018). Ripening treatment significantly
affected both SFA and UFA contents (p < 0.01 and p < 0.05, respectively). Group 2,
immersed in oil after only 10 days of air ripening, had the lowest average SFA (17.40
g/100 g) and UFA (8.64 g/100 g) levels, whereas the control group (SFA: 18.89 g/100
g; UFA: 9.25 g/100 g) and group 3 (SFA: 19.14 g/100 g; UFA: 9.38 g/100 g) exhibited
higher values (Article 1, Table 1). The most abundant SFAs were palmitic (C16:0),
stearic (C18:0), myristic (C14:0), capric (C10:0), and lauric acid (C12:0) (Article 3,
Table 2). This profile likely reflects the influence of the goats’ feeding system, as
previously reported by Tejo Cavalcanti et al. (2023). Comparable SFA distributions
have been reported in Coalho goat cheese marinated in red wine (Tejo Cavalcanti et
al., 2023) and in long-ripened Serrana cheese, where capric acid contributes to the
characteristic goat-like aroma (Fernandes et al., 2018). In all treatments, oleic acid
(C18:1) was the predominant monounsaturated fatty acid (MUFA) and linoleic acid
(C18:2) the predominant polyunsaturated fatty acid (PUFA) (Article 3, Table 3),
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consistent with findings in Coalho cheese (Tejo Cavalcanti et al., 2023). Similar
patterns have been observed in Canak cheese, ripened in a sealed container
underground (Sevgi Kirdar and Kése, 2022) and in izmir Tulum cheese, ripened in
grape pomace brines, where myristic (C14:0), palmitic (C16:0), and oleic (C18:1) acids
are present in high amounts (Atalay et al., 2023).

Group 3 in this dissertation had the highest average oleic acid content (7.68 g/100 g,
p < 0.01; Article 1, Table 1) and a higher final oleic acid value (8.70 g/100 g, p < 0.01;
Article 3, Table 3) compared to group 2, due to the ingress of an oil mixture rich in this
MUFA, originating from olive oil (Granado-Casas and Mauricio, 2019; Kabaran, 2019),
into the cheese matrix during immersion (Article 1, Figure 10). The migration of FAs
between the oil and cheese matrix, driven by the diffusion of triacylglycerols until
equilibrium is reached, has been previously documented (Klisovi¢ et al., 2022) and is
consistent with the observed increase in total fat in group 3 during ripening (Article 1,
Figure 4). Collectively, these findings show that prolonged air ripening prior to
immersion enhances oil uptake (Article 1, Figure 10) and favours the incorporation of
nutritionally desirable UFAs, supporting the hypothesis 3, while early immersion limits
these changes due to higher moisture retention.

Ripening time also significantly affected SFA, UFA, and oleic acid contents (p <0.01;
Article 1, Figures 5 — 7). All three increased rapidly during the early phase of ripening
in both the control group and oil-ripened cheeses, with the most pronounced rise
occurring between days 10 and 20. After 30 days, their levels stabilised in group 2 due
to higher moisture content. In contrast, izmir Tulum cheese shows a different temporal
pattern: short- and medium-chain FAs increase until day 90, then decline slightly by
day 180, while long-chain FAs, particularly myristic acid (C14:0), continue to rise
throughout ripening. SFAs increase and UFAs decrease over time, with only minor
differences among brine treatments. PUFAs generally increase in all pomace-treated
samples, and the highest omega-3 and omega-6 levels are found in cheeses ripened
in red and white grape pomace brines, respectively (Atalay et al., 2023).

The mechanism underlying UFA incorporation is closely linked to the antioxidant
potential of the cheeses, as the same structural conditions that promote UFA uptake -
specifically, such a cheese structure formed during prolonged air ripening - also
facilitate the transfer of phenolic compounds from the oil mixture. Consequently, the
ripening treatment significantly influenced total polyphenol and flavonoid contents. At

the end of ripening, group 3 had the highest values of total polyphenols (345.02 mg
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GAE/100 g; p < 0.05) and flavonoids (1.73 mg QE/g; p < 0.01), whereas no significant
difference was found between the control and group 2 (Article 3, Table 1). Because
most moisture loss occurred early in ripening, the extended air ripening phase of group
3 produced such a cheese structure that, upon immersion in oil, allowed oil penetration
and enabled the transfer of polyphenols and flavonoids. As a result, their
concentrations increased significantly during ripening only in group 3 (p < 0.05) (Article
3, Figures 2 and 3). In contrast, early immersion of group 2 caused water retention,
limiting oil diffusion and preventing significant changes in polyphenol or flavonoid
content (Article 3, Figures 2 and 3), resulting in the lowest final concentrations of total
polyphenols (284.22 mg GAE/100 g) and lower content of flavonoids (1.62 mg QE/g)
compared to group 3 (Article 3, Table 1). The presence of polyphenols in the control
cheese suggests that they originate from animal feed and are naturally transferred into
milk, as previously reported by Klisovi¢ et al. (2022), Stobiecka et al. (2022), and Tejo
Cavalcanti et al. (2023). Similarly, terpenoids detected in the control cheese not
wrapped in tree bark derive from green forage commonly consumed by ruminants
(Teixeira Correa et al., 2020). Sixty days of air ripening (group 1) increased dry matter
(Article 1, Figure 2), and the concentrating effect of moisture loss resulted in a higher
total polyphenol content (301.97 mg GAE/100 g) and a similar flavonoid content (1.60
mg QE/g) compared with group 2 (Article 3, Table 1). Interestingly, polyphenol and
flavonoid levels decreased in the control cheese after day 45, unlike in oil-ripened
cheeses (Article 3, Figures 2 and 3). This decline may reflect differences in catabolic
pathways and protein structural changes between air- and oil-ripened cheeses, which
can release bound phenolics that subsequently undergo oxidation or hydrolysis (Servili
et al., 2011; Roila et al., 2019). A similar decrease was reported in wine-marinated
cheeses, where the initial phenolic content is much higher (19.41 mg GAE/100 g) than
in control cheeses (7.19 mg GAE/100 g). Both decline during storage (17.90 and 6.10
mg GAE/100 g, respectively), although marinated samples maintain higher levels due
to their greater initial phenolic load from wine and the formation of antioxidant peptides
during proteolysis (Tejo Cavalcanti et al., 2023).

Ripening treatment also influenced antioxidant activity, measured by 2,2-diphenyl-1-
picryl-hydrazyl (DPPH) and 2,2’-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS) assays. On day 60, group 3 exhibited the highest DPPH activity (4.40 mmol
L™" TE; p < 0.01), while no significant difference was observed between the control and

group 2 (Article 3, Table 1). Olive oil is a rich source of phenolics, which possess both
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hydrophilic and lipophilic properties (Kabaran, 2019) and diffuse into cheese to varying
degrees depending on the duration of prior air ripening. This effect was most
pronounced in group 3, where prolonged ripening in air led to the development of such
a cheese structure that enabled greater oil diffusion, which explains the significant
increase (p < 0.05) in DPPH activity during ripening (Article 3, Figure 4). Similarly,
Coalho goat cheeses marinated in red wine retain higher antioxidant activity during
storage (DPPH: 29.53-35.55 %; ABTS: 43.01-59.62 %) compared with the control
group, as they start with more phenolic compounds and continue to generate
antioxidant peptides through proteolysis (Tejo Cavalcanti et al., 2023). In contrast, the
higher moisture content of group 2 (Article 1, Table 1; Article 4, Table 1) restricted oil
penetration and prevented significant changes in DPPH activity (Article 3, Figure 4).
Consequently, group 2 had significantly lower final DPPH activity (4.04 mmol L™ TE;
p < 0.01) than group 3 (Article 3, Table 1). The control cheeses showed the lowest
DPPH antioxidant activity (3.73 mmol L™ TE) (Article 3, Table 1), consistent with the
absence of oil diffusion. Their antioxidant activity decreased significantly during
ripening (Article 3, Figure 4), likely due to the catabolism of naturally occurring
antioxidants from feed (Servili et al., 2011; Roila et al., 2019; Klisovi¢ et al., 2022;
Stobiecka et al., 2022). Similar patterns have been reported in Cheddar cheese, where
antioxidant activity initially increases due to peptide release and later declines as
peptides undergo further proteolysis (Gupta et al., 2009), as well as in other fermented
dairy products (Fardet and Rock, 2018).

Antioxidant activity measured by ABTS differed significantly (p < 0.01) between the
control and oil-ripened cheeses on day 60 (Article 3, Table 1). An inverse trend to that
observed with DPPH was noted (Article 3, Figure 5), consistent with reports that olive
oils often exhibit higher activity in DPPH than in ABTS assays (Christodouleas et al.,
2015). Conversely, ABTS values in goat cheeses marinated in red wine are
consistently higher than DPPH, which Tejo Cavalcanti et al. (2023) attribute to the
broader reactivity of the ABTS assay across different solvent systems.

Both DPPH and ABTS are widely used to assess antioxidant activity in dairy products
(Stobiecka et al., 2022) due to their simplicity, sensitivity, and use of stable radicals
(Olszowy and Dawidowicz, 2018). However, methodological differences influence
results (Klisovi¢ et al., 2022): ABTS measures both hydrophilic and hydrophobic
antioxidants, whereas DPPH reactivity depends strongly on solvent polarity

(Christodouleas et al., 2015; Akan et al., 2021) and is more sensitive to reaction
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conditions such as moisture content (Christodouleas et al., 2015). The structural
diversity of phenolic compounds further complicates interpretation, as their solubility,
polarity, and molecular interactions vary widely (Jakobek, 2015). Polyphenols and
flavonoids can form complexes with proteins (Arts et al., 2001; Felix da Silva et al.,
2015; Jakobek, 2015; Han et al., 2019), particularly with proline-rich caseins (Lamothe
et al., 2014), through hydrophobic, ionic, covalent, and hydrogen bonding (Han et al.,
2019; Klisovi¢ et al., 2022). Carbohydrates and lipids also have porous structures
capable of binding phenolics, reducing their availability (Jakobek, 2015). Such
interactions can mask antioxidant activity (Arts et al., 2001; 2002; Jakobek, 2015) and
diminish the measurable activity of phenolic compounds (Klisovi¢ et al., 2022). In
addition to forming complexes with phenolic compounds, milk proteins themselves
contribute to the antioxidant activity of cheese. Caseins can release antioxidant
peptides through enzymatic hydrolysis, so the antioxidant potential during ripening is
closely linked to the extent of casein degradation (Chen et al., 2019). In Cheddar
cheese, a clear correspondence was observed between the progression of proteolysis
and antioxidant activity, with the increase in antioxidant capacity reflecting the
formation of soluble peptides (Gupta et al., 2009). As highlighted by Stobiecka et al.
(2022), comparing antioxidant activity across studies is challenging because no
reference spectrophotometric method exists, underscoring the need for a standardised

approach to evaluating antioxidant capacity in dairy products.

3.2.5. Sensory properties

Sensory evaluation conducted by a trained panel following standardised methods (ISO
22935-1:2009; ISO 22935-2:2009; 1ISO 22935-3:2009) and by Quantitative Descriptive
Analysis (QDA) showed consistent treatment-related differences in appearance,
colour, odour, taste, texture, and overall acceptability. Using the standardised sensory
evaluation method, cheese from group 3 achieved the highest total sensory score
(18.66, p < 0.05) (Article 1, Table 2), indicating that the combination of longer air
ripening and shorter oil ripening was associated with the preferred sensory profile.
According to QDA results, group 3 was also characterised by a higher level of
acceptance in appearance, cross-section, odour, and taste than group 2 (Article 2,
Figures 4 - 7). Although the sensory panel using the standardised sensory evaluation

method did not find significant differences in appearance or cross-section between
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treatments (Article 1, Table 2), QDA revealed that prolonged ripening in oil (group 2)
was associated with a lower external appearance score, as rind colour intensity and
thickness, as well as colour intensity in cross-section, were significantly lower (p <
0.05) than in groups 1 and 3 (Article 2, Figures 3 and 4). Similarly, coating with lard
and rosemary helps to retain moisture, preventing the formation of a cheese rind and
keeping the colour from changing from white to yellow (Tolentino Marinho et al., 2015).
Air-ripened cheeses showed the highest cross-section colour intensity and rind
thickness (Article 2, Figure 3), consistent with their lower moisture content (Article 1,
Table 1; Article 4, Table 1). Similar moisture-driven colour changes have been reported
in traditional Serbian goat cheese, where pronounced yellowing after 14 days is
attributed not only to dehydration but also to microbial activity and biochemical
reactions such as proteolysis, lipolysis, and oxidation (Mladenovi¢ et al., 2022). Long-
ripened Serrana cheese also exhibits increased yellowness and slight browning,
typical of extended ripening (Fernandes et al., 2018). Bartowska et al. (2018) reported
that the stronger yellow colour and lower lightness of mountain goat cheeses result
from higher B-carotene levels in natural mountain grasslands, particularly in young
plants. As carotenoids are fat-soluble, differences in fat content may have contributed
to the observed variation in colour intensity. Although the authors found no association
between fat content and colour in their study, this relationship may be relevant to our
results: both the control group and group 3 had higher average fat content than group
2 (Article 1, Table 1) and were correspondingly less pale (Article 2, Figure 3).

Odour and aroma were strongly influenced by ripening treatment in both sensory
methods. The sensory panel recorded the lowest odour score for group 2 (1.65), which
was significantly lower (p < 0.05) than the control (1.88) and group 3 (1.79) (Article 1,
Table 2). QDA confirmed this trend: group 2 had the lowest overall odour likeability
score (6.17) and exhibited a significantly more pronounced sour odour (p < 0.05), likely
linked to extended oil ripening. The lower odour acceptability of group 2 may be related
to its higher moisture content, which is known to cause sensory defects such as
excessive sourness, as observed in cheeses ripened in goat-skin bags (Hayaloglu et
al., 2007b).

Cheeses ripened in oil (groups 2 and 3) showed significantly (p < 0.05) higher oily
odour intensity (Article 2, Figure 5) and oily aroma (p < 0.05) (Article 2, Figure 6),
although no significant differences (p > 0.05) were found between groups 2 and 3 for

these attributes. Off-flavour, off-odour, and rancid notes did not increase in oil-ripened
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cheeses compared with the control, and the characteristic goat-like odour and aroma
associated with short-chain free fatty acids were not affected by the ripening treatment.
Zine-Eddine et al. (2022) reported that marinating white goat cheeses in olive oil and
in an olive oil-thyme mixture for two weeks reduces both the bitter and characteristic
“goaty” aromas, while the oily odour is only weakly present. Thodis et al. (2023) also
demonstrated that the choice of ripening medium has a pronounced influence on the
aroma development of Feta cheese, largely through its effect on free fatty acid (FFA)
formation. Cheeses ripened in wooden barrels and stainless-steel tanks accumulate
substantially higher levels of FFAs than those stored in tin cans, contributing to
characteristic flavour notes ranging from buttery and cheesy to pungent, and
highlighting their central role in shaping the sensory profile of white-brined cheeses.
Both standardised sensory evaluation and QDA showed that oil ripening consistently
enhanced taste. The sensory panel gave significantly higher (p < 0.05) taste scores to
oil-ripened cheeses (group 2: 9.25, group 3: 9.52) compared with the control (8.99)
(Article 1, Table 2). Group 3 received the highest taste score, which can be attributed
to greater moisture loss and salt diffusion during the extended air ripening phase,
resulting in moderate proteolysis and the development of an adequate internal
structure that allowed deeper oil penetration compared to group 2. According to QDA,
oil-ripened cheeses were preferred, with group 3 being particularly notable (Article 2,
Figure 7). In contrast, due to greater moisture loss during ripening (Article 1, Figure 2),
control cheeses were perceived as saltier and less likeable than oil-ripened cheeses
(Article 2, Figure 7). These findings are consistent with previous research showing that
the aromatic contribution of olive oil, alone or combined with thyme, enhances the taste
and consumer acceptability of marinated white goat cheese (Zine Eddine et al., 2022).
Conversely, although Ahmad et al. (2013) reported that culinary herbs significantly
influence the quality parameters of Labneh during storage, their sensory evaluation
showed that consumers nevertheless preferred plain Labneh.

Overall, the results of this dissertation clearly demonstrate that defining the optimal
ripening time in any medium is essential. For example, sensory scores of Sir iz miSine
decline after 45 days due to intensified proteolysis and fatty acid transformations under
specific ripening conditions (Tudor Kalit et al., 2014). In Turkish Tulum cheese, sensory
scores decrease after 60 days (Yilmaz et al., 2005), whereas Albay and Simsek (2022)
observed improved sensory properties in low-fat Tulum cheese matured for 90 days

with added inulin.
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Texture was consistently improved by oil ripening in both sensory methods. The
sensory panel recorded significantly higher (p < 0.05) texture scores for oil-ripened
cheeses (group 2: 1.82; group 3: 1.80) compared with the control (1.49) (Article 1,
Table 2), and QDA similarly showed that oil penetration improved textural perception
(Article 2, Figure 8). Air ripening caused substantial moisture loss in the control cheese
(Article 1, Table 1; Article 1, Figure 2), negatively affecting texture, palatability, and
overall acceptability. In contrast, moisture loss during the initial air ripening phase in
groups 2 and 3 modified their internal structure, facilitating oil penetration to varying
extents and improving texture. Similarly, Nejad Sajjadi et al. (2024) observed that aloe
vera gel alone, and in combination with various quantities of lemon peel essential oil
coatings, also improve the perception of texture compared to the control cheese;
however, the addition of essential oil results in better scores.

Across both sensory methods, oil-ripened cheeses outperformed the control in overall
acceptability. The combination of longer air ripening and shorter oil ripening (group 3)
produced superior sensory attributes compared with group 2, indicating that the
optimal immersion time is after 20 days of air ripening. These results suggest that both
the timing and duration of oil ripening influence sensory quality by affecting moisture
retention, texture development, and flavour formation, consistent with literature
indicating that the ripening medium and duration strongly determine sensory outcomes
(Yilmaz et al., 2005; Tudor Kalit et al., 2012, 2014; Albay and Simsek, 2022).
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4. CONCLUSIONS

All parameters examined in this doctoral dissertation were successfully quantified

using the planned analytical methods across all ripening treatments, thus fully

achieving the objectives of this dissertation. Based on the research conducted, the

following conclusions can be drawn:

Iv.

Storing semi-hard goat cheese in oil altered its physicochemical composition,
but this depended strongly on pre-immersion conditions. At the end of ripening,
in oil-ripened cheeses, as hypothesised, moisture and pH value were higher,
while protein and salt content were lower than in control cheese ripened in air.
Cheeses stored in oil for a longer period (50 days) showed the expected
reduction in fat content, whereas extended air ripening (20 days) prior to
immersion led to substantial moisture loss and greater salt diffusion, conditions
that likely enhanced subsequent oil uptake and contributed to the higher fat
content observed at the end of ripening.

Oil-ripened cheeses exhibited more intense proteolysis, resulting in improved
textural properties, with a softer and more cohesive texture than control
cheeses, particularly after longer storage in oil (50 days). They had a less
crumbly mouthfeel, greater elasticity and stickiness, leading to higher overall
texture liking scores.

As hypothesised, both oil-ripened groups exhibited higher flavonoid content and
antioxidant activity than the control cheese, confirming the nutritional
enhancement associated with oil ripening. The highest polyphenol and flavonoid
content, antioxidant activity, and average unsaturated fatty acid (UFA) levels
were observed in cheeses immersed in oil after 20 days of air ripening.
Standardised sensory evaluation and Quantitative Descriptive Analysis (QDA)
showed that oil-ripened cheeses, particularly those with prolonged air ripening
(20 days), were preferred for their improved appearance, taste, and texture
compared to control air-ripened cheese.

Although this dissertation provides the first integrated assessment of physicochemical,

proteolytic, textural, nutritional, and sensory changes in cheese during oil ripening,

further research is needed to address microbiological safety, shelf life, consumer

preferences, and the use of alternative oil types. Overall, the results show that carefully
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timed immersion and duration of ripening in oil constitute an effective and sustainable
strategy for improving cheese quality and extending product availability, which may be
relevant for artisanal cheesemakers and stakeholders in the Mediterranean dairy

sector.

Table 1. Confirmation of the hypotheses established in this dissertation, based on

research conducted and published in four scientific papers.

Storing goat cheese in oil Articles Key evidence in oil-

(shortened hypothesis): A1 | A2 | A3 | A4 ripened cheeses:

Group 2': tMoisture, 1pH,
|Protein, |Fat, |Salt

Alters its
H1 physicochemical + +

o Group 32: same as Group
composition.

2, with tFat due to oil
absorption
Group 2 > Group 3

TWSN3, 1 TCA-SN4,
|Residual caseins = softer,
more cohesive and elastic

texture

Intensifies proteolysis
H2 | and improves cheese + + +
texture.

Group 2 = Group 3

1 Texture-liking scores
Group 3 > Group 2

H3 Enhances nutritional + + TPolyphenols, 1tFlavonoids,

properties. tAverage UFAs?®,
TAntioxidant activity
Group 3 > Group 2

Improves sensory
properties of cheese. 1Scores for appearance,
taste, and texture
'Group 2 = 50 days of ripening in oil after 10 days of ripening in air (highest moisture
content); 2Group 3 = 40 days of ripening in oil after 20 days of ripening in air (the
initial dehydration phase produced a structure that facilitated greater absorption of
oil and its components); 3WSN = water-soluble nitrogen; “TCA-SN = trichloroacetic
acid-soluble nitrogen; SUFAs = unsaturated fatty acids
Legend: > indicates that the first group showed higher values than the second
group; = indicates no difference between the groups for this property; 1 indicates an
increase relative to the control group; | indicates a decrease relative to the control
group.

H4
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ABSTRACT

The aim of this paper was to determine the influence
of ripening of semi-hard goat cheese in oil (mixture of
Mljet’s extra-virgin olive oil and refined sunflower oil;
50:50) on its physicochemical composition and sen-
sory properties, as well as to determine the optimal
time of immersion of the cheese in oil. Five batches
of cheeses were produced, and the cheeses of the same
batch were randomly divided into 3 groups according
to the ripening method: (1) ripening in air (control
group, treatment 1), (2) ripening in oil after 10 d of
ripening in air (treatment 2), (3) ripening in oil after
20 d of ripening in air (treatment 3). Cheeses were
sampled during ripening at d 0, 10, 20, 30, 45, and
60, and physicochemical analyses were performed. Oil
as a ripening medium for cheese prevented water loss
from the cheese (groups 2 and 3), and the significantly
lowest contents of dry matter, protein, fat, saturated
fatty acids (SFA), unsaturated fatty acids (UFA), oleic
acid, and salt were found in group 2. Group 3 had the
highest, contents of fat, SFA, UFA, and oleic acid. Pro-
longed ripening of the cheese in air before immersion
in oil resulted in greater water loss and the formation
of such cheese structure that allowed oil to penetrate
the cheese. Water retention and oil penetration into the
cheese altered the physicochemical composition of the
goat cheese, having a significantly positive effect on the
sensory characteristics, particularly color, texture, and
taste, allowing the cheese to be consumed even when
goat milk is not produced due to seasonality.

Key words: semi-hard goat cheese, ripening in oil,
physicochemical composition, sensory properties

INTRODUCTION

Traditional dairy products are an important part of
the modern diet, and by choosing traditional cheeses,
consumers not only show their concern for nature, the
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origin of raw materials and products, but also contrib-
ute to the preservation of tradition and the promotion
of economic development (Tudor Kalit et al., 2014;
Miller and Lu, 2019), especially in areas with limited
resources such as islands (Matutinovi¢ et al., 2007). A
special group of traditional cheeses are goat milk chees-
es, which can be traditionally preserved in oil. Tradi-
tional cheesemakers from the Croatian islands of Brac
and Krk use olive oil for cheese preservation, whereas
cheeses in southern Croatia—in the city of Dubrovnik
and on the island of Mljet—are preserved in a mixture
of olive and sunflower oil. The moment of immersion of
the cheese in oil is not standardized. Cheeses from the
islands of Bra¢ and Krk continue to ripen in oil after
at least 2 mo of ripening in air, whereas cheeses from
Dubrovnik and Mljet are immersed in oil after 7 d of
ripening in air (Caput et al., 2003; Baruk¢i¢ and Tudor
Kalit, 2019). Manchego, a Spanish hard cheese made
from sheep milk, is often submerged in olive oil after 3
mo of ripening and kept in this medium until consump-
tion (Ordonez et al., 1978; Ordonez and Burgos, 1980).

The conditions during cheese ripening, such as tem-
perature and relative humidity in the room and ripening
media such as oil, animal skin, plastic or stone contain-
ers, brine or spices, control the physicochemical changes
and biochemical processes of glycolysis, proteolysis, and
lipolysis that can lead to characteristic sensory proper-
ties of the cheese (Ordonez et al., 1978; Ordonez and
Burgos, 1980; Havranek et al., 2014; Tolentino Marinho
et al., 2015; Tudor Kalit et al., 2020). Thus, cheeses
ripened in the animal skin (Sir iz misine, Tulum, Darfi-
yeh, Bouhezza) have a unique and piquant smell, taste,
and aroma, which is a consequence of intense lipolysis
and proteolysis during the specific ripening conditions
in the skin (Tudor Kalit et al., 2020; Giin and Seydim,
2022). This implies anaerobic conditions (i.e., lower air
permeability of the skin compared with the cheese rind
[Tudor Kalit et al., 2014], but higher compared with
plastic or stone containers) which serve as an alterna-
tive medium for ripening (Tarak¢ and Durmus, 2016).

Moisture content is one of the most important pa-
rameters affecting the course of ripening and sensory
characteristics of cheese (Havranek et al., 2014). For
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example, animal skin has higher water permeability
than a plastic container and lower permeability than
the natural cheese rind, which affects the DM content
in cheese and its sensory properties (Ceylan et al., 2007;
Hayaloglu et al., 2007a; Tudor Kalit et al., 2014). Due
to the constant moisture loss during cheese ripening, the
intensity of biochemical processes decreases steadily. A
higher moisture content in cheese leads to a better con-
formational structure of the enzyme, which intensifies
the biochemical processes (Fox et al., 2017). Therefore,
in terms of biochemical reactions, it is crucial to define
the point at which the cheese stops ripening in air and
continues ripening in oil.

The changes that occur during cheese ripening in oil
are almost unexplored, except for 2 studies on the rip-
ening of Manchego cheese in olive oil conducted more
than 4 decades ago (Ordonez et al., 1978; Ordonez and
Burgos, 1980). Knowledge about the influence of cheese
ripening in oil on physicochemical composition and
sensory characteristics is limited. Therefore, the aim of
this research was to investigate the influence of ripening
of semi-hard goat cheese in oil on its physicochemical
composition and sensory properties and to determine
the optimal time for immersion of the cheese in oil.

MATERIALS AND METHODS

Dairy products (semi-hard goat cheese) and an oil
mixture (extra-virgin olive oil and commercial refined
sunflower oil) were used for this study. Therefore, no
ethical approval was required.

Semi-Hard Goat Cheese Production

Following the standard semi-hard cheese manufactur-
ing technology, 5 batches of goat cheese were produced
in the pilot plant of the Department of Dairy Science
at the University of Zagreb Faculty of Agriculture
(Croatia). Each batch of semi-hard goat cheese was
produced from 100 L of raw whole goat milk (Saanen
goat breed). The milk was collected during evening and
morning milking and stored in a cooling tank at 4°C
before cheese making.

The filtered milk (100 L) was heated to 31°C and
then lysozyme (Lysozyme granular, Proquiga Biotech
S.A., Spain: 5 g of lysozyme dissolved for 15 min in
1.5 dL of distilled water), freeze-dried mixed-starter
cultures (Lyofast MT 096 FEN 5 UC, Sacco Srl, Italy:
1.352 g; 1/5 of sachet’s weight for 100 L of milk) and
rennet powder (Caglificio Clerici Spa, Italy: 4 g of ren-
net powder dissolved for 10 min in 1.5 dL of distilled
water) were added according to the manufacturer’s
procedures and guidelines. After coagulation (setting
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Figure 1. Cheese ripening in oil and in air.

time was between 50 and 60 min), the curd was cut
into uniform walnut-sized grains with sharp edges using
a cheese harp. The curd grains were heated to 39°C
with constant stirring (stirring until the temperature
was reached and stirring at a constant temperature for
30 min) and then evenly placed in the plastic molds
and pressed with weights. After pressing and turning
the cheese each time the weights were changed (2-3 h
process) and a pH of 5.4 to 5.5 was reached, the cheeses
were dry-salted, stored overnight in the refrigerator,
washed in the morning, and subjected to ripening.

Cheeses of the same batch were randomly divided
into 3 groups according to the ripening method: (1)
ripening in air (control group, treatment 1) for 60 d,
(2) ripening in oil for 50 d after 10 d of ripening in air
(treatment 2), (3) ripening in oil for 40 d after 20 d of
ripening in air (treatment 3). The temperature in the
ripening chamber was 15°C to 17°C, and the relative
humidity was 70% to 80%. The cheeses of groups 2
and 3 were placed in plastic vats (Figure 1) with lids
filled with a mixture of extra-virgin olive oil from the
island of Mljet and commercial refined sunflower oil
(ratio 50:50).

Cheese Sampling

A total of 65 cheeses were produced (13 per batch:
control group: 6 cheeses, group 2: 4 cheeses and group
3: 3 cheeses). The initial weight of cheeses was about
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800 g, and the initial dimensions were 12 ¢cm x 4 cm.
During ripening, whole cheeses were sampled: control
group on d 0, 10, 20, 30, 45, 60; group 2 on d 20, 30,
45, 60; and group 3 on d 30, 45, and 60. Each cheese
represents a sample (experimental unit) according to
the ripening method and the day of sampling.

To avoid dehydration, the samples were packed in
plastic bags and transported to the laboratory with
a mobile cooler at a temperature of 4°C. The cheese
samples were marked and stored at —80°C until the
physicochemical analyses were performed.

Physicochemical Analysis

The physicochemical analyses were performed at the
Reference Laboratory for Milk and Dairy Products at
the University of Zagreb Faculty of Agriculture (Croa-
tia).

Analyses of cheese curd (d 0) and cheese after 10,
20, 30, 45, and 60 d of ripening in different media (air,
oil mixture) included determination of: pH by poten-
tiometric method (Mettler Toledo, portable pH meter,
according to the manufacturer’s instructions), DM con-
tent by reference method 5534 (ISO, 2004), fat content
by Van Gulik method (ISO, 2008), fatty acid content
(total SFA, UFA, oleic fatty acid) by GLC (ISO, 2002),
protein content by the Kjeldahl method (ISO, 2014),
and salt content (chloride) by potentiometry (ISO,
2006).

Before analysis, cheese samples were stored at room
temperature, and cheese slices (~100 g) were cut from
the core to the rind. The rind was cut off, and the re-
mainder was grated. All physicochemical analyses were
performed in duplicate.

Sensory Evaluation

The sensory properties of the cheeses were evaluated
on the last day of the 60-d ripening period by a group
of 7 panelists (scientific staff: 4 women, 3 men; ages
33-55) trained in sensory evaluation at the University
of Zagreb Faculty of Agriculture, Croatia (ISO, 2009a).
Cheese samples, randomly labeled with a 3-digit num-
ber, were blind tested. Before testing, the cheeses were
tempered at room temperature. During evaluation, the
assessors used water, almonds, bread, and apples to
counteract the aftertaste. Cheese samples were scored
based on an established list of defects with an overall
quality score. The attributes evaluated were appearance
(maximum score of 2), color (maximum score of 1),
body (maximum score of 2), texture (maximum score
of 3), odor (maximum score of 2), and taste (maximum
score of 10), with the highest total score achievable
being 20 (ISO, 2009a,b,c).
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Statistical Analysis

Statistical procedures were performed in SPSS ver-
sion 21 (IBM Corp., 2012). The 2-way ANOVA and the
general linear model (GLM) were used to study the
effects of the different ripening methods on the changes
in the physicochemical composition of the cheese dur-
ing ripening. The ripening methods and ripening time
were included as fixed factors, while the physicochemi-
cal parameters were considered as dependent variables.

The effect of the different ripening methods on the
sensory characteristics of the cheese was tested using
the one-way ANOVA and the GLM. The ripening
methods were used as a fixed factor, while the sensory
properties were the dependent variable.

When significant effects were found, the least sig-
nificant difference test was used to evaluate differences
between treatment means. Significance was indicated
by P < 0.05.

RESULTS AND DISCUSSION

Physicochemical Properties

Cheese is a biochemically dynamic product and
undergoes significant changes during its ripening (Mc-
Sweeney and Sousa, 2000). Cheese ripening involves
lactose metabolism, lipolysis, and proteolysis, which
are influenced by many factors (Prieto et al., 2000;
McSweeney, 2004; Moreira et al., 2020).

The changes in physicochemical composition dur-
ing ripening of semi-hard goat cheese according to the
ripening method are shown in Figures 2, 3, 4, 5, 6, 7,
8, and 9, and the comparison between treatments is
shown in Table 1.

The ripening treatment had a significant effect (P <
0.01) on the DM content of the cheese (Table 1). As
can be seen in Figure 2, ripening time had a significant
effect on the DM content of the cheese in all groups
(P < 0.01) but was particularly significant in the con-
trol group (35% increase on d 60 compared with d 0).
Most of the moisture loss occurred at the beginning
of ripening, before the cheeses in groups 2 and 3 were
submerged in the oil mixture (d 10 and 20). Fresno and
Alvarez (2012), in their studies on the chemical changes
during ripening of Majorero goat cheese and on the
effect of ripening time on the chemical characteristics
of Palmero goat cheese (Alvarez and Fresno, 2021),
also found that moisture loss was greatest during the
first 15 d of ripening and less pronounced in the latter
stages. A similar trend was reported by Alvarez et al.
(2007) and Rako et al. (2019).

Moisture loss during ripening of cheese on the shelf is
a result of microbiological growth, production of lactic
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Table 1. Physicochemical composition of semi-hard goat cheese during ripening (results expressed as mean +
SE) according to different ripening treatments

Treatment (60-d ripening)

Parameter Treatment 1' Treatment 2° Treatment 3° Significance level
DM (g/100 g cheese) 62.96" £+ 0.20 58.31° £ 0.21 61.10" & 0.20 o

Protein (g/100 g cheese) 24.42" £ 0.27 22.73" + 0.27 24.22" £+ 0.26 Hox

Fat (g/100 g cheese) 32.68" £+ 0.50 30.27" £ 0.50 33.06" £ 0.50 o

Salt (g/100 g cheese) 1.15* + 0.07 0.98" + 0.05 1.03" + 0.06 o

pH 5.22 +0.01 5.25 = 0.01 5.23 +£ 0.01 NS

UFA 9.25" £ 0.09 8.64" £ 0.09 9.38" £+ 0.08 *

Oleic acid 7.66" £ 0.07 6.98" + 0.06 7.68" £+ 0.07 o

SFA 18.89* + 0.19 17.40" + 0.18 19.14" + 0.19 oK
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"“Means in the same row marked with different letters differ significantly.

"Treatment 1 (control group, group 1) = cheese ripening in air (60 d).

*Treatment 2 (group 2) = cheese ripening in oil for 50 d after 10 d of ripening in air.

*Treatment 3 (group 3) = cheese ripening in oil for 40 d after 20 d of ripening in air.

*P < 0.05; **P < 0.01.

acid, and evaporation of water from the cheese (Ceylan
et al., 2007; Havranek et al., 2014). Oil as a ripening me-
dium prevents moisture loss (Figure 2). Tudor Kalit et
al. (2012) made similar observations for lambskin sack
as a ripening medium. However, because lambskin is a
semi-permeable medium, there is greater moisture loss
after 60 d of ripening in skin, resulting in a higher aver-
age DM content in the cheese (68.16%) compared with
ripening in oil in both groups (treatment 2: ~60.08%;
treatment 3: ~65.00%). According to Hayaloglu et al.
(2007a), plastic barrels used as a substitute for goat-
skin sacks (tulums) have lower moisture permeability,
which is the reason why Tulum cheese has a lower DM
content (49.14%) after 60 d of ripening in plastic bar-
rels than cheese ripened in other media (animal skin
or oil). Ceylan et al. (2007) produced Tulum cheese

- Treatment 1

70

65

using the traditional method and modified procedures
in plastic barrels and ceramic pots. On d 60 of ripening,
the DM content in plastic barrels (54.78%) and ceramic
pots (59.82%) was lower than that in goatskin sacks
(65.06%) due to the poor permeability of plastic and
ceramic compared with skin as a ripening medium.
Considering the DM content at the end of the ripen-
ing process, the cheeses of treatments 1 and 3 belong
to the group of extra-hard cheeses (>66%), and the
cheeses of treatment 2 belong to the group of hard
cheeses (55%66%; Havranek et al., 2014). What looks
similar to excessive moisture loss in our study might be
related to the size of the cheese in combination with the
ripening conditions (higher temperature in the ripening
chamber than in other studies). Franco et al. (2003),
in their study of the traditional Spanish goat cheese
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Figure 2. Dry matter content during the ripening of semi-hard goat cheese. Treatment 1 (control group, group 1) = cheese ripening in air
(60 d); treatment 2 (group 2) = cheese ripening in oil for 50 d after 10 d of ripening in air; treatment 3 (group 3) = cheese ripening in oil for
40 d after 20 d of ripening in air. Means marked with different letters on each line of individual treatment differ significantly (a—f; P < 0.01).
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Figure 3. Protein content during the ripening of semi-hard goat cheese. Treatment 1 (control group, group 1) = cheese ripening in air (60
d); treatment 2 (group 2) = cheese ripening in oil for 50 d after 10 d of ripening in air; treatment 3 (group 3) = cheese ripening in oil for 40 d
after 20 d of ripening in air. Means marked with different letters on each line of individual treatment differ significantly (a—e; P < 0.01).

Babia-Laciana, noted that the progressive increase in
DM content during ripening could be due to the small
size of the cheeses, which significantly increased the
surface area exposed to the atmosphere and thus water
loss. Prieto et al. (2002) reported that the small size of
the cheese increases the surface area per unit weight
and favors dehydration.

The protein content gradually increased during rip-
ening (Figure 3), which is a consequence of the decrease
in the moisture content of the cheese (Hayaloglu et al.,
2007b). It was also significantly (P < 0.01) affected by
the ripening treatment (Table 1), which is particularly
noticeable between the control group and group 2, but
also between groups 2 and 3. The control group had the
highest average protein content (24.42%), followed by
group 3 (24.22%), which is directly related to the fact
that the cheeses from these groups have the highest
DM content (Table 1). Thus, the cheeses from group
2, which were immersed in the oil after only 10 d of
ripening in air, had the lowest average protein content
(22.73%), as there was no major moisture loss.

The values of fat content increased during the ripen-
ing period both in the control group and in the cheeses
ripened in oil. The same trend was observed by Tudor
Kalit et al. (2012) in cheese ripened in air and in lamb-
skin sack. However, in our study, the ripening treatment
resulted in a significant difference (P < 0.01) in fat
content (%) between the control group and group 2,
but also groups 2 and 3. The lowest average fat content
was found in the cheeses of treatment 2 (30.27%), which
was due to the moisture-protective role of oil as a ripen-
ing medium (Table 1). The average fat content in the
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cheeses of the control group was significantly (P < 0.01)
higher (32.68%) compared with the group 2 cheeses, be-
cause of the concentrating effect caused by the moisture
loss (Figure 4). Prolonged ripening of cheese in the air
(group 3) before immersion in oil resulted in a large loss
of moisture and the formation of such a cheese structure
that allowed the oil to penetrate the cheese to a greater
extent than in group 2. This was also confirmed by the
discovery of oil droplets hidden in the eyes of the cheese,
visible during sensory analysis on the cross-section of
the cheese ripened in oil (Figure 10), and by the results
of the fatty acid analyses (Table 1).

According to the Croatian Official Gazette (2009),
the cheeses from our study belong to the group of full-
fat cheeses in terms of fat content (>45% and < 60%
fat in DM), as the average fat content in DM (% F/
DM) after 60 d of ripening was 53.42% in the control
group, 52.39% in group 2, and 58.81% in group 3.

The triglycerides in ruminant milk fat are rich in
short-chain fatty acids that, when released, contribute
significantly to the flavor of many cheeses (McSweeney,
2004) because they are precursors of volatile compounds
such as ketones, lactones, alcohols, esters, and alde-
hydes (Collins et al., 2003). Although various cheeses
contain a highly digestible fat from a nutritional per-
spective, cheese is often associated with cardiovascular
disease due to its high SFA content (Bara¢ et al., 2018).
However, there was no evidence to support the effect
of dairy products on heart disease (Kanekanian, 2014).
In fact, the fat in goat milk contains more UFA than
cow milk (Wang et al., 2016), which may benefit human
health by reducing the risk of obesity or preventing car-
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Figure 4. Fat content during the ripening of semi-hard goat cheese. Treatment 1 (control group, group 1) = cheese ripening in air (60 d);
treatment 2 (group 2) = cheese ripening in oil for 50 d after 10 d of ripening in air; treatment 3 (group 3) = cheese ripening in oil for 40 d after
20 d of ripening in air. Means marked with different letters on each line of individual treatment differ significantly (a-d; P < 0.01).

diovascular episodes through n-3 and n-6 essential fatty
acids (Simopoulos, 2008). Conjugated linoleic acid has
shown anticancer and antiatherosclerosis effects while
boosting immunity (Benjamin and Spener, 2009).
Ripening treatment resulted in a significant difference
in SFA and UFA content (P < 0.01, P < 0.05) between
the control group and group 2 and between groups 2
and 3, which is consistent with the results of fat content
(Table 1). The highest average SFA and UFA content
was found in the cheeses of group 3, followed by the
control group and group 2. The content of oleic acid, the

~#-Treatment 1

Unsaturated fatty acids (g/100 g)
©

alala

—o-—Treatment 2

well-known MUFA in olive oil associated with a benefi-
cial effect on human health (Kanekanian, 2014), followed
the same trend and was highest in the cheeses of group 3.
There was a significant difference (P < 0.01) between the
control group and group 2, and between groups 2 and
3, which is in accordance with the results of fat content
(Table 1). The higher content of UFA and oleic acid in
group 3 compared with group 2 can be explained by the
greater penetration of the oil into the cheese structure
due to the greater water loss caused by the longer ripen-
ing time in air before immersion in the oil.

—o—Treatment 3

Day 0 Day 10 Day 20

Day 30 Day 45 Day 60

Ripening time

Figure 5. Unsaturated fatty acid content during the ripening of semi-hard goat cheese. Treatment 1 (control group, group 1) = cheese
ripening in air (60 days); treatment 2 (group 2) = cheese ripening in oil for 50 d after 10 d of ripening in air; treatment 3 (group 3) = cheese
ripening in oil for 40 d after 20 d of ripening in air. Means marked with different letters on each line of individual treatment differ significantly

(a—e; P < 0.01).
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Figure 6. Oleic acid content during the ripening of semi-hard goat cheese. Treatment 1 (control group, group 1) = cheese ripening in air
(60 d); Treatment 2 (group 2) = cheese ripening in oil for 50 d after 10 d of ripening in air; Treatment 3 (group 3) = cheese ripening in oil for
40 d after 20 d of ripening in air. Means marked with different letters on each line of individual treatment differ significantly (a-d; P < 0.01).

In addition, the content of SFA and UFA, as well
as oleic acid, was significantly (P < 0.01) affected by
the ripening time (Figures 5, 6, and 7). The highest
increase in UFA, SFA, and oleic acid content (more
than 20% increase in the control group and group 3,
and 15% in group 2) was observed between d 10 and

- Treatment 1

22
21
20
19
18
17

16

Saturated fatty acids (g/100 g)

15

20 of ripening. The values of UFA, SFA and oleic acid
almost stagnated after 30 d of ripening in group 2 due
to the higher moisture content.

There was a significant difference (P < 0.01) in aver-
age salt content between air- and oil-ripened cheeses
(Table 1). During the first 10 d of ripening, the salt con-
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Figure 7. Saturated fatty acid content during the ripening of semi-hard goat cheese. Treatment 1 (control group, group 1) = cheese ripening
in air (60 d); Treatment 2 (group 2) = cheese ripening in oil for 50 d after 10 d of ripening in air; Treatment 3 (group 3) = cheese ripening in oil
for 40 d after 20 d of ripening in air. Means marked with different letters on each line of individual treatment differ significantly (a—d; P < 0.01).
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Figure 8. Salt content during the ripening of semi-hard goat cheese. Treatment 1 (control group, group 1) = cheese ripening in air (60 d);
Treatment 2 (group 2) = cheese ripening in oil for 50 d after 10 d of ripening in air; Treatment 3 (group 3) = cheese ripening in oil for 40 d
after 20 d of ripening in air. Means marked with different letters on each line of individual treatment differ significantly (a-d; P < 0.01 for treat-

ments 1 and 2; P < 0.05 for treatment 3).

tent increased rapidly and then continued to increase
during ripening (Figure 8). It differed significantly (P
< 0.01, P < 0.05) throughout the ripening process of
the control cheeses and the cheeses of groups 2 and 3.

A similar trend was observed by Tudor Kalit et al.
(2012) at the beginning of ripening in both cheeses,
namely those ripened in the animal skin sack and in
air. After 15 d, salt content continued to increase and
was slightly higher in air-ripened cheese than in cheese
in the animal skin sack, but not significantly. The high-
est salt content (d 60) in our study was also found in
the control group (1.53%), which was a consequence of
the higher moisture loss (concentration effect) during
ripening (Figure 2).

Although there was no demonstrated effect of ripen-
ing treatment on pH (Table 1), it varied significantly
(P < 0.01) during the ripening period within each
group (Figure 9). The initial average pH of the cheeses
was 5.32 and showed a decreasing value until d 20 of
ripening, when it began to slowly increase, which agrees
with the observations of different authors for other goat
cheeses (Alvarez et al., 2007; Fresno and Alvarez, 2012).

Group 2 had the highest pH values throughout the
ripening period, followed by the results of group 3
cheeses (Figure 9). Cheeses ripened in oil had a slightly
higher final pH (5.38) than the control group cheeses
(5.36) on d 60 of ripening, as did cheeses ripened in
a lambskin sack (5.08) compared with cheeses ripened
in the rind (4.93; Tudor Kalit et al., 2012). The pH
increased more rapidly between d 20 and 45 of ripening

Journal of Dairy Science Vol. 106 No. 12, 2023

for cheeses ripened in oil than for cheeses ripened in
air, probably due to anaerobic conditions and water
retention in the cheese during ripening in oil. The lat-
ter is probably caused by higher proteolysis leading to
the alkalizing effect of amines and ammonia generated
through protein degradation during ripening (Franco
et al., 2001; Hayaloglu et al., 2007a; Tudor Kalit et al.,
2012).

Because the pH of cheese during ripening depends
on the metabolic activity of lactic acid bacteria (Mc-
Sweeney, 2004; Alvarez et al., 2007), the increase in
pH can also be explained by the decreased content of
residual lactose and the decreased production of lactic
acid (Akm et al., 2003; Havranek et al., 2014).

Sensory Properties

Sensory evaluation of semi-hard goat cheese ripened
under different conditions showed that the cheese from
group 3 had significantly (P < 0.05) the highest total
score (Table 2). Although the treatment did not have a
noticeable effect on the appearance and cross-section of
the cheeses between the groups, there were significant
differences between the control group and the cheeses
ripened in oil for the most important cheese attribute—
taste (P < 0.05). According to the results, ripening in
oil also seems to improve color and texture.

Air ripening caused a major moisture loss, which had
a negative effect on the texture of the control cheese
(group 1), affecting its palatability and consequently its
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Figure 9. pH value during the ripening of semi-hard goat cheese Treatment 1 (control group, group 1) = cheese ripening in air (60 d); treat-
ment 2 (group 2) = cheese ripening in oil for 50 d after 10 d of ripening in air; treatment 3 (group 3) = cheese ripening in oil for 40 d after 20
d of ripening in air. Means marked with different letters on each line of individual treatment differ significantly (a-d; P < 0.01).

consumption after a longer ripening period. In contrast,
the loss of moisture during ripening in air (groups 2 and
3) before ripening in oil resulted in the formation of
such a cheese structure that allowed the oil to penetrate
the cheese (Figures 4, 5, and 6), which improved its
textural properties. In addition, due to longer ripen-
ing in the oil, group 2 received the lowest score in the
evaluation of the odor, and it differed significantly (P
< 0.05) from the control group and group 3.

The results showed that oil as a ripening medium
generally improved the overall score compared with the
control group, but the combination of prolonged cheese
ripening in air before immersion in oil and shorter rip-
ening in oil (group 3) allowed the development of better
sensory attributes than in group 2. According to the
results of this study, the optimal time for cheese im-
mersion in oil is after 20 d of ripening in air. Similarly,

Tudor Kalit et al. (2012, 2014) found that the ripen-
ing media have an important influence on the sensory
properties of cheese. Compared with cheese ripened in
a natural rind, cheese ripened in a lambskin sack has
unique sensory characteristics due to the different bio-
chemical processes resulting from the anaerobic ripen-
ing conditions in the animal skin sack.

According to Tudor Kalit et al. (2014), it could be
concluded that the optimal ripening time of cheese in
animal skin is 45 d, as the intensive proteolysis, ac-
cumulation of nitrogen fractions, degradation of short-
chain fatty acids and accumulation of medium- and
long-chain free fatty acids due to the ripening time and
specific conditions (high temperatures in the cheese rip-
ening room: 16°C to 18°C, contact material—lambskin)
contributed to the lower sensory scores of Sir iz misine
after 45 d of ripening. Also, Yilmaz et al. (2005) re-

Table 2. Sensory analysis of semi-hard goat cheese (results expressed as mean + SE)

Sensory properties

Treatment Appearance Color Texture Cross-section Odor Taste Total

Treatment 1' 1.92 £ 0.32 0.85 + 0.02 1.49 4+ 0.03" 2.64 £+ 0.06 1.88 + 0.03" 8.99 + 0.08° 17.77 £ 0.13¢
Treatment 2° 1.84 £ 031 092 +0.02°  1.82 4 0.03" 2.80 + 0.06 1.65 +£0.03"  9.25 +£0.08"  18.28 £ 0.13"
Treatment 3* 1.84 £ 0.32 0.98 + 0.02* 1.80 £+ 0.02* 2.73 £ 0.06 1.79 £+ 0.02* 9.52 4+ 0.08" 18.66 + 0.13*

*“Means in the same row marked with different letters differ significantly (P < 0.05).

"Treatment 1 (control group, group 1) = cheese ripening in air (60 d).

*Treatment 2 (group 2) = cheese ripening in oil for 50 d after 10 d of ripening in air.
*Treatment 3 (group 3) = cheese ripening in oil for 40 d after 20 d of ripening in air.
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Figure 10. Oil droplets hidden in the eyes of the cheese ripened
in oil (group 3).

ported that the sensory scores of Tulum cheese started
to decrease after 60 d of ripening. Albay and Simsek
(2022) reported the improvement of sensory proper-
ties (taste, texture, and color) of 90 d matured low-fat
Tulum cheese with added inulin compared with Tulum
cheese without added inulin.

CONCLUSIONS

The physicochemical composition and sensory prop-
erties of semi-hard goat cheese were influenced by the
ripening method and duration. Prolonged ripening of
cheese in the air before immersion in oil resulted in
a great loss of moisture and the formation of such a
cheese structure that allowed the oil to penetrate the
cheese to a greater extent. The water retention caused
by the anaerobic ripening conditions and the resulting
penetration of oil into the cheese could have a positive
effect on sensory characteristics of the cheese and allow
its consumption during seasons when goat milk is not
produced due to the highly seasonal lactation cycle of
goats. This is of particular importance for goat cheese
producers, as consumer interest has recently increased.
In addition, the results of this study extend the knowl-
edge of changes during cheese ripening in oil, which
may be of interest to dairy industry and scientists.
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Abstract: The aim of this study was to investigate the sensory profile of semi-hard goat cheese
preserved in an oil mixture (extra virgin olive oil from Mljet and refined sunflower oil; 50:50). Five
batches of cheese were made, and each batch was divided into three groups: (i) ripening in air (group
1—control group), (ii) ripening in oil after 10 days of ripening in air (group 2), (iii) ripening in oil
after 20 days of ripening in air (group 3). After 60 days of ripening, quantitative descriptive analysis
(QDA) was performed by six trained experts and texture was analyzed with a texture analyzer.
The correlations between the descriptive sensory scores of texture and the texture analyzer results
were significantly related. Compared to the control group, the oil-ripened cheeses had significantly
(p < 0.05) higher oily odor and taste intensity and greater elasticity and stickiness determined by
fingers, but thinner rind, lower cross-sectional color intensity, and lower crumbliness in the mouth.
Ripening in oil improved rind thickness, taste, texture, and cross-sectional properties. Group 3 cheeses
were preferred in terms of appearance, cross-section, odor, and taste, suggesting that prolonged
ripening in air before immersion in oil positively affected the sensory characteristics of the cheese.

Keywords: semi-hard goat cheese; ripening in oil; sensory profile; quantitative descriptive analy-
sis; texture

1. Introduction

About a quarter of the world’s supply of edible food is wasted. The causes of food
waste can be at any level between production, harvest, distribution, processing, and the
consumer behavior [1]. The valorization of food losses has gained much importance in the
last decade due to the amount of waste generated daily and the burden these losses place on
industry and the environment [2,3]. How long food remains edible and nutritious depends
on numerous factors that affect the growth rate of spoilage microorganisms. Some storage
methods, especially traditional ones (e.g., drying, salting, smoking, etc.), require relatively
little energy, while newer, industrial methods require much greater energy input [4].

The Mediterranean diet is a model for a healthy diet [5], which is mainly attributed
to the consumption of extra virgin olive oil (EVOO) [6]. Although EVOO is mostly used
fresh, it is not uncommon to use it to preserve various food groups e.g., vegetables, fish as
well as dairy products [7]. Dairy products represent a significant part of the modern diet,
and by choosing traditional cheeses, consumers not only show their concern for nature, the
origin of raw materials and products, but also contribute to the preservation of traditions
and support economic development [8,9], especially in areas with limited resources [10]
such as islands [11].
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Cow’s milk cheese is produced all year round, while goat’s milk cheese production
is seasonal. Since the production period is not long, a suitable preservation method for
semi-hard cheeses is extremely important to increase their availability for a longer period
of time without altering their sensory characteristics [12].

Traditional cheesemakers on the Croatian islands of Bra¢ and Krk, preserve cheese
in olive oil, while in southern Croatia—in the city of Dubrovnik and on the island of
Mljet—cheese is usually preserved in a mixture of locally produced olive oil and commer-
cial refined sunflower oil for up to two years. However, the time of immersion of the cheese
and the duration of cheese ripening in the oil are not standardized. For example, cheeses
from Dubrovnik and Mljet are immersed in oil after seven days of ripening in air [13,14].
On the other hand, cheeses from the islands of Bra¢ and Krk continue to ripen in oil after at
least two months of ripening in air. Similarly, Manchego, a Spanish hard cheese made from
sheep’s milk, is also often placed in olive oil after three months of ripening in air, where it
is usually kept until consumption [15,16].

The ripening conditions such as temperature and relative humidity in the ripening
chamber and the ripening media (e.g., oil, animal skin, plastic or stone containers, brine,
or spices) influence the biochemical processes of glycolysis, proteolysis, and lipolysis,
which can consequently lead to the development of specific sensory characteristics of the
cheese [15-19]. Thus, cheeses ripened in animal skin (e.g., Sir iz miSine, Tulum, Darfiyeh,
and Bouhezza) have a unique and piquant smell, taste, and aroma, which is due to intense
lipolysis and proteolysis during ripening conditions in the skin [19-21], i.e., lower air
permeability of the skin compared to the cheese rind [8], but higher compared to plastic or
stone containers, which serve as an alternative ripening medium [22].

Moisture content is one of the most important factors affecting the course of ripening
and the development of sensory properties of cheese [17]. For example, oil as a ripening
medium prevents moisture loss which influences sensory characteristics of cheese [23]. Also,
animal skin has higher water permeability than a plastic container and lower permeability
than the natural cheese rind, which affects the dry matter content in cheese and its sensory
characteristics [8,24,25]. Semi-hard goat cheeses are usually smaller, which affects their
moisture content during air ripening, since the small size of the cheese increases the
surface area per unit weight, which favors dehydration [26] and leads to poor sensory
characteristics of the cheese, especially texture. Cheese with pronounced dryness can
unfortunately only contribute to an increase in food waste because, although it is still
edible, it is perceived as relatively undesirable compared to other similar foods because
it deviates in sensory perception. This type of cheese is then considered a “suboptimal
food” [27].

Texture, as an expression of some rheological properties of food, is one of the most
important organoleptic properties. Also, from the consumer’s point of view, texture is
one of the most important parameters they use to make purchasing decisions [28]. The
texture of a cheese is the determining factor for its identity and quality, as it affects the
mechanical properties, such as cutting, stretching, mixing, and melting [28-30]. It depends
on a variety of factors, from the quality and treatment of the raw material (milk) to the
ripening conditions (e.g., temperature) [31,32] and duration, the type of cheese and its
manufacturing technology (including the type of salt used) and the moisture content [33].
The complex structure of cheese leads to differences in texture, even within the same type
of cheese, depending on the ingredients and how they change during ripening. The storage
conditions of cheese also have a great influence on texture characteristics [34].

Quantitative descriptive analysis (QDA) is a modern technique for qualifying the
type and quantifying the intensity of sensory properties immediately after sensory stimu-
lation [35,36], which is recognized as an excellent tool for measuring and optimizing the
sensory characteristics of various dairy products [37-39].

Knowledge about the influence of oil on cheese ripening is limited and almost unex-
plored, except for two studies on the ripening of Manchego cheese in olive oil conducted
more than four decades ago [15,16] and our previous research on the influence of ripening
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of semi-hard goat cheese in oil on its physicochemical composition and sensory proper-
ties [23]. This study was designed to evaluate the effects of ripening in oil on the sensory
profile of semi-hard goat cheese. Since texture plays an important role in the overall sensory
quality, another objective of this study was to compare the QDA results with the texture
analyzer results. Finally, the goal was to determine the optimal duration of cheese ripening
in oil in order to develop the preferred sensory characteristics and to extend consumption
time during periods when goat’s milk is not produced.

2. Materials and Methods
2.1. Semi-Hard Goat Cheese Production

For this study, five batches of semi-hard goat cheese were produced in the pilot plant
of the Department of Dairy Science at the University of Zagreb Faculty of Agriculture
(Croatia). Each batch was produced from 100 L of raw goat’s milk (Saanen goat breed). The
milk was collected during evening and morning milking and stored in a cooling tank at
4 °C before cheese making.

The cheese-making process was as follows: (i) The filtered milk (100 L) was heated
to 31 °C and then lysozyme (Lysozyme granular, Proquiga Biotech S.A., Spain—5 g of
lysozyme dissolved in 1.5 dL of distilled water at room temperature for 15 min), freeze-
dried mixed starter cultures (Lyofast MT 096 FEN 5 UC, Sacco Srl, Italy—1352 g; 1/5 of
the bag weight for 100 L of milk), and rennet powder (Caglificio Clerici Spa, Italy—4 g of
rennet powder dissolved in 1.5 dL of distilled water at room temperature for 10 min) were
added according to the manufacturer’s procedures and guidelines. (ii) After coagulation
(setting time was between 50 and 60 min), the curd was cut into uniform walnut-sized
grains with sharp edges using a cheese harp. The curd grains were heated to 39 °C with
constant stirring. (iii) When the desired temperature was reached, the cheese grains were
stirred for 30 min and then evenly placed in the plastic molds and pressed with weights.
(iv) After pressing and turning the cheese at each change of weights (2-3 h process) and
reaching a pH of 5.4-5.5, the cheeses were dry-salted, stored overnight in a refrigerator,
washed in the morning, and subjected to ripening.

A total of sixty-five cheeses were produced (thirteen per batch: control group—six
cheeses, group 2—four cheeses, and group 3—three cheeses). The initial cheese weight
was about 800 g and the initial dimensions were 12 cm x 4 cm. Cheeses of the same batch
were randomly divided into 3 groups according to the ripening method: (i) ripening in air
(control group—group 1) for 60 days, (ii) ripening in oil for 50 days after 10 days of ripening
in air (group 2), (iii) ripening in oil for 40 days after 20 days of ripening in air (group 3). The
temperature in the ripening chamber was 15-17 °C and the relative humidity was 70-80%.
The cheeses of groups 2 and 3 were placed in plastic vats (Figure 1) with lids filled with a
mixture of extra virgin olive oil (EVOO) from the island of Mljet and commercial refined
sunflower oil (50:50 ratio).

Figure 1. Cheese ripening in oil and in the air.
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2.2. Cheese Sampling

For each ripening treatment and for each ripening time, the whole cheese was taken
as a sample. To avoid dehydration, cheeses were packed in plastic bags and transported to
the laboratory using a mobile refrigerator at a temperature of 4 °C. Cheese samples were
labeled and stored in the refrigerator at 4 °C prior to analyses. Before sensory evaluation,
the cheeses were tempered at room temperature.

2.3. Quantitative Descriptive Analysis (QDA)

The sensory properties of samples were analyzed on the last day of the 60-day ripening
period using QDA by a group of 6 expert assessors (scientific staff: 4 women, 2 men; ages
33-55) trained at the University of Zagreb Faculty of Agriculture, Croatia. The assessors
were selected and generically trained according to the ISO 22935-1 [40].

In addition, during the terminology development phase (8 h), the assessors agreed to
evaluate 5 groups of attributes—appearance, odor, texture, taste, and aroma. In assessing
appearance, the panelists evaluated the external characteristics and cross-section of the
cheese. The main descriptors were color (white to yellow) and overall likability, but also
the thickness of the rind (more or less than 5 mm). For the odor attribute, the descriptors
used were sour, rancid, goat-like, oily, off-odors, and overall likeability. For texture, the
descriptors elasticity and stickiness determined by fingers, solubility and crumbliness in
mouth, and overall likability were used. To evaluate taste, the descriptors salty, sour, bitter,
and overall likability were used. The following descriptors were used to evaluate aroma:
buttery, goat-like, oily, fruity, rancid, off-flavor, and persistence.

Following the terminology development phase, panelists were trained in five two-hour
sessions on quantification of the selected terms and inter-assessor calibration to improve
consistency and reproducibility, evaluating various commercially available cheeses using
the descriptive terms developed to describe and quantify the above-mentioned attributes.
Sensory analysis was carried out in the sensory laboratory of the University of Zagreb
Faculty of Agriculture (room-related technical requirements: relative humidity 50-55%,
temperature 20-22 °C, illumination of 4000 K and 500 lux on the working table) according to
the ISO Standard 8589:2007 [41]. All attributes were evaluated using a digital questionnaire
on a numerical and unipolar intensity scale of 0-9 to assess the intensity of the rated
attribute, where zero meant “not detected” and 9 meant “high intensity” or examples were
provided to describe the intensity of the descriptor.

Prior sensory evaluation, research was approved by the Ethics Committee of the
University of Zagreb Faculty of Agriculture on Sensory Analysis of Agri-food Products
and the assessors gave informed consent. Individually coded samples were served at room
temperature (3 mm thick slices cut from the center of the cheese to the rind) in sensory
booths. Samples were presented in monadic way in a randomized order and 5 min break
was considered between samples, and 30 min between sessions of the same day. The
assessors used water, almonds, bread, and apples as palate cleansers. In total, five sessions
were held over two days, and within each session, three samples and one replicated sample
were assessed. Replicated sample was used for the calculation of assessor’s repeatability
(the calculation is based on the differences in absolute value between the scores assigned
to the different descriptors of the sample and its replica) within software for the statistical
processing of descriptive sensory analysis tests (Big Sensory Soft 2.0) [42].

2.4. Texture Analysis

The measurement of cheese texture parameters was performed in the laboratory of
the Institute of Adriatic Culture and Karst Reclamation in Split by analyzing the texture
profile with a texture analyzer (TA Plus; Lloyd Instruments, Bognor Regis, UK) according
to the manufacturer’s instructions.

Cheese samples for texture measurement were taken with a sterile cork borer (17.40 mm
diameter) parallel to the pressing direction of the cheese between the top and bottom
sides. Before sampling, the cork borer was lubricated with paraffin oil to facilitate cutting
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out the samples. The cheese cores were cut into cylindrical samples (diameter = 17 mm;
height = 25 mm) using a cutter with tensioned wire (Figure 2). These samples were
wrapped in plastic film, stored at 4 °C, and analyzed within the next 24 h.

Figure 2. Semi-hard goat cheese samples (control group), cork borer, and cutter with tensioned wire.

Texture measurements were performed at room temperature using the uniaxial com-
pression method with the texture analyzer (TA Plus; Lloyd Instruments, UK) equipped with
a 500 N load cell (XLC-0500-A1; Lloyd Instruments) and a round aluminum pressure plate
(ST 6/1-50 mm; Lloyd Instruments). Cheese samples were wrapped in plastic film and
left until they reached room temperature. Each cylindrically shaped sample was subjected
to a break and adhesive test with the pressure plate at a preload of 0.1 N and a constant
crosshead speed of 50 mm/min. During the break test, the compression plate moved from
the point of reaching preload until the moment the sample fractured and then was retracted
to zero position. The adhesion test was performed by moving the compression plate from
the moment it reached preload to the moment it reached 30% of strain. The instrument
then waited 10 s and the plate was retracted to zero position at the same crosshead speed.

The texture parameters of the cheese were determined using Nexygen Plus 3 soft-
ware [43] and included three parameters (load at break, adhesion force and elasticity). Load
at break is defined as the load at which the sample breaks. Elasticity is calculated as the
extension from the preload to the point of break. Adhesion force is defined as the maximum
negative force required to overcome the attractive forces between the surface of the cheese
sample and the surface of the plate.

2.5. Data Analysis

The procedures of the statistical program SAS Studio [44] were used for the processing
of the sensory data. The PROC MIXED procedure with the Tukey post hoc test was used
with the ripening treatment as a systematic effect and the assessor as a random effect at a
significance level of p = 0.05.

Statistical procedures for texture were performed in SPSS [45]. One-way ANOVA and
general linear model (GLM) were used to study the significance of textural changes in
cheeses subjected to three different ripening treatments during 60 days of ripening. Pairwise
comparisons of mean values were performed using the least significant difference (LSD) test.
The relationship between the variables was analyzed using Pearson’s correlation coefficient.
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3. Results and Discussion
Sensory Properties of Air- and Oil-Ripened Semi-Hard Goat Cheese

Figure 3 shows the appearance and cross-section of the semi-hard goat cheese after
60 days of ripening and Figures 4-8 show the mean scores for the attributes of appearance,
odor, texture, taste, and aroma of each ripening treatment. Table 1 summarizes all 27 sensory
attributes and their reference standards.

Figure 3. Appearance and cross-section of semi-hard goat cheese. From left to right: Group 1 (control
group) = cheese ripened in air (60 days); group 2 = cheese ripened in oil for 50 days after 10 days of
ripening in air; group 3 = cheese ripened in oil for 40 days after 20 days of ripening in air.

Table 1. Definitions and references of the descriptive terms for semi-hard goat cheese.

. . Low—0 High—9
Attribute Descriptor (Not Detected/Like) (Very Intfnsive/Like)
External—color intensity Cottage cheese Cheddar
External—overall likeability 0 9
Appearance Cross-section—rind thickness <5 mm >5 mm
Cross-section—color intensity Cottage cheese Cheddar
Cross-section—overall likeability 0 9
Sour 0 Fermented milk
Rancid 0 Unpleasant
Goat-like 0 Goat
Odor Oily 0 oil
Off-odors 0 Barn, basement etc.
Overall likeability 0 9
Elasticity determined by fingers Parmesan Mozzarella
Stickiness determined by fingers 0 Cheddar
Texture Solubility in mouth Parmesan Mozzarella
Crumbliness in mouth Mozzarella Parmesan
Overall likeability 0 9
Saltiness Mozzarella Feta
Sour 0 Fermented milk
Taste Bitter 0 Arugula
Overall likeability 0 9
Buttery 0 Butter
Goat-like 0 Goat
Oily 0 Oil
Aroma Fruity 0 Nuts, fruits
Rancid 0 Overripen blue cheese
Off-flavor 0 Barn, basement etc.

Persistence Mozzarella Parmesan
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Appearance and cross-section properties

External - color

intensity
8.00

Cross-section - overall

likeability a likeability

Cross-section - color Cross-section - rind
intensity thickness

—8—Group 1 —8—=Group 2 =e=Group 3

External - overall

Figure 4. Descriptive sensory scores of appearance and cross-sectional properties of semi-hard goat

cheese. Group 1 (control group) = cheese ripened in air (60 days); group 2 = cheese ripened in oil for
50 days after 10 days of ripening in air; group 3 = cheese ripened in oil for 40 days after 20 days of
ripening in air. Different letters referring to the same attribute imply significant difference (p < 0.05)

between ripening treatments.

Odor
Sour
8.00
6.00
Overall likeability Rancid
Off-odors Goat-like

Qily

=8=Group 1 =8=Group2 =#=Group 3

Figure 5. Descriptive sensory scores of the odor of semi-hard goat cheese. Group 1 (control
group) = cheese ripened in air (60 days); group 2 = cheese ripened in oil for 50 days after 10 days
of ripening in air; group 3 = cheese ripened in oil for 40 days after 20 days of ripening in air.

Different letters referring to the same attribute imply significant difference (p < 0.05) between

ripening treatments.
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Aroma
Buttery
8.00
6.00
Persistence Goat-like
9§ 400
b
) a
Off-flavor Qily
Rancid Fruity
—e=Group 1l =e=Group 2 Group 3

Figure 6. Descriptive sensory scores of the aroma of semi-hard goat cheese. Group 1 (control
group) = cheese ripened in air (60 days); group 2 = cheese ripened in oil for 50 days after 10 days
of ripening in air; group 3 = cheese ripened in oil for 40 days after 20 days of ripening in air.
Different letters referring to the same attribute imply significant difference (p < 0.05) between
ripening treatments.

Taste

Saltiness
800

Overall likeability Sour

Bitter

—e—Group1l =—e—=Group 2 Group 3

Figure 7. Descriptive sensory scores of the taste of semi-hard goat cheese. Group 1 (control
group) = cheese ripened in air (60 days); group 2 = cheese ripened in oil for 50 days after 10 days
of ripening in air; group 3 = cheese ripened in oil for 40 days after 20 days of ripening in air.
Different letters referring to the same attribute imply significant difference (p < 0.05) between
ripening treatments.
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Figure 8. Descriptive sensory scores of the texture of semi-hard goat cheese. Group 1 (control group)
= cheese ripened in air (60 days); group 2 = cheese ripened in oil for 50 days after 10 days of ripening
in air; group 3 = cheese ripened in oil for 40 days after 20 days of ripening in air. Different letters
referring to the same attribute imply significant difference (p < 0.05) between ripening treatments.

The longer ripening in oil (group 2) had a negative effect on the overall likeability
of the external appearance, as the color intensity of the rind was significantly (p < 0.05)
lower compared to the cheeses of groups 1 and 3, which can also be seen in Figure 3. This
is in accordance with the scores for color intensity in the cross-section and thickness of the
rind, which were significantly lower (p < 0.05) compared to the cheeses of groups 1 and 3
(Figure 4). Also, this is clearly visible in Figure 3, which shows that the cheeses of group 2
had the lowest color intensity and rind thickness. In addition, the air-ripened cheeses had
the highest color intensity in cross-section and rind thickness, which may be due to the fact
that these cheeses had the lowest moisture content compared to the cheeses ripened in oil
after 10 or 20 days of ripening in the air [23], and it is well known that greatest moisture
loss occurs at the beginning of ripening [23,46,47]. In the study of traditional Serbian goat
cheese, the most pronounced changes in cheese color (yellowing) occurred after 14 days
of ripening, which was due to moisture loss, the microbiological activity of non-starter
lactic acid culture, and complex biochemical processes (proteolysis, lipolysis, and oxidation
processes) [48]. The results for the color parameters (yellowness) in the study of Serrana
goat cheese, which was subjected to a particularly long ripening period, were explained by
a slight browning effect typical of cheese ripening [49].

Cheese ripened in oil (groups 2 and 3) had a significantly (p < 0.05) higher intensity
of an oily odor (Figure 5), which was also manifested in the significantly (p < 0.05) higher
oily aroma attribute (Figure 6). Although the duration of ripening in oil was different, no
significant differences (p > 0.05) were found in the oily aroma and odor attributes between
the cheeses of groups 2 and 3. The values for the off-flavor, off-odor, and rancid odor and
aroma attributes were not higher in groups 2 and 3 than in the control group, but the overall
odor likeability score (6.17) was lowest for the cheeses in group 2 which is consistent with
the results of our previous research. Cheeses from group 2 had the lowest odor score (1.65),
compared to the cheeses from group 1 and group 3 (1.88 and 1.79, respectively) [23]. This
can be explained by the longer ripening in oil, which resulted in the most pronounced sour
odor (p < 0.05). In products where the moisture content is not balanced, various defects can



