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Streszczenie

Skaningowa kalorymetria roznicowa (DSC) jest jedng z technik
termoanalitycznych, ktéra wykorzystywana jest do badania zywnosci, w tym mleka
i produktoéw mleczarskich. Wynikiem analizy sg krzywe DSC, na ktorych dokonuje
si¢ wyznaczenia parametrow pikow przemian fazowych.

Badania prowadzone w ramach pracy doktorskiej dotyczyly wykorzystania
skaningowej kalorymetrii roznicowej do oceny wybranych rodzajow mleka i produktow
mleczarskich. Polegaly one na okres$leniu przebiegu krzywych DSC i parametrow
pikow, ze szczegdlnym uwzglgdnieniem przemian fazowych tluszczu mlekowego
oraz scharakteryzowaniu réznic pomig¢dzy whasciwosciami termicznymi tych produktow.
Rezultaty powiazano z profilem kwasow ttuszczowych. Okreslono wplyw obecnosci
wody i zawartos$ci thuszczu w probcee oraz historii termicznej probki na wyniki pomiaru
analizy DSC. Do badan wykorzystano mleko krowie i owcze, $mietanke, maslanke
stodka, masto wyprodukowane ze $mietanki oraz maslo wytworzone ze $mietanki
serwatkowej i ich tluszcze.

W toku badan opracowano szeroka analiz¢ charakterystyki termicznej zwigzang
z thuszczem mlekowym wybranych rodzajow mleka i produktow mleczarskich, co mozna
wykorzysta¢ w przysztych pracach badawczych. Wykazano mozliwos¢ zastosowania
wszystkich parametrow pikow przemian fazowych do oceny charakterystyki termicznej,
jednak najwiekszg przydatno$¢ uzyskano stosujac szerokos¢ piku w polowie jego
wysokosci (AT1/2) do analizy pikoéw egzotermicznych zwigzanych z krystalizacja thuszczu
mlekowego oraz ATz, entalpi¢ i wysoko$¢ piku do badania pikow endotermicznych
zwigzanych z topnieniem tluszczu mlekowego. Przebieg krzywych DSC oraz warto$ci
parametrow pikow przemian fazowych thuszczu mlekowego sa bardziej zréznicowane
w przypadku pikéw endotermicznych w poréwnaniu z pikami egzotermicznymi
i sg zalezne od profilu kwasow tluszczowych, obecnosci wody i zawartosci tluszczu
w probce oraz historii termicznej probki. Zawartos¢ tluszczu oraz profil kwasow
thuszczowych determinujg liczbe 1 wartosci parametrow pikow przemian fazowych
thuszczu mlekowego na krzywych DSC. Zmiana wartosci parametrow pikow jest
zwigzana z udzialem wigkszoéci kwasow thuszczowych oraz ich grup, przy czym
szczegolnie wyrazne powigzania odnotowano pomiedzy stosunkiem SFA i C12:0, C14:0,
C16:0 do MUFA, PUFA i LCFA i C18:1. Redukcja zawartosci wody w probce pozwala

na unikniecie naktadania si¢ pikow przemian fazowych wody na piki przemian fazowych
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thuszczu mlekowego na krzywych DSC, a ksztaltowanie historii termicznej pozwala
na uzyskanie stabilnych form krysztatdéw tluszczu, co wpltywa na zmniejszenie
zréznicowania wynikow.

Skaningowa kalorymetria roznicowa stanowi obiektywng technik¢ o wysokiej
czutosci do oceny przemian fazowych. Wyniki badan moga znalez¢ zastosowanie
w analityce laboratoryjnej mleka i produktow mleczarskich, kontroli ich jako$ci

oraz planowaniu procesow technologicznych w mleczarstwie.

Stowa Kkluczowe: skaningowa Kkalorymetria rdznicowa; przemiany fazowe; mleko

1 produkty mleczarskie; ttuszcz mlekowy
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Abstract

Differential scanning calorimetry (DSC) is one of thermoanalytical techniques
that is increasingly used to analyze foods, including milk and dairy products. The results
of such analyses are used to generate DSC curves and determine the characteristic
parameters of phase transition peaks.

The research conducted as part of the doctoral dissertation focused
on the applicability of DSC for evaluating selected types of milk and dairy products.
The course of DSC curves and peak parameters were determined, with particular
emphasis on the phase transitions of milk fat, and the differences between the thermal
properties of the analyzed products were described. The results were linked to the fatty
acid profile. The effects of the water and fat content of the sample, and the thermal history
of the sample on the results of DSC analysis were determined. Bovine and ovine milk,
sweet cream, sweet buttermilk, butter made from sweet cream, butter made from whey
cream and their fats were used in the study.

The thermal characteristics of milk fat from the examined milk and dairy products
were thoroughly analyzed in the study, and the results can be used in future research.
It was found that all parameters of phase transition peaks can be used to evaluate thermal
characteristics, but peak width at half height (AT12) was most useful for analyzing
exothermic peaks associated with milk fat crystallization, whereas AT1p, enthalpy
and peak height were most useful for analyzing endothermic peaks associated with milk
fat melting. The course of DSC curves and the parameters of milk fat phase transition
peaks are more diverse in the case of endothermic than exothermic peaks, and they
are affected by the fatty acid profile, the water and fat content of the sample, and
the thermal history of the sample. The fat content and the fatty acid profile of the sample
determine the number and values of the parameters of milk fat phase transition peaks
on DSC curves. Changes in the values of peak parameters result from the proportions
of most fatty acids and fatty acid groups, and particularly strong relationships were noted
between SFAs and C12:0, C14:0 and C16:0 vs. MUFAs, PUFAs, LCFAs and C18:1.
Decreased water content of the sample prevents the overlapping of water phase transition
peaks with milk fat phase transition peaks in DSC curves, and shaping the thermal history
allows to obtain stable forms of fat crystals, thus reducing the variability of results.

Differential scanning calorimetry is an objective and highly sensitive

technique for evaluating phase transitions. The research results can be used in laboratory
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analyses of milk and dairy products, quality control, and technological process planning
in the dairy industry.

Key words: differential scanning calorimetry; phase transitions; milk and dairy products;
milk fat
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IF2021 = 2,736; IF5 = 3,039; MEiN2021 = 100 pkt

Moj udzial procentowy w powstanie Publikacji | szacuje na 80%. Polegal
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na uwagi recenzentow.
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on na opracowaniu koncepcji i projektu badan, opracowaniu metodyki i przeprowadzeniu
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wstepnej i ostatecznej wersji manuskryptu oraz na przygotowaniu odpowiedzi na uwagi

recenzentow, a takze byciu autorem korespondencyjnym.
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3) Publikacja 111

Brozek O. M., Kielczewska K., Bohdziewicz K. (2022). The physicochemical
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Suma punktéw MEiN2021 = 300 pkt
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1. Wstep
1.1. Skaningowa kalorymetria réznicowa — podstawowe informacje

Skaningowa  kalorymetria  réznicowa (DSC) nalezy do  technik
termoanalitycznych, w ktorej roznica przepltywu ciepta pomiedzy tyglem
pomiarowym zawierajacym badang probke a tyglem odniesienia przedstawiona jest jako
funkcja temperatury i/lub czasu. Pomiar przeplywu ciepta pomiedzy tyglami
musi si¢ odbywa¢ z zachowaniem tego samego programu temperaturowego (sekwencji)
oraz atmosfery, przy wykorzystaniu symetrycznego systemu pomiarowego
[Islam i in., 2022; ISO 11357-1, 2023; Zontata i in., 2015b]. Wynikiem pomiaru
sg krzywe DSC przedstawiajgce przeptyw ciepta w funkcji temperatury, na ktorych
w konsekwencji zajscia egzotermicznych lub endotermicznych przemian fazowych
w probce obserwowane sa zmiany przebiegu linii bazowej, ktore moga przybra¢ forme
pikow. Na krzywej DSC obserwuje si¢ pik endotermiczny odpowiadajacy przemianie
fazowej pochtaniajacej cieplo, gdy przeptyw ciepla jest wickszy do tygla z probka
niz do tygla odniesienia. Pik egzotermiczny odpowiadajacy przemianie fazowej
uwalniajacej cieplo jest notowany na krzywej DSC, gdy przeplyw ciepta jest wigkszy
do tygla odniesienia niz do tygla z probka [ISO 11357-1, 2023]. W powszechnej praktyce
na osi krzywej DSC zaznacza si¢ kierunek endotermiczny lub egzotermiczny, przy czym
na osi odcigtych znajduje si¢ temperatura lub czas a na osi rzednych znajduje si¢ przeptyw
ciepta [Islam i in., 2022; 1SO 11357-1, 2023]. Oznaczenie kierunku na rzgdnej jest wazne
ze wzgledu na interpretacje krzywej DSC, gdzie w przypadku kierunku egzotermicznego
(na krzywych DSC oznaczane jako egzo lub exo) energia uwolniona przez uktad jest
uwazana za dodatnig (reakcje egzotermiczne), a energia pobrana przez uktad za ujemna
(reakcje endotermiczne), natomiast przy oznaczeniu na rzednej kierunku
endotermicznego (endo) otrzymuje si¢ odwrotng zaleznos¢ [ISO 11357-1, 2023].
Otrzymanie krzywej DSC jest mozliwe na podstawie przeprowadzenia odpowiedniej
sekwencji analizy, sktadajacej si¢ z etapow m.in. ogrzewania i chtodzenia probki przy
ustalonej szybkosci zmiany temperatury, czy tez przetrzymania probki w danej
temperaturze. Analiza DSC moze by¢ przeprowadzana w szerokim zakresie temperatury
0d -90°C do 550°C [Leyva-Porras i in., 2020].

Atutem techniki DSC jest mozliwos$¢ obserwacji niskoenergetycznych przemian

fazowych, co mozna wykorzystywa¢ w ocenie nawet matych zmian sktadu chemicznego
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przy zachowaniu wysokiej doktadnosci wynikéw [Almoselhy, 2020; Tomaszewska-Gras,
2016]. Przebieg krzywych DSC oraz parametry pikow przemian fazowych sa zalezne
od wielu czynnikow, takich jak: zastosowane urzadzenia badawcze, sekwencja analizy,
sposob przygotowania probki i jej masa, szybko$¢ zmiany temperatury, czy tez rodzaj
tygla pomiarowego [Tomaszewska-Gras, 2013].

Dzigki oprogramowaniu analitycznemu mozna dokonywa¢ pomiaréw
charakterystycznych parametrow pikow przemian fazowych, do ktéorych naleza

za Zontala i in. [2015b]:

1) Tmax — maksimum piku - warto$¢ temperatury, przy ktorej szybko§é przemiany
jest najwicksza, co oznacza, ze badany material pochtania lub wydziela w tym
punkcie temperaturowym najwigcej ciepla w jednostce czasu.

2) Tonset — temperatura poczatku przemiany fazowej — punkt przeciecia si¢ stycznej do
nachylenia linii bazowej ze styczng do krzywej biegnacej do $rodka piku przemiany
fazowej. Jest to warto$¢ temperatury oznaczajaca poczatek przemiany, przy ktorej
rozpoczyna si¢ wydzielanie lub pochtanianie energii. Wyznaczona przez
oprogramowanie Tonset nie zawsze odpowiada poczatkowi piku, szczegélnie
w przypadku naktadania si¢ na siebie kilku pikow, wobec czego mozna okresli¢
granice piku, ktorym odpowiadajg punkty poczatku (Ps) i konca (Pe) piku.

3) Ps — temperatura poczatku piku oraz Pe — temperatura konca piku — wartosci
temperatury oznaczajace granice piku przemiany fazowe;j.

4) AH - entalpia - powierzchnia piku okreslajgca catkowity efekt energetyczny;
catkowita 1los¢ energii niezbedna do zajscia przemiany termiczne;.

5) ATz — szerokos$¢ piku w polowie jego wysokoS$ci — roznica temperatury pomigdzy
punktami znajdujacymi si¢ w potowie wysokosci piku. Jest stosowana
do szacowania szybko$ci przemiany fazowej, przy czym im mniejsza warto$¢
AT, tym przemiana fazowa zachodzi szybciej.

6) Pheight — wysoko$¢é piku - roznica przeptywu ciepta pomiedzy poczatkiem przemiany

fazowej a maksimum sygnatu piku.

1.2. Zastosowanie skaningowej kalorymetrii roznicowej w analizie Zywnosci

Podczas produkcji zywnosci stosowanych jest wiele procesow zwigzanych
ze zmiang temperatury (np. suszenie, mrozenie, pasteryzacja) z towarzyszacymi

im  przemianami  fazowymi, do  ktorych nalezg przemiany fizyczne
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(np. krystalizacja, topnienie, parowanie) oraz chemiczne (np. hydroliza lub utlenianie).
Przemiany te maja wplyw na wlasciwosci zywnosci i mogg by¢ analizowane za pomoca
DSC [Islam i in., 2022; Zontata i in., 2015a]. Do celowych manipulacji temperaturowych
wykorzystywanych w przetworstwie zywnosci w celu ksztaltowania jej odpowiednich
cech mozna zaliczy¢ dojrzewanie fizyczne $mietanki, ktore stosuje si¢ w produkcji masta.
Smietanka jest podgrzewana i ochtadzana do okre$lonej temperatury i przetrzymywana
w danej temperaturze w wyznaczonym czasie, co wplywa na proces Krystalizacji
1 topnienia thuszczu mlekowego, a w konsekwencji na uzyskanie pozadanej konsystencji
1 smarownosci masta, pomimo sezonowych wahan profilu kwaséw thuszczowych.

Mleko i produkty mleczarskie sa ukladami wielosktadnikowymi, ktore
charakteryzuja si¢ wystepowaniem wielu przemian fazowych w zblizonym zakresie
temperaturowym, co moze skutkowa¢ nakladaniem si¢ wzajemnie na siebie pikow
odpowiadajagcym przemianom fazowym poszczegdlnych sktadnikoéw. Dotyczy to takze
thuszczu mlekowego, w ktorym kazdy z kwasow tlhuszczowych posiada inng
charakterystyke termiczna, ale przemiany fazowe wielu z nich wystepuja w podobnym
zakresie temperaturowym. Utrudnia to jednoznaczng identyfikacje pikow przemian
fazowych konkretnego kwasu tluszczowego, ze wzgledu na wzajemne naktadanie
si¢ na nie pikow przemian fazowych innych kwasow ttuszczowych. Z tego powodu piki
przemian fazowych obserwowane na krzywych DSC mleka odpowiadaja zazwyczaj
przemianom fazowym nie jednego, lecz wielu sktadnikow, ktére to przemiany
zachodza w zblizonym zakresie temperaturowym. Thuszcz mlekowy mozna podzieli¢
na trzy gltowne frakcje pod wzglgdem topnienia: LMPF — frakcja niskotopliwa
(ang. low melting point fraction), MMPF — frakcja $redniotopliwa (ang. medium melting
point fraction) oraz HMPF — frakcja wysokotopliwa (ang. heigh melting point fraction).
Frakcje te obserwowane sg na krzywych DSC topnienia tluszczu jako piki endotermiczne
I charakteryzuja przemiany fazowe grup kwasow ttuszczowych o zblizonej temperaturze
topnienia, ktoérych piki topnienia naktadajg si¢ na siebie tworzac pik topnienia danej
frakcji [Anankanbil i in., 2018].

Skaningowa kalorymetri¢ roznicowa wykorzystano m.in. w badaniach migsa
[Christensen 1 in., 2011; Kajitani 1 in., 2011; Secci 1 in., 2019], ryb 1 owocéw morza
[Chen i in., 2022; Hamzeh i in., 2019; Schubring, 2009; Xingyi i in., 2013], biatek
ros§linnych [Ricci 1 in., 2018; Wei i in., 2014], skrobi [Huang i in., 2021; Li i in., 2020],
miodu [Dranca i in., 2022; Tomaszewska-Gras i Kijowski, 2010], olejéw roslinnych

| zafatszowan ich sktadu [Chatziantoniou i in., 2014; Islam i in., 2022; Huang i in., 2023;
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Ostrowska-Ligeza i in., 2009; Rudakov i in., 2021; van Wetten i in., 2014; Zhang i in.,
2013].

Technika DSC znalazla takze szereg zastosowan W mleczarstwie, szczegdlnie
w aspektach zwigzanych z thuszczem mlekowym. Na wyniki analizy DSC mleka, poza
czynnikami zwigzanymi z przeprowadzeniem do$§wiadczenia, duzy wptyw maja cechy
osobnicze zwierzat determinujace sktad mleka, w tym gatunek [Osthoff i in., 2011;
Smiddy i in., 2012] i zywienie [Avramis i in., 2003; Couvreur i in., 2006].
Osthoff i in. [2011] badali mleka pochodzace od rdéznych ssakow, charakteryzujgce
si¢ wysokg zawarto$cia kwasow thuszczcowych MCFA, MUFA oraz PUFA
I stwierdzili, ze charakterystyka termiczna tych mlek r6zni si¢ od siebie, co moze zostac¢
wykorzystane do ich identyfikacji. Smiddy i in. [2012] wykorzystali DSC do rozrdznienia
thuszczow mleka krowiego, koziego, owczego, bawolego, konskiego i wielbtadziego
na podstawie charakterystyki topnienia i stwierdzili, ze przebieg topnienia thuszczow
mleka krowiego, bawolego, owczego i koziego byl do siebie zblizony, lecz wyraznie
roznit si¢ od przebiegu topnienia thuszczow mleka konskiego i wielbladziego. Avramis
i in. [2003] uzyli techniki DSC w ocenie wptywu dodatku maczki rybnej ze $ledzia
do paszy przeznaczonej do karmienia krow na wlasciwosci mleka, masta i sera cheddar
oraz zastosowali wyniki analizy DSC do oceny wilasciwosci reologicznych masta
I sera, poprzez okreslenie temperatury topnienia thuszczu mlekowego, co wykorzystali
takze Couvreur i in. [2006] w badaniach wptywu karmienia krow zielonkami na
wlasciwos$ci mleka i masta. Aktas i Kaya [2001] zastosowali DSC do wykrycia dodatku
margaryny 1 tluszczu wotowego do masta na podstawie obserwacji krzywej DSC
krystalizacji thuszczu. Technika DSC zostala oceniona jako czulsza w ocenie zmian
sktadu triacylogliceroli niz metody chromatograficzne przy wykrywaniu dodatku oleju
palmowego do masta [Rudakov i in., 2019; Saranov i in., 2021]. Upadhyay i in. [2017]
z powodzeniem uzyli techniki DSC do oceny zafalszowania sktadu ghee (rodzaj masta
klarowanego) poprzez dodatek do niego tluszczu koziego oraz oleju z orzeszkow
ziemnych. Hjalmarsson [2015] analizowal technika DSC charakterystyke termiczng
serow dojrzewajacych, w ktorych tluszcz mlekowy zastgpiono cze¢sciowo olejami
roslinnymi. Sobti 1 in. [2021] oceniali na podstawie krzywych DSC autentycznos¢ sktadu
oraz poziom dodatku olejow roslinnych do seréw domowych chami. Tomaszewska-Gras
[2012] postuzyta si¢ technikg DSC do oceny zafalszowania sktadu masta dodatkiem
wody. Pugliese i1 in. [2016] wykorzystali skaningowa kalorymetri¢ ro6znicowa

do pordéwnania charakterystyki termicznej mleka petlnego i mleka odtluszczonego
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w proszku podczas ich ogrzewania. Urgu-Oztiirk i in. [2021] oceniali charakterystyke
topnienia tluszczu mlekowego w serze w proszku o obnizonej zawartosci thuszczu.
Ostrowska-Ligeza i in. [2012] uzyly DSC do oceny rownomierno$ci rozlozenia
sktadnikéw mleka po procesie suszenia w koncentratach mlecznych przeznaczonych
do karmienia niemowlat. Bry$ i in. [2021] w badaniach charakterystyki termicznej mleka
ludzkiego i1 jego zamiennikéw wykorzystali DSC m.in. w ocenie stabilno$ci oksydacyjnej
thuszczu, natomiast Ramel i Marangoni [2017] do badania polimorfizmu tluszczu
mlekowego w serach topionych. Brozek i Bohdziewicz [2018] wykazali przydatnosé¢
analizy DSC do pordéwnania charakterystyki termicznej twarogéw o roéznej zawartosci
thuszczu. Skaningowa kalorymetria roznicowa znalazta takze zastosowanie do analizy
obrobki termicznej biatek serwatkowych [Gorska 1 in., 2012; Frydenberg i in., 2016;
Fitzsimons i in., 2006]. Mushtaq i in. [2019] wykorzystali skaningowa kalorymetri¢

réznicowg w celu potwierdzenia proteolizy biatek w serze himalajskim.

1.3. Uzasadnienie wyboru problemu badawczego

Skaningowa kalorymetria r6znicowa jest stosowana w badaniu zywnos$ci przez
naukowcow na calym $wiecie w celu analizy przemian fazowych oraz potencjalnego
ich wykorzystania zarbwno w analityce laboratoryjnej np. do oceny zmian skladu
oraz w przemysle np. do kontroli procesu produkcji zywnosci. W dostgpne;j literaturze
przedmiotu znaleziono jednak stosunkowo nieliczne badania skoncentrowane
na charakterystyce termicznej produktow mleczarskich, przy czym nie przedstawiaty one
whnikliwej analizy krzywych DSC oraz parametrow pikow fazowych, co mogltoby by¢
nowym podejsciem W nauce. Wobec tego aktualnie w literaturze zarysowuje si¢ brak
kompleksowego opracowania charakterystyki termicznej mleka i produktow
mleczarskich, ktore pozwolitoby na szersze zastosowanie skaningowej kalorymetrii
roznicowej w mleczarstwie. W publikacjach wchodzacych w sktad cyklu stanowigcego
prace doktorska nowymi elementami badan pozwalajacymi na poszerzenie wiedzy
na temat charakterystyki termicznej mleka i produktow mleczarskich w stosunku
do dostepnej literatury sg: zastosowanie rozbudowanej sekwencji analizy DSC
ksztaltujacej histori¢ termiczng probki, eliminacja czynnikow wptywajacych na wyniki
pomiaru np. poprzez ograniczenie zawartoSci wody w probcee, a takze pomiar innych
parametréw pikoéw przemian fazowych niz maksimum piku, poczatek przemiany fazowej

I entalpia oraz analiza zalezno$ci pomigdzy tymi parametrami.
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Badania w publikacjach wchodzacych w sktad cyklu zostaty podzielone na etapy.

Po przeprowadzeniu badan wstepnych w pierwszym etapie badan wtasciwych okreslono

charakterystyke termiczng wybranych surowcoOw stosowanych w mleczarstwie, czyli

mleka, $mietanki 1 maslanki, ktore byty zr6znicowane mi¢dzy soba gtownie zawartoscig
thuszczu, profilem kwasoéw thuszczowych 1 rozmiarem kuleczek tluszczowych

(Publikacja I). Kolejnym etapem byto przeanalizowanie mleka pozyskanego od dwoch

réznych gatunkow ssakow, czyli mleka krowiego i mleka owczego oraz ich mieszanek

i okreslenie roznic W ich charakterystyce termicznej (Publikacja I1). Po stwierdzeniu

r6znic pomiedzy produktami oraz ustaleniu, ze charakterystyka termiczna produktow

analizowanych w Publikacji I i w Publikacji 11 przy zastosowaniu przyjetych sekwencji
analizy DSC byta najbardziej zalezna od przemian fazowych tluszczu
mlekowego, w nastgpnym etapie podj¢to badania majace na celu wykorzystanie DSC
do analizy wysokottuszczowych produktow mleczarskich, jakimi byty masto serwatkowe
i masto wyprodukowane ze $mietanki oraz ich thuszcze (Publikacja I11).
Zamierzeniem badan przeprowadzonych w ramach rozprawy doktorskiej byto:

e okreslenie charakterystyki termicznej mleka, $mietanki i maslanki stodkiej
zréznicowanych pod wzgledem zawartosci thuszczu, profilu kwasoéw ttuszczowych,
rozmiaru kuleczek ttuszczowych i historii termicznej probki;

e wykorzystanie DSC do okreslenia réznic pomigdzy wlasciwosciami termicznymi
mleka krowiego i owczego oraz mieszanek tych rodzajow mleka, a takze powiazanie
zmian wartosci parametréw pikow przemian fazowych ze zmianami udziatu kwasow
thuszczowych w tych produktach;

e ustalenie charakterystyki termicznej masta serwatkowego, masta ze $§mietanki i ich
thuszczow przy wykorzystaniu skaningowej kalorymetrii réZznicowej oraz okreslenie
wplywu czynnikow, takich jak obecno$§¢ wody w probce, profil kwasow
thuszczowych i historia termiczna probki na te charakterystyke;

e zidentyfikowanie parametrow pikow przemian fazowych najbardziej odpowiednich

do oceny réznic pomiedzy charakterystyka termiczng badanych produktow.

Uzyskane odpowiedzi na zaprezentowane wyzej Kwestie pozwola
na uzupeilnienie wiedzy w zakresie analizy mleka i produktéw mleczarskich
pod wzgledem ich charakterystyki termicznej.

Waznymi przestankami uzasadniajagcymi badania mleka i produktow

mleczarskich jest ztozonos¢ sktadu samego mleka jako surowca i jego charakterystyczne
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wlasciwo$ci  wsrod innej zywnoS$ci, skutkujace trudno$ciami analitycznymi.
Ponadto waznym aspektem, ktory sktania do podjecia badan jest duzy udziat mleka
1 wyrobow mleczarskich na rynku oraz ztozono$¢ produkcji W przemysle spozywczym,
zarowno w duzych zaktadach, jak i w wytwoérniach zagrodowych, gdzie mozna bedzie
zastosowac otrzymane rezultaty badan.

Lepsze zrozumienie charakterystyki termicznej mleka i produktow mleczarskich
poza rozwojem zastosowan DSC w analizie laboratoryjnej by¢ moze bedzie miato
charakter aplikacyjny w przemys$le i pozwoli na optymalizacjc warunkow
produkcji zywno$ci poprzez obserwacj¢ 1 ksztaltowanie zachodzacych przemian
fazowych, a w konsekwencji osigganiem pozadanych wtasciwosci produktu.
Waznym kierunkiem wykorzystania wynikow moze by¢ réwniez kontrola jakosci mleka
i produktow mleczarskich, w tym autentycznosci sktadu danego surowca
np. do identyfikacji rodzaju zastosowanego do produkcji mleka, poprzez kompleksowa
charakterystyke tlhuszczu mlekowego. W tym aspekcie skaningowa kalorymetria
réznicowa moze by¢ stosowana jako technika uzupetniajaca lub alternatywna do obecnie

stosowanych technik np. chromatografii gazowej czy metod genetycznych.
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2. Cel pracy
2.1. Cel gléwny, cele szczegolowe i hipotezy badawcze pracy doktorskiej

Celem gléwnym badan byto wykorzystanie skaningowej kalorymetrii r6znicowe;j
do oceny wybranych rodzajow mleka i produktow mleczarskich. Tak sformutowanemu

celowi gtdwnemu podporzadkowano nastepujace cele szczegélowe:

1. Scharakteryzowanie przebiegu krzywych DSC i pomiar parametréw pikow
przemian fazowych, ze szczegdlnym uwzglednieniem przemian fazowych
thuszczu mlekowego mleka krowiego i owczego oraz produktéw mleczarskich:
Smietanki, maslanki, masta otrzymanego ze $mietanki, masta serwatkowego

i thuszczow tych maset.

2. Okreslenie przydatnosci parametrow pikéw przemian fazowych w ocenie
charakterystyki termicznej tluszczu mlekowego wybranych rodzajow mleka

i produktéw mleczarskich.

3. Ustalenie wplywu obecnosci wody w probce, zawartosci thuszczu, profilu
kwasow tluszczowych i historii termicznej probki na wyniki pomiaréw analizy

DSC badanych rodzajow mleka i produktow mleczarskich.

4. Powigzanie wynikdéw pomiaru parametréw pikéw przemian fazowych
okreslonych przy wykorzystaniu analizy DSC z profilem kwaséw ttuszczowych

wybranych rodzajow mleka i produktoéw mleczarskich.
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Realizacja badan w ramach pracy doktorskiej shuzyla weryfikacji nastepujacych

hipotez badawczych:

1. Przebieg krzywych DSC oraz warto$ci parametrow pikow przemian fazowych

sg charakterystyczne dla danego rodzaju mleka i produktu mleczarskiego.

2. Na podstawie przebiegu krzywych DSC oraz wynikéw pomiaru parametrow
pikow przemian fazowych mozliwa jest ocena réznic pomi¢dzy charakterystyka
termiczng mleka krowiego, mleka owczego i ich mieszanek, $mietanki,

maslanki, masta ze Smietanki i masta serwatkowego oraz tluszczow tych maset.

3. Wszystkie z zastosowanych w pracy parametrow pikow przemian fazowych
moga by¢ wykorzystane do analizy charakterystyki termicznej tluszczu

mlekowego wybranych rodzajow mleka i1 produktow mleczarskich.

4. Obecnos¢ wody i zawarto$¢ thuszczu w probee oraz historia termiczna probki

determinujg wyniki pomiaru analizy DSC mleka i produktow mleczarskich.

5. Charakterystyka termiczna mleka krowiego i owczego oraz ich mieszanek,
$mietanki i maslanki stodkiej, a takze masta wyprodukowanego ze $mietanki
1 masta serwatkowego oraz tluszczOw tych maset jest zwigzana z profilem

kwasow tluszczowych.
6. Analiza DSC pozwala na zaobserwowanie niewielkich zmian sktadu mieszaniny

mlek pochodzacych od roéznych gatunkow ssakoéw na podstawie przebiegu

krzywych DSC oraz wartos$ci parametrow pikow przemian fazowych.
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3. Material i metody
3.1. Organizacja badan

Badania wlasciwe zostaly poprzedzone nieopublikowanymi badaniami
wstepnymi zwigzanymi z doborem odpowiednich warunkow przeprowadzenia analizy
DSC oraz wlasciwym przygotowaniem probki. Ustalono w nich w jaki sposob ksztattuja
si¢ wlasciwosci termiczne, oceniono wpltyw czynnikdéw zwigzanych z przygotowaniem
probki na wyniki pomiarow réznych rodzajow mleka oraz ustalono odpowiednig
sekwencje analizy DSC w taki sposob, aby wyeksponowa¢ piki przemian fazowych
zwigzanych z thuszczem mlekowym, co stanowilo podstawe do sprecyzowania warunkow
przeprowadzenia analizy i selekcji materiatu przeznaczonego do badan. Organizacja

badan wlasciwych byta podzielona na 3 etapy:

Etap 1 — Okreslenie charakterystyki termicznej (przebieg krzywych DSC
oraz parametrow pikéw przemian fazowych) mleka, $mietanki 1 maslanki,
zroznicowanych pod wzgledem zawartoéci tluszczu, profilu kwasow thuszczowych
i rozmiaru kuleczek tluszczowych oraz ocena wplywu zastosowania powtarzalnych
etapéw grzania i chtodzenia w sekwencji analizy DSC na charakterystyke termiczng

tych produktow (Publikacja I).

Etap 2 — Zbadanie i poréwnanie charakterystyki termicznej mleka owczego
i mleka krowiego oraz ich mieszanek jako surowcow powszechnie wykorzystywanych
w mleczarstwie, a takze powigzanie rezultatow analizy DSC z profilem kwasow

thuszczowych oraz zawarto$cig grup kwasow thuszczowych w probee (Publikacja I1).

Etap 3 — Przeprowadzenie analizy DSC wysokotluszczowych produktow
na przykladzie masta serwatkowego 1 masta wyprodukowanego ze S$mietanki
oraz ich thuszczow, pordéwnanie ich charakterystyki termicznej. Nastgpnie zbadanie
czynnikOw majacych wplyw na charakterystyke termiczng badanych produktow:
obecno$ci wody, zawartosci ttuszezu, profilu kwasow thuszczowych i historii termicznej
oraz powigzanie pomiarow DSC z profilem kwasow tluszczowych oraz zawartoscia

kwasow tluszczowych i ich grup w probee (Publikacja 111)
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3.2. Material badawczy

3.2.1. Publikacja I

Przedmiotem badan bylo mleko krowie od kréw rasy Holsztynsko-Fryzyjskiej
pozyskane zgodnie z normg ISO 707 [2008] ze Stacji Badawczo-Dydaktycznej
Uniwersytetu Warminsko-Mazurskiego (UWM) w Olsztynie znajdujacej si¢ w Batdach
w wojewodztwie Warminsko-Mazurskim, ktore zostato schtodzone po udoju. Poprzez
wirowanie mleka w laboratorium Wydzialu Nauki o Zywnosci UWM w Olsztynie
uzyskano $mietankg, po czym ze $mietanki w wyniku procesu ciaglego zmaslania
otrzymano maslanke¢. Do badan laboratoryjnych skierowano nast¢gpujace materiaty, przy

czym produkty przeznaczone do analizy DSC podkreslono:

e Mleko krowie: surowe, zliofilizowane
e Smietanka uzyskana po odwirowaniu mleka krowiego: surowa, zliofilizowana
e Maslanka uzyskana w trakcie procesu zmaslania metoda ciagla: surowa,

zliofilizowana

3.2.2. Publikacja Il

Materiat badawczy obejmowaly zbiorcze probki mleka krowiego od krow rasy
Holsztynsko-Fryzyjskiej pozyskanego zgodnie z normg ISO 707 [2008] ze Stacji
Badawczo-Dydaktycznej UWM w Olsztynie, znajdujacej si¢ w Batdach w wojewodztwie
Warminsko-Mazurskim oraz zbiorcze mleko owcze pozyskane od owiec rasy
Kamienieckiej karmionych systemem TMR (ang. total mixed ration — catkowicie
wymieszana dawka), pozyskane z gospodarstwa rolnego w Komalwach, potozonego
w  wojewodztwie Warminsko-Mazurskim. Po udoju mileko zostato schtodzone
a nastepnie przetransportowane w warunkach chlodniczych do laboratorium
Wydziatu Nauki o Zywnoéci UWM w Olsztynie, gdzie stworzono mieszanki
mleka owczego z mlekiem krowim zawierajace od 10 do 90% (w stosunku
objetosciowym), ze wzrastajagcym co 10% udzialem mleka krowiego. Do badan
laboratoryjnych skierowano nast¢pujace materiaty, przy czym produkty przeznaczone do

analizy DSC podkre$lono:
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e Mileko krowie pelne: surowe, zliofilizowane

e Mileko owcze pelne: surowe, zliofilizowane

e 9 mieszanek mleka owczego z mlekiem krowim w zakresie 10-90% (w stosunku
objetosciowym) dodatku mleka krowiego do mleka owczego ze zmiang udzialu

co 10%: surowe, zliofilizowane

3.2.3. Publikacja 111

Materiat badawczy stanowily wyprodukowane metoda periodyczng masto
ze $mietanki (MB) oraz masto serwatkowe wytworzone ze $mietanki serwatkowej,
otrzymanej w wyniku produkcji sera Gouda (WB), pozyskane jako produkty koncowe
ze Spoéldzielni Mleczarskiej Rospuda w Filipowie, w wojewddztwie Podlaskim.
Czgs$¢ probek MB i WB roztopiono w 60°C, po czym odseparowano faze ttuszczowa
od fazy wodnej oraz przefiltrowano faz¢ tluszczowg przez saczek, na ktérym znajdowat
si¢ bezwodny wodorosiarczan sodu wyprazony w 150°C, dzigki czemu otrzymano thuszcz
masta ze $mietanki (MBF) oraz thuszcz masta serwatkowego (WBF), ktore postuzyty
do zbadania wptywu obecnosci wody w probkach na wyniki analizy DSC.

Do badan laboratoryjnych skierowano nast¢pujace materiaty, przy czym wszystkie
produkty przeznaczono do analizy DSC:

e Mmasto uzyskane ze §mietanki otrzymanej po wirowaniu mleka krowiego

e masto serwatkowe uzyskane ze $mietanki serwatkowej otrzymanej po wirowaniu
serwatki, ktorg pozyskano w wyniku produkcji sera Gouda

e tluszcz masta wytworzonego ze Smietanki

e tluszcz masta wyprodukowanego ze $mietanki serwatkowej
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3.3. Metody badawcze

3.3.1. Oznaczenie podstawowego skladu chemicznego

W badaniach przedstawionych w Publikacji | surowe mleko, maslanka
1 $mietanka zostaly poddane oznaczeniu zawartosci suchej substancji [AOAC 990.20,
33.2.44, 2007], thuszczu metodg butyrometryczng [ISO 19662, 2018; ISO 19660, 2018],
azotu ogodlnego metoda Kjeldahla i bialka poprzez przemnozenie azotu ogolnego
przez faktor 6,38 [AOAC 991.20, 33.2.11, 2007]. Zawarto$¢ suchej masy, biatka
1 thuszczu w liofilizatach oznaczono instrumentalnie wykorzystujac NIRS™ DS2500
[FOSS, Hillered, Dania].

Zawarto$¢ suchej masy, suchej masy beztluszczowej, wody, bialka, tluszczu
i laktozy w produktach surowych w Publikacji 11 oznaczono instrumentalnie przy
wykorzystaniu MilkoScan™ FT 1200 [FOSS, Hillered, Dania]. Zawarto$¢ suchej masy
liofilizatéw oznaczono wedlug standardu AOAC [metoda 990.20; 33.2.44;
AOAC, 2007], natomiast zawarto$¢ thuszczu w liofilizatach metoda grawimetryczna
Rose-Gottlieba wedtug standardu ISO 1211 [ISO, 2010].

W Publikacji 111 zawarto$¢ suchej masy, suchej masy beztluszczowej oraz wody
masta wyprodukowanego ze $mietanki, masta serwatkowego oraz ich tluszczow
okreslono przy pomocy FoodScan Dairy Analyser [FOSS, Hilleroed, Denmark].
Zawarto$¢ thuszczu tych produktow 0znaczono metoda grawimetryczng Rose-Gottlieba
wg standardu 1SO 1211 [ISO, 2010].

3.3.2. Liofilizacja i oznaczenie aktywnosci wody liofilizatow

Produkty surowe w Publikacji I i Publikacji 11 zamrozono do -22°C a nastepnie
zliofilizowano je przy zastosowaniu parametrow liofilizacji 0,34 mbar i -32°C
wykorzystujac liofilizator Alpha 1-2 LD plus [Martin Christ Gefriertrocknungsanlagen
GmbH, Osterode am Harz, Germany].

Aktywnos$¢ wody liofilizatow zostata oznaczona w 25°C przy wykorzystaniu
analizatora aktywnosci wody Aqualab 4TEV [Meter Group AG, Miinchen, Germany]
z doktadnos$cig pomiaru punktu rosy +0,003 1 +0,3°C.
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3.3.3. Analiza mikroskopowa

Surowe probki mleka, maslanki i $mietanki w Publikacji | obserwowano
przy wykorzystaniu mikroskopu konfokalnego Nikon Eclipse TieC 1 [Nikon, Diisseldorf,
Niemcy] przy 60-krotnym powiekszeniu.

Mikrostrukture zliofilizowanego mleka owczego, mleka krowiego oraz ich
mieszanek w Publikacji 11 zbadano wykorzystujac skaningowy mikroskop elektronowy
Quanta 200 [Thermo Fisher Scientific FEI Company, Hillsboro, OR, USA]

przy zastosowaniu trzech powigkszen: 200, 800 i 1600-krotnego.

3.3.4. Rozmiar kuleczek thuszczowych

Rozmiar kuleczek ttuszczowych surowych probek mleka, maslanki i $mietanki
w Publikacji | oznaczono metodg dyfrakcji laserowej przy wykorzystaniu analizatora
wielkosci czgstek Mastersizer 3000 z przystawka Hydro EV [Malvern Instrument,
Malvern, Wielka Brytania]. Pomiar przeprowadzono przy wspoétczynniku refrakcji mleka
1,46 i wody dejonizowanej Milli-Q [Millipore, Molsheim, France] 1,33. Oznaczono
dv10, dv50, dv90 (Srednica, przy ktorej odpowiednio 10%, 50% i 90% catego rozktadu

wielkos$ci czastek znajduje si¢ ponizej tej wartosci), a takze:

— SPAN - stopien jednorodnos$ci rozmiaru czastek: SPAN = (dv90- dy10)/dv50;
— d43 — $rednica de Brouckere’a: dsz = Tnidi/Znidi®,
— d3p — $rednica Sautera: dsp = Znidi¥/Znidi?,

gdzie: n; — liczba czastek o $rednicy di.
3.3.5. Oznaczenie zawarto$ci kwasow thuszczowych

Thuszcz mlekowy w Publikacji 1, Publikacji Il oraz w Publikacji 111
ekstrahowano metodg Rose-Gottlieba [ISO 1211, 2010]. Estry kwasow tluszczowych
przygotowano zgodnie ze standardem ISO 15884 [ISO, 2002]. Profil kwasow
thuszczowych zostatl oznaczony technika chromatografii gazowej przy wykorzystaniu
chromatografu z detekcja ptomieniowo-jonizacyjng 7890 A [Agilent Technologies, Santa
Clara, CA, USA]. Separacja byla przeprowadzona na kolumnie CP-Sil 88 o dlugosci
100m, $rednicy 0,25mm, grubosci filmu 0,20pum [Agilent Technologies, Santa Clara, CA,
USA]. Parametry rozdzialu: temperatura kolumny 60°C (Imin) do 180°C, przyrost

temperatury 5°C/min, temperatura dozownika 225°C, temperatura detektora 250°C,
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gaz nosny: hel, przeptyw gazu: 0,8ml/min, podziat strumienia 1:100 (w Publikac;ji I
I w Publikacji 1) lub 1:50 (w Publikacji I11), objeto$¢ probki 1ul, liner 0,4mm.
Probke referencyjng stanowit bezwodny tluszcz mlekowy BCR-164 [LGC Standards,
Kietpin, Polska].

Na podstawie rezultatow pomiaru profilu kwaséw ttuszczowych obliczono udziat
ich poszczegdlnych grup, przy czym wyrdzniono kwasy tluszczowe: nasycone (SFA),
jednonienasycone (MUFA), wielonienasycone (PUFA), krotkotancuchowe (SCFA:
C4-C8), sredniotancuchowe (MCFA: C10-C15 w Publikacji 1 i w Publikacji 11
lub C10-C16 w Publikacji 111), dlugotancuchowe (LCFA: C17-C19 w Publikacji |
I w Publikacji Il lub C16-C19 w Publikacji 111) oraz o rozgatezionym tancuchu
weglowym (BCFA). Zaleznie od przyjetej systematyki w danej publikacji kwas C16
nalezat do MCFA (Publikacja 1 i Publikacja Il) lub do LCFA (Publikacja I11).
Na podstawie profilu kwasow tluszczowych oraz zawartosci tluszczu w liofilizatach
obliczono zawarto$§¢ poszczegdlnych kwasow tluszczowych (Publikacja 1)

oraz ich grup w g/100g liofilizatow (Publikacja I, Publikacja I1).
3.3.6. Analiza DSC

Analiza DSC w Publikacji 1, Publikacji Il i Publikacji 11l zostata
przeprowadzona za pomoca skaningowego kalorymetru roznicowego DSC Q10
wyposazonego w zamknigty system chtodzenia RCS [TA Instruments, New Castle, DE,
USA], wykalibrowanego za pomocg indu oraz kondycjonowanego w celu usunigcia
wilgoci z instalacji. Komputerowa obrobke wynikéw wykonano przy wykorzystaniu
programu Universal Analysis 2000 [TA Instruments, New Castle, DE, USA].
Wykorzystano nastgpujace warunki analizy: rodzaj tygla pomiarowego: zamknigty
aluminiowy tygiel pomiarowy; probka referencyjna: pusty tygiel pomiarowy; gaz: azot
o czystosci 99,999%; przeptyw gazu: 50ml/min; szybko$§¢ zmiany temperatury:
10°C/min. Masa probki w Publikacji I i w Publikacji 111 wynosita 10+£1mg, natomiast
w Publikacji Il 3+1mg. Probki wazono wykorzystujac wage laboratoryjna
Mettler Toledo XS205 Dual Range [Mettler Toledo, Columbus, OH, USA].

Sekwencja analizy DSC w publikacjach sktadala si¢ z nastepujacych cykli

1 etapow:
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a) Publikacja I:
Analiza DSC zostata podzielona na dwa cykle nastgpujace po sobie:
Cykl I sktadajacy si¢ z dwoch etapow:
Etap 1) chlodzenie probki od 30°C do -40°C
Etap 2) grzanie probki od -40°C do 95°C
Cykl II sktadajacy si¢ z szesciu etapow:
Etapy 1, 3, 5) chtodzenie prébki od 95°C do -40°C
Etapy 2, 4, 6) grzanie probki od -40°C do 95°C

b) Publikacja Il:

Analiza DSC stanowita jeden cykl i sktadala si¢ z nast¢pujacych po sobie trzech etapow:
Etap 1) grzanie probki od 10°C do 95°C
Etap 2) chlodzenie probki od 95°C do -40°C
Etap 3) grzanie probki od -40°C do 40°C

c) Publikacja I11:
Analiza DSC zostata podzielona na dwa cykle nastgpujace po sobie:
Cykl I sktadajacy si¢ z dwoch etapow:
Etap 1) grzanie probki od -40°C do 95°C
Etap 2) chlodzenie probki od 95°C do -40°C
Cykl II sktadajacy si¢ z szesciu etapow:
Etapy 1, 3, 5) grzanie probki od -40°C do 95°C
Etapy 2, 4, 6) chlodzenie probki od 95°C do -40°C

W kazdej opublikowanej pracy (Publikacja I, Publikacja Il, Publikacja 111)
czas przetrzymania probki w temperaturze koncowej kazdego etapu wynosit 1 min.
Na krzywych DSC przedstawiono na osi rzgdnych kierunek egzotermiczny. Oznaczono
nastgpujace charakterystyczne parametry przemian fazowych: Tmax (maksimum piku;
°C); Tonset (poczatek przemiany fazowej; °C). ATy (Szerokos¢ piku w polowie jego
wysokosci; °C); AH (entalpia; J/g); Preight (Wysokos$¢ piku stanowigca rdznice przeptywu
ciepta pomiedzy Tmax a Ps; W/Q) (Publikacja I, Publikacja Il i Publikacja I11); Ps (punkt
poczatku formowania piku; °C) i Pe (punkt konca formowania piku; °C) (Publikacja |
i Publikacja I11).
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3.3.7. Analiza barwy

Analiza barwy MB i WB w Publikacji 111 zostata przeprowadzona w systemie
CIELAB 1 wyrazona w trzech wartosciach: L*, jasno$¢ od czerni (0) do bieli (100); a*,
od zielonego (-60) do czerwonego (+60); b*, od niebieskiego (-60) do zottego (+60) przy
pomocy CR-400 Chroma Meter [Konica Minolta Sensing Americas, Inc., USA].
Wyniki postuzyly do przeliczenia za Pathare i in. [2013]: nasycenia C* wedlug wzoru
C*=(a*2+b*?)%5; indeksu bieli (WI) wedtug wzoru WI=100-[(100-L*)?+(a*)?+(b*)?]°>;
indeksu zazotcenia (YI) wedlug wzoru YI=142,86b*/L*; catkowitej rdznicy
nasycenia (AC*) pomiedzy MB i WB wedlug wzoru AC*=(Cms**-Cws*?)
oraz catkowitej roznicy barwy (AE*) pomigdzy WB i MB wedlug wzoru

AE*=[(Lme*-Lws*)*+(ams*-awe*)*+(bms*-bws*)*]*.
3.3.8. Analiza tekstury

Analize tekstury MB i WB w Publikacji 111 przeprowadzono przy wykorzystaniu
analizatora tekstury TA.XT.plus z oprogramowaniem komputerowym Texture Exponent
32 [Stable Micro Systems, Godalming, Wielka Brytania]. Probki masta przechowywano
w warunkach chtodniczych w temperaturze 6+1°C i w takiej temperaturze dokonano
pomiarow W komorze termostatycznej [ Temperature Applied Sciences Ltd, West Sussex,
Wielka Brytania] chtodzonej ciektym azotem z cylindra XL-120 [Taylor-Wharton Gas
Equipment Sdn. Bhd., Shah Alam, Selangor, Malezja]. Przeprowadzono test penetracji
z glowicg cylindryczng P/6 przy zadanej glgbokosci 20mm 1 predkosci przesuwu glowicy
2mm/s oznaczajgc twardos¢ (N), kohezyjnos¢ (N), konsystencje (Nxs) oraz indeks
lepkosci (Nxs). Twardo$¢ reprezentowana byta poprzez warto$¢ pomiaru maksymalnej
sity potrzebnej do wbicia gtowicy w probke. Kohezyjnos¢ odpowiadata maksymalnej sile
potrzebnej do wyciagniecia glowicy z probki, podczas powrotu glowicy do stanu
poczatkowego. Konsystencja i indeks lepkosci zostaty wyznaczone jako pole pod krzywa
sity w funkcji czasu poprzez penetracje probki 1 powrdt gtowicy do pozycji poczatkowej

a ich ujemne wartos$ci wynikaty z kierunku ruchu glowicy penetrujace;.

3.3.9. Ocena sensoryczna

Ocena sensoryczna masta wyprodukowanego ze S$mietanki oraz masta
serwatkowego zostala przeprowadzona wedlug pieciostopniowej skali punktowej

zgodnie znormg ISO 13299 [2016] przez zespo6t osmiu panelistow wyposazonych w karty
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produktu oraz punktacji, ktorych wrazliwos¢ smakowa zostata potwierdzona zgodnie
z normg ISO 8586 [2014]. Do oceny sensorycznej wzi¢to pod uwage deskryptory
opisujgce: wyglad (1 deskryptor: jednolito$¢ barwy), zapach (4 deskryptory: orzechowy,
mlekowy, pasteryzacji, serowy), konsystencja (3 deskryptory: zwigzto$¢, twardo$¢,
krucho$¢) oraz smak (4 deskryptory: orzechowy, mlekowy, pasteryzacji, Serowy)

3.3.10. Analiza statystyczna

Badania realizowane w Publikacji I, w Publikacji Il i w Publikacji 11l
przeprowadzono w trzech réwnolegtych pomiarach dla kazdej probki. Rozktad normalny
wszystkich wynikow w Publikacji | i w Publikacji 11 i parametrow pikéw przemian
fazowych w Publikacji 111 zweryfikowano testem Shapiro-Wilka, po czym wykonano
test istotno$ci roznic stosujac test Duncana (¢=0,05) i jednoczynnikowg analize wariancji.
Wyniki profilu kwasow tluszczowych, oceny sensorycznej oraz parametrow barwy
I tekstury w Publikacji 11 zostaty przeanalizowane za pomoca testu t-Studenta (p<0,05).

W celu okreslenia stopnia powigzania warto$ci poszczegdlnych zmiennych
ze zmiang udziatu mleka krowiego w mieszankach mleka owczego z mlekiem krowim
w Publikacji Il wykonano analiz¢ korelacji liniowej Pearsona przy a=0,01 pomi¢dzy
zawarto$cig kwasow thuszczowych i wartosciami parametréw pikéw przemian fazowych
a udziatem mleka krowiego w mieszankach mleka owczego z mlekiem krowim.

Analiza glownych sktadowych (PCA) zostala wykorzystana w Publikacji |
do okreslenia zaleznosci pomiedzy profilem kwasoéw thuszczowych a rodzajem probki
(mleko, maslanka i $mietanka). W Publikacji 11 analize PCA wykorzystano do ustalenia
powigzan pomiedzy wartosciami parametrow pikow przemian fazowych, profilem
kwasow thuszczowych, zawarto$cig kwasow tluszczowych 1 ich grup w produktach
oraz zawartoscig thuszczu w zaleznos$ci od rodzaju produktu (mleko krowie, mleko owcze
I mieszanki mleka owczego z mlekiem krowim w zakresie dodatku mleka krowiego
do mleka owczego 10-90% w stosunku objetosciowym, ze zmiang udziatu
mleka krowiego co 10%). Analiza gldwnych sktadowych w Publikacji 111 postuzyta
do okreslenia zwigzku pomigdzy profilem kwasow thuszczowych a parametrami pikow
przemian fazowych w zalezno$ci od rodzaju probki (tluszcz masta serwatkowego
1 thuszcz masta ze $mietanki).

Wszystkie analizy statystyczne zostaly przeprowadzone przy wykorzystaniu
programu Statistica v. 13.1 [StatSoft Inc., Tulsa, OK, USA].
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4. Wyniki i dyskusja

Wykorzystujac technikg DSC przeprowadzono badania tradycyjnych surowcow
1 produktéw mleczarskich zréznicowanych pod wzgledem charakterystyki thuszczu
mlekowego, niemodyfikowanych w zaden sposoéb wykraczajacy poza klasyczne
technologie. Przyjete sekwencje analizy DSC pozwolily na obserwacje przemian
fazowych zwigzanych z thuszczem mlekowym. Do badania wszystkich produktow
zastosowano takie same warunki przeprowadzania analizy DSC, w tym dotyczace
kalibracji, kondycjonowania, wykorzystanego gazu oraz jego przeptywu, rodzaju tygli
pomiarowych, czy szybkosci zmiany temperatury (za optymalng do przedstawienia
przemian fazowych zwigzanych z tluszczem mlekowym ustalono 10°C/min). Gtéwna
roznicg pomiedzy przeprowadzeniem analizy DSC w poszczeg6lnych publikacjach byto
zastosowanie innych sekwencji (podzielonych na cykle i etapy), aby jak najlepiej
wyeksponowaé piki przemian fazowych zwigzanych z tluszczem mlekowym

I wykorzysta¢ je do osiggni¢cia odpowiedzi na zadane cele w poszczegdlnych pracach.

4.1. Charakterystyka termiczna maslanki, mleka i Smietanki — Publikacja |

Publikacja | miala na celu kompleksowe przedstawienie parametrow fazy
emulsyjnej, takich jak zawarto$¢ ttuszczu, rozmiar kuleczek ttuszczowych, profil kwasow
thuszczowych oraz wilasciwosci termicznych mleka, $mietanki i stodkiej maslanki.
Porownano przebieg krzywych DSC mleka, maslanki i $mietanki, ze szczegdlnym
uwzglednieniem przemian fazowych tluszczu mlekowego oraz dokonano pomiaru
charakterystycznych parametréw pikow przemian fazowych, a takze oceniono wpltyw
historii termicznej probek na ksztatt krzywych oraz wyniki pomiarow parametréw pikow
przemian fazowych. Przeprowadzono analize gtéwnych sktadowych (PCA) w celu
okreslenia zaleznosci pomigdzy profilem kwasow tluszczowych a rodzajem probki.

Maslanka, mleko oraz $mietanka byty zréznicowane pod wzgledem zawarto$ci
thuszczu, profilu kwaséw tluszczowych, rozmiarow kuleczek tluszczowych
oraz mikrostruktury. Najwieksza zawarto$¢ thuszczu oraz rozmiar kuleczek thuszczowych
byta w $mietance, a najmniejsza w maslance. Udzial LCFA w thuszczu maslanki, mleka
1 $mietanki wzrastat w nastgpujacej kolejnosci mleko, maslanka, Smietanka, przy czym
odwrotne zaleznosci odnotowano w zawartosci MCFA. Najwigcej MUFA i PUFA
kwasow thuszczowych oznaczono w maslance, a najmniej w mleku, co wynika

prawdopodobnie z wysokiej zawartosci sktadnikow otoczek kuleczek thuszczowych.
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Kuleczki tluszczowe $mietanki ulegly aglomeracji, o czym $wiadczy wystgpienie
aglomeratow, natomiast w przypadku maslanki zaobserwowano wiskolizacje, czego
wynikiem byto wystepowanie drobnych tancuchéw kuleczek thuszczowych.

Aby unikng¢ wplywu obecnosci wody na wyniki analizy DSC probki poddano
liofilizacji i uzyskano liofilizaty o aw=0,05-0,08 maslanki (o zawartosci suchej masy
97,83%+0,47%, thuszczu 5,70%+0,17% i biatka 34,72%+0,12%), mleka (o zawartoSci
suchej masy 97,73%+0,69%, tluszczu 29,64%+0,33% 1 biatka 24,79%+0,25%)
oraz $mietanki (0 zawartosci suchej masy 97,89%+0,24%, thuszczu 84,37%+0,30%
I biatka 5,08%+0,20%).

Krzywe DSC zliofilizowanych probek maslanki, mleka i $mietanki rdéznity
si¢ od siebie znaczaco przebiegiem oraz charakterystyka pikow przemian fazowych.
Te same oznaczenia literowe na krzywych DSC mas$lanki, mleka i $mietanki
w Publikacji | wskazujg analogiczne w stosunku do siebie piki (Publikacja I, Fig. 3, 4).
Zawarto$¢ thuszczu w probce determinowata m.in. liczbe pikow oraz ich wielkos¢
reprezentowang przez warto$Ci AH oraz Preignt, ktore wzrastaly wraz ze zwigkszeniem
zawarto$ci thuszczu w produkcie (Publikacja I, Fig. 3, 4; Table 4, 5). Roznice
w charakterystyce pikéw przemian fazowych thuszczu mlekowego (Publikacja I, Fig. 3,
4; Table 4, 5) byly zalezne od zawartosci thuszczu, ktora przektadata si¢ na zawartos$é
kwasow ttuszczowych w probkach (Publikacja I, Table 3).

Podczas chtodzenia prébek od 30°C do -40°C (w cyklu I) i od 95°C do -40°C
(w cyklu 1) w maslance odnotowano tylko jeden pik egzotermiczny (A), w mleku
zaobserwowano dwa piki egzotermiczne (A 1 B), natomiast w $mietance trzy piki
egzotermiczne (A, B i C) (Publikacja I, Fig. 3). Pik A wystepowal w zaleznosci
od probki w zakresie temperatury od ok. 11°C do -40°C (maslanka, mleko
1 $mietanka), pik B byl niewyraznie rozdzielony od piku A i wystgpowal w zakresie
temperatury od ok. 15°C do 11°C (mleko 1 $mietanka), natomiast pik C od ok. 20-22°C
do ok. 15°C (tylko w $mietance) (Publikacja I, Fig. 3). Stwierdzono, ze pik A
byt zwigzany z zawartoscig MUFA i1 PUFA (szczegdlnie C18:1), natomiast piki B i C
byly zwigzane z zawartoscig SFA (gltownie C14:0, C16:0 i C18:0). Piki egzotermiczne
A, B 1 C byly zwigzane z krystalizacja tluszczu mlekowego na co wskazujga dane
literaturowe [Hokannen i in., 2021; Michalski i in., 2004; Tomaszewska-Gras, 2013;
Truong i in., 2014].

We wszystkich probkach podczas grzania od -40°C do 95°C (w cyklu I1w cyklu
I1) odnotowano dwa piki endotermiczne nazwane D i E, ktéore wedlug danych
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literaturowych byty zwigzane z topnieniem thuszczu mlekowego [Hokannen i in., 2021;
Michalski i in., 2004] (Publikacja I, Fig. 4). Pik D nie posiadatl wyraznego poczatku piku
a jego koniec znajdowal si¢ w zakresie temperatury 18-24°C. Byt to pik zwigzany
z niecatkowicie rozdzielonymi od siebie pikami topnienia LMPF i MMPF.
Pik E wystepowat w zakresie temperatur od ok. 18-24°C do ok. 34-42°C i byt zwigzany
z topnieniem HMPF. Tomaszewska-Gras [2013] odnotowata podobny przebieg
nierozdzielonych od siebie pikéw zwigzanych z topnieniem LMPF i MMPF tluszczu
mlekowego oraz wyraznie rozdzielony od nich pik odpowiadajacy topnieniu HMPF.
Sekwencja analizy DSC w Publikacji | zostala podzielona na dwa
cykle, aby zaobserwowaé roznice pomiedzy charakterystyka krzywych DSC
przy tagodnej obrobce temperaturowej probki (cykl I: etap 1 — chtodzenie od 30°C
do -40°C, etap 2 — ogrzewanie od -40°C do 95°C) w stosunku do wielokrotnego
grzania i chtodzenia probki w szerokim zakresie temperatur od -40°C do 95°C (cykKl II:
etapy 1, 3 i 5 — ogrzewanie od -40°C do 95°C, etapy 2, 4 i 6 — chlodzenie od 95°C
do -40°C). W przypadku chtodzenia, gdzie odnotowano piki krystalizacji ttuszczu, nie
zaobserwowano znaczacych zmian w przebiegu krzywych DSC pomigdzy cyklem I
(Publikacja I, Fig. 3a) a cyklem Il (Publikacja I, Fig. 3b), natomiast w przypadku
topnienia tluszczu krzywe DSC tego samego produktu réznity sie od siebie w cyklu I
(Publikacja I, Fig. 4a), jednak roznice te zaniklty w cyklu II (Publikacja I, Fig. 4b).
Przeprowadzenie cyklu 1l poskutkowato mniejszym zréznicowaniem wynikow (mniejsze
odchylenie standardowe), szczegdlnie w wartosciach parametréw opisujacych piki
endotermiczne topnienia frakcji thuszczu mlekowego na krzywych DSC $mietanki
(Publikacja I, Table 5). Dodatkowo pomigdzy parametrami pikow endotermicznych
niektore ze statystycznie istotnych roznic odnotowano jedynie w cyklu 11 analizy DSC,
co dotyczyto ATip, Ps oraz Pe (p<0,05) (Publikacja I, Table 5). Wykazane rdznice
swiadcza o tym, ze wielokrotne chtodzenie 1 ogrzewanie probki wptywa na proces
krystalizacji i topnienia thuszczu mlekowego maslanki, mleka i $Smietanki. Przebieg
krzywych DSC nie zmienia si¢ znaczaco podczas stosowania dalszych etapow
grzania i chtodzenia probek po uprzednim dwukrotnym przeprowadzeniu tych
etapow, co $wiadczy o odwracalnosci obserwowanych przemian. Z tego wzgledu
zastosowanie wielokrotnego grzania i chtodzenia pozwala na doktadniejszg analize¢ DSC
mleka, maslanki 1 $mietanki w aspekcie poréwnywania tych produktow miedzy
soba, poprzez osiagniecie Stabilnego przebiegu krzywej DSC oraz zmniejszenia

zrdéznicowania wynikow pomigdzy powtdrzeniami analizy DSC probek tego samego
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produktu, co jest korzystne z punktu widzenia analitycznego. Wedlug danych
literaturowych zmiana przebiegu krzywych DSC poprzez ksztattowanie historii
termicznej wynika z polimorfizmu krysztatow tluszczu, ktore przechodza z niestabilnej
formy heksagonalnej o w stabilne formy B i p’ [Fredrick i in., 2011; Hondoh i Ueno,
2016; 2009; Staniewski i in., 2021; Viriato i in., 2019; Wiking i in., 2009].

W mleku i maslance w cyklu | odnotowano nieuformowany w petni
endotermiczny pik F o poczatku w ok. 40°C i 0 koncu poza zastosowanym w sekwencji
analizy DSC zakresem temperaturowym (>95°C) (Publikacja I, Fig. 4a). Pik ten
wystapit jedynie w cyklu I sekwencji analizy DSC, w przeciwienstwie do pozostatych
pikow endotermicznych D i E. Swiadczy to o zajéciu w cyklu | nieodwracalnej przemiany
fazowej, przez co nie odnotowano piku F w cyklu Il (Publikacja I, Fig. 4b).
Charakterystyka tego piku roznita si¢ pomiedzy probkami maslanki i mleka, przy czym
wigkszy pik odnotowano w maslance, co mogto wynika¢ z réoznic w zawartosci biatka
w liofilizatach. Pik F na krzywej DSC mleka i maslanki prawdopodobnie byt zwigzany
z denaturacja bialek, ktora jest przemiang nieodwracalng, co tlumaczyloby
nieodnotowanie piku F w cyklu Il na krzywych mleka i maslanki oraz na krzywej DSC
$mietanki w obu cyklach. Ostrowska-Ligeza i in. [2012] oraz Szulc i in. [2016]
zaobserwowali pik zwigzany z denaturacjg biatka w mleku w proszku, ktory zaczynat
si¢ od ok. 40°C i konczyt w temperaturze ok. 140°C, przy czym maksimum tego piku
wynosito ok. 105°C.

Parametry pikow egzotermicznych i endotermicznych przemian fazowych réznity
si¢ pomigdzy produktami (p<0,05) (Publikacja I, Table 4, 5). Zaréwno w cyklu I, jak
1 cyklu II w obu typach pikdéw najnizsze wartosci ATz odnotowano w $mietance
(p<0,05), co wskazuje na to, ze przemiany fazowe krystalizacji i topnienia tluszczu
$mietanki przebiegaty najszybciej (Publikacja I, Table 4, 5). Jedynym wyjatkiem byt pik
D w cyklu I, ktorego warto$¢ ATy nie roznita sie istotnie statystycznie pomigdzy
$mietankg a pozostatymi produktami (p<0,05) (Publikacja I, Table 5). Zdecydowanie
wigksze wartosci AH oraz Preight pikow egzotermicznych, a takze pikéw endotermicznych
w porownaniu z mlekiem i maslankg odnotowano w $mietance, co bylo zwigzane
ze znacznie wigkszg zawarto$cig thuszczu oraz kwasow thuszczowych w produkcie
(Publikacja I, Table 4, 5). Warto$ci Tmax pikow egzotermicznych A i B (ze wzgledu
na brak mozliwosci ich odseparowania analizowanych wspdlnie) byly najwicksze
w przypadku $mietanki i roznity sig statystycznie istotnie pomigdzy produktami (p<0,05)
(Publikacja 1, Table 4). Wartos¢ Tmax endotermicznego piku D w cyklu II byta
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statystycznie istotnie nizsza w porownaniu z pozostalymi produktami (p<0,05)
(Publikacja I, Table 5).

Poczatek przemiany fazowej reprezentowany przez wartosci Tonset 10Znil si¢
pomiedzy produktami w przypadku pikow egzotermicznych A i B oraz endotermicznych
D i E w cyklu II, natomiast w cyklu I statystycznie istotne roznice odnotowano jedynie
w przypadku pikow A i B pomigdzy mlekiem a pozostatymi produktami (p<0,05)
(Publikacja I, Table 4, 5). Najwyzsze wartos$ci Tonset pikow A 1 B odnotowano w mleku
w przypadku obu cykli analizy DSC, co $wiadczy o tym, ze krystalizacja tluszczu
nastepowata najszybciej w mleku w porownaniu z pozostaltymi produktami
(Publikacja I, Table 4). Topnienie LMPF i MMPF (reprezentowane przez pik D)
oraz HMPF (pik E) $mietanki w cyklu II przebiegalo w wyzszej temperaturze
w poroéwnaniu z pozostatymi produktami (Publikacja I, Table 5). Wartos¢ poczatku
pikdéw egzotermicznych A i B w obu cyklach byta najwicksza w mleku, podobnie jak
warto$¢ Tonset, cho¢ nie roznita si¢ statystycznie istotnie od wartosci Ps maslanki
(p>0,05), natomiast Ps pikow egzotermicznych A i B roznily si¢ istotnie statystycznie
pomigedzy mlekiem i maslanka a $mietankg (p<0,05) (Publikacja 1, Table 4).
Ps endotermicznego piku E w cyklu II podobnie jak wartosci Tonset byly najwicksze
w $mietance, a najmniejsze w mleku. Pe endotermicznych pikéw D i E roznity
si¢ statystycznie istotnie jedynie w cyklu II, przy czym najwicksze wartosci Pe piku D
odnotowano w $mietance a najmniejsze w mleku, natomiast najwigksze wartosci Pe piku
E odnotowano w mleku, a najmniejsze w maslance (p<0,05) (Publikacja I, Table 5).

Wartosci ATz pikow A 1 B maslanki oraz C $mietanki roznily si¢ statystycznie
istotnie pomigdzy cyklem I a cyklem Il (p<0,05), co pozwolito stwierdzi¢, ze ttuszcz
maslanki ulegal szybszej, natomiast thuszcz $mietanki wolniejszej krystalizacji podczas
wielokrotnego grzania i chlodzenia w pordwnaniu z pierwszym chtodzeniem probki
(Publikacja 1, Table 4). Poréownanie parametrow pikéw endotermicznych D i E
zwigzanych z topnieniem tluszczu pomiedzy cyklami wykazato statystycznie istotne
réznice W mleku pomiedzy Tmax piku D, AT121 AH pikow D i E, a takze Pe piku D
oraz w maslance pomigdzy ATz i AH pikéw D i E, Tonset | Pe piku D, oraz Ps i Pe piku E
(p<0,05) (Publikacja I, Table 5). Nie wykazano réznic pomiedzy cyklem | i cyklem 1l
w pozostatych parametrach pikow oraz w $mietance (p>0,05) (Publikacja I, Table 4, 5).

Podsumowujac maslanka, mleko 1 $mietanka rdéznily si¢ miedzy soba
pod wzgledem przebiegu krzywych DSC oraz warto$ciami parametrow przemian

fazowych krystalizacji i topnienia tluszczu mlekowego. Proces wielokrotnego

Strona | 35



chtodzenia i ogrzewania probki wplywa na mniejsze zréoznicowanie wynikow analizy
DSC, co mozna stosowaé w aspekcie poroOwnywania charakterystyki termicznej
mleka, maslanki 1 $mietanki migdzy soba. Zawartos¢ tluszczu 1 kwasow
thuszczowych determinuje liczbe obserwowanych pikéw oraz ich wielkos¢. W $mietance
mozna zaobserwowac dodatkowy pik egzotermiczny zwigzany z krystalizacja thuszczu
oraz wyzsze wartosci entalpii przemiany fazowej i wysokosci pikéw, w poréwnaniu
z mlekiem i maslankg, co prawdopodobnie jest zwigzane z wieksza zawarto$cig thuszczu
i kwasow tluszczowych w produkcie w stosunku do mleka i maslanki. Przy planowaniu
dalszego zastosowania w badaniach i aplikacji w przemysle nalezatoby wzia¢ pod uwage
Tmax, Pheight oraz AT1 pikow egzotermicznych zwigzanych z krystalizacja oraz AT,
Pheight oraz AH pikow endotermicznych zwigzanych z topnieniem thuszczu mlekowego

maslanki, mleka i $mietanki.

4.2. Charakterystyka termiczna mleka owczego, mleka krowiego oraz ich mieszanek
— Publikacja 1l

Publikacja Il miata na celu poréwnanie wlasciwosci termicznych oraz profilu
kwasow tluszczowych mleka owczego, mleka krowiego oraz mieszanek mleka owczego
z mlekiem krowim o réznym udziale mleka krowiego. Oceniono wptyw réznic udziatu
mleka krowiego w mieszankach na zmiany sktadu kwasow ttuszczowych, przebieg
krzywych DSC oraz wartosci parametrow pikéw przemian fazowych, co nie bylo
dotychczas badane w dostepnej literaturze.

Surowe mleko owcze charakteryzowalo si¢ wieksza zawarto$cig kwasow
thuszczowych C6:0, C8:0, C10:0, C12:0, C14:0, C14:0i, C15:0ai, C16:0i, C18:0,
C18:12t, C18:2, C18:3 oraz PUFA, SCFA, LCFA i BCFA w stosunku do surowego
mleka krowiego natomiast surowe mleko krowie charakteryzowato si¢ wigksza
zawartoscig C10:1, C11:0, C13:0, C13:0ai, C14:0, C14:1, C15:0,C16:0i C16:1 oraz SFA
I MCFA w stosunku do surowego mleka owczego (p<0,05) (Publikacja 11, Table 1).

Opierajac si¢ na ustaleniach z Publikacji | do przeprowadzenia analizy DSC
probki zliofilizowano a ich podstawowy sktad chemiczny oraz aktywno$¢ wody zostaty
przedstawione w Table 2 (Publikacja I1). Zawarto$¢ thuszczu w mleku owczym byta
wyzsza niz w mleku krowim, przez co w liofilizatach zmniejszata si¢ wraz ze wzrostem
udzialu mleka krowiego w probkach, przy czym nie zaobserwowano podobnych
zaleznos$ci w przypadku zawartosci suchej masy. Zawartos¢ wszystkich grup kwasow

thuszczowych w przeliczeniu na 100g produktu wzrastata wraz z udzialem mleka
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owczego w mieszankach, przy czym najwigcej statystycznie istotnych réznic pomiedzy
probkami odnotowano w zawarto$ci SFA, a najmniej w MCFA (Publikacja I1, Table 1).

Sekwencje analizy DSC w Publikacji 11 zaczeto od ochtodzenia probki z 95°C
do -40°C, podczas czego na krzywych DSC uzyskano piki egzotermiczne zwigzane
z krystalizacja tluszczu, a nastepnie ogrzewano probke od -40°C do 40°C, podczas czego
odnotowano piki endotermiczne zwigzane z topnieniem ttuszczu.

Krzywe DSC mleka owczego oraz mieszanek mleka owczego z mlekiem krowim,
ktore zawieraly <60% mleka krowiego charakteryzowaly si¢ wystepowaniem jednego
piku egzotermicznego (A), wystepujacy od ok. 10-11°C do ok. -40°C (Publikacja 11,
Fig. 2). W probkach mieszanek mleka owczego z mlekiem krowim, ktore zawieraty
>70% mleka krowiego oraz w probce mleka krowiego odnotowano pik egzotermiczny
(B), ktory nie byl wyraznie odseparowany od piku A i wystepowal w zakresie
temperatury od ok. 14,5°C do ok. 10,5°C (Publikacja Il, Fig. 2). Podobnie jak
w przypadku pikow egzotermicznych w Publikacji | powigzano je z krystalizacja
thuszczu mlekowego. W mleku owczym oraz w mieszankach zawierajacych <60% mleka
krowiego odnotowano dwa piki endotermiczne (C i F), natomiast w mieszankach
zawierajagcych >70% mleka krowiego oraz w probce mleka krowiego odnotowano trzy
piki endotermiczne (D, E i F) (Publikacja 11, Fig. 4). Pik C odpowiadat nierozdzielonym
od siebie pikom topnienia frakcji LMPF i MMPF (brak wyraznego poczatku piku
i 0 konicu w ok. 13-18°C), natomiast pik F odpowiadat topnieniu frakcji HMPF (od ok.
19-20°C do ok. 35-37°C). Pik F ulegal zwickszeniu wraz ze wzrostem udziatlu mleka
krowiego w mieszankach (Publikacja Il, Fig. 4). Wyksztalcenie si¢ pikéw D (0 braku
wyraznego poczatku i o koncu ok. 17-20°C) oraz E (od ok. 13-14°C do ok. 17-20°C)
powiazano z rozdzielonymi od siebie pikami topnienia frakcji odpowiednio LMPF
i MMPF, ktore byly zwigzane z przeksztatlcaniem piku C nastepujacym wraz
ze zwigkszaniem udzialu mleka krowiego w mieszankach. Tomaszewska-Gras [2013]
wykazala, Ze czeSciowe nakladanie si¢ pikow endotermicznych odpowiadajacym réznym
frakcjom thuszczu jest zwigzane ze zblizonym zakresem temperaturowym, w ktorym
zachodzi proces topnienia tych frakcji. Osthoff i in. [2011] w analizie DSC mleka
owczego zaobserwowali jeden pik egzotermiczny i jeden pik endotermiczny w zakresie
temperatur od 0°C do 20°C. Jednym z czynnikow wplywajacych na proces rozdziatu
polaczonych ze sobg frakcji LMPF i MMPF jest szybkos$¢ zmiany temperatury. Szybkos¢
zmiany temperatury w analizie DSC w Publikacji Il zostata ustalona na 10°C/min, przez

co prawdopodobnie uzyskano mozliwie najwieksze rozdzielenie si¢ pikéw topnienia
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frakcji LMPF i MMPF, przy zalozonych warunkach dos$wiadczenia. Potwierdzaja
to badania przeprowadzone przez innych badaczy. Szulc i in. [2016] w badaniach mleka
pelnego w proszku oraz Pugliese i in. [2019] analizujac liofilizowane mleko
krowie otrzymali dwa piki endotermiczne zwigzane z topnieniem tluszczu przy
zastosowaniu szybko$ci zmiany temperatury 5°C/min. Tomaszewska-Gras [2013]
zaobserwowala, ze najwicksze rozdzielenie si¢ pikéw frakcji LMPF i MMPF ttuszczu
mlekowego masta mozna dostrzec przy szybkosci grzania 10°C/min, natomiast
przy predkosciach grzania 1°C/min pik zwigzany z topnieniem frakcji LMPF na krzywej
DSC niemal zanika, a przy szybkosci grzania 20°C/min piki frakcji LMPF i MMPF
ulegajag duzemu naktadaniu si¢ na siebie (od ok. -30°C do ok. 18°C), za$ pik HMPF
jest wyraznie od nich rozdzielony (od ok. 18°C do ok. 35°C).

Zmiana udzialu mleka krowiego w probkach wptywata na zmiany wartosci
parametrow pikow egzotermicznych (Publikacja 11, Table 4). Piki A i B byly liczone
wspolnie jako jeden pik, ze wzgledu na ich naktadanie si¢ na siebie. Dodatnig korelacje
odnotowano w przypadku Tonset (r=0,89), co wskazuje na zwigkszanie wartosci
temperatury poczatku krystalizacji tluszczu mlekowego wraz ze wzrostem udzialu
mleka krowiego w probkach. Ujemng korelacj¢ otrzymano w przypadku ATie
(r=-0,91), co oznacza szybsza krystalizacj¢ tluszczu mlekowego wraz ze wzrostem
udziatlu mleka krowiego w probkach. Uzyskane rdéznice pomigdzy probkami
byly statystycznie istotne (p<0,05) (Publikacja Il, Table 4). Bioragc pod uwagg
pik endotermiczny C uzyskano ujemng korelacje pomig¢dzy zmiang udzialu mleka
krowiego w probkach w przypadku Tonset (r=-0,96) w probkach mleka owczego
i mieszanek o udziale mleka krowiego <60%, co wskazuje na nizsza temperaturg
poczatku topnienia frakcji LMPF i MMPF wraz ze wzrostem udziatu mleka krowiego
w probkach. Dodatnig korelacje otrzymano w przypadku AT (r=0,99), co wskazuje
na wolniejsze topnienie frakcji LMPF i MMPF wraz ze wzrostem udzialu mleka
krowiego w probkach (p<0,05). Stwierdzono dodatnig korelacj¢ pomiedzy zmiang
udziatu mleka krowiego w probkach a ATy piku D (r=0,96) w probkach mleka krowiego
oraz mieszanek z udzialem >70% mleka krowiego, co wskazuje na szybsze topnienie
frakcji LMPF wraz ze wzrostem udzialu mleka krowiego w probkach.
Dodatnie korelacje odnotowano takze w przypadku Tmax (r=0,96) oraz Tonset (r=0,96)
piku E, a to oznacza, ze wzrost udzialu mleka krowiego w mieszankach powoduje
zwickszenie temperatury poczatku topnienia MMPF. Poréwnujac wzrost udzialu mleka

krowiego w probkach ze zmianami parametréw piku F uzyskano dodatnie korelacje
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w przypadku Tmax (r=0,97) oraz ATw2 (r=0,80), co wskazuje na wolniejsze topnienie
frakcji HMPF wraz ze wzrostem udziatu mleka krowiego w probkach, a takze AH
(r=0,97) wskazujagcg na zwigkszenie energetycznoSci topnienia frakcji HMPF
oraz rozmiardw piku wraz ze wzrostem udzialu mleka krowiego w prébkach.
Ujemng korelacje otrzymano natomiast w przypadku Preight (r=-0,96), co oznacza
zwickszenie rozmiaréw piku, poniewaz W przypadku piku endotermicznego rozpatruje
si¢ wartos¢ bezwzgledng tego parametru.

Wzrost udzialu mleka krowiego w probkach skutkowal wyksztalceniem si¢ piku
egzotermicznego B (Publikacja 11, Fig. 3) i rozdzieleniem piku endotermicznego C
na piki D i E (Publikacja Il, Fig. 4) pomimo tego, ze zmniejszat si¢ udzial kwasow
tluszczowych zwigzanych z powstawaniem endotermicznych pikow topnienia frakcji
LMPF, MMPF i HMPF (Publikacja 11, Table 3).

W celu identyfikacji zmiennych, ktore sg najbardziej zalezne od zawartosci
mleka krowiego w probkach przeprowadzono analize¢ PCA pomiedzy profilem kwasow
thuszczowych w probkach (g/100g kwasow ttuszczowych ogotem) (Publikacja 11, Table
1), zawarto$cig tluszczu w liofilizatach (Publikacja 11, Table 2), zawartoscig grup
kwasow thuszczowych w liofilizatach (g/100g liofilizatu) (Publikacja 11, Table 3),
parametrami piku egzotermicznego A i piku endotermicznego F (Publikacja 11, Table 4)
oraz udziatem mleka krowiego w probkach (Publikacja Il, Fig. 5). Rezygnacja
z wlaczenia do analizy PCA parametréw pikow C—E wynikala z tego, ze wymienione piki
nie zostaly odnotowane we wszystkich probkach. Otrzymano dwa skupienia silnie
skorelowanych ze soba zmiennych po obu stronach wykresu (Publikacja 11, Fig. 5).
Pierwsze skupienie obejmowalo zmienne, ktérych wartosci wzrastaty wraz ze wzrostem
udziatu mleka krowiego w probkach (AH piku F; zawarto$¢ kwaséw thuszczowych
C10:1, C13:0, C13:0ai, C14:0, C17:1i MCFA w ogole kwasow thuszczowych; zawartos$¢
kwasow C13:0i, C14:1, C15:0, C16:0 i C16:1 w liofilizatach). Drugie skupienie
obejmowato zmienne, ktorych wartosci malaty wraz ze wzrostem udzialu mleka
krowiego w probkach (ATi2 piku A; zawarto$¢ tluszczu; zawarto$¢ kwasow
thuszczowych C6:0, C8:0, C10:0, C12:0, C14:0i, C15:0ai, C16:0i, C18:0, C18:1x¢,
C18:2, C18:3, PUFA, SCFA, LCFA w ogoble kwasow thuszczowych oraz w liofilizatach).
Zaleznosci te byly zgodne =z kierunkiem korelacji liniowej Pearsona
(Publikacja 11, Table 1, 4).

Biorac pod uwage wspoélczynniki korelacji liniowej Pearsona (Publikacja I1,

Table 4) to kierunek zmian ATz pikéw C i D 0raz Tmax i Tonset piku E wraz ze wzrostem
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udziatu mleka krowiego w probkach byt tozsamy z kierunkiem zmian AH, AT1/2, Tmax
piku F oraz Tonset piku A, za$ Tonset piku C byt identyczny jak AT12 piku A i Preight Piku
F, wigc mozna domniemywa¢ podobnych zaleznosci migdzy tymi zmiennymi.

Wzrost wartosci Tonset oraz spadek wartosci ATi. piku egzotermicznego
A, a takze pojawienie si¢ piku B miato zwiazek z wyzsza zawartoscia w mleku krowim
w stosunku do mleka owczego kwasow SFA i MCFA, w szczeg6lnosci C14:0 1 C16:0.
Truong i in. [2014] zaobserwowali dwa piki krystalizacji na krzywych DSC frakcji
stearynowej mleka krowiego, ktora zawierala wyzszg zawarto$¢ C14:0, C16:0 i C18:0
oraz nizsza zawarto$¢ C18:1 w stosunku do frakcji oleinowej. Pierwszy pik wystapit
na krzywych DSC obu frakcji pomigdzy -5°C a 10°C, a znacznie mniejszych rozmiarow
od pierwszego piku oraz charakteryzujacy si¢ wyzszymi wartosciami Tmax | Tonset
drugi pik wystapit tylko na krzywej DSC frakcji stearynowej pomigdzy 10°C a 15°C.

Podsumowujgc, parametry pikow przemian endotermicznych zwigzanych
z topnieniem byly bardziej przydatne do okreslania roznic pomiedzy wihasciwosciami
termicznymi mleka owczego, mleka krowiego oraz ich mieszanek w stosunku
do parametrow pikow egzotermicznych zwigzanych z krystalizacja ttuszczu mlekowego.
Do najsilniej zaleznych od siebie zmiennych, ktére nalezy bra¢ pod uwage poréwnujgc
wlasciwosci termiczne mleka owczego, mleka krowiego i ich mieszanek naleza
zawartos¢ thuszczu w liofilizatach, zawartos¢ PUFA, SCFA, LCFA i wielu kwasow
thuszczowych od C6 do CI18; a sposrod parametréow termicznych ATz 1 Tonset piku
krystalizacji; ATz piku topnienia LMPF; Tmax i Tonset piku MMPF; AH, AT1/2 i Pheignt piku
HMPF. Zmiany charakterystyki termicznej mleka owczego, mleka krowiego
oraz ich mieszanek sag mozliwe do zaobserwowania juz od poziomu 10% udziatu mleka
krowiego w mieszankach z mlekiem owczym. Wykorzystanie tej wiedzy moze
przystuzy¢ sie¢ do rozwoju analityki w zakresie badania mieszanek mlek jako
uzupetniajaca lub alternatywna technika wobec oznaczania profilu kwasow thuszczowych
w celu rozpoznania zmieszania roznych rodzajow mleka ze sobg, a takze do zastosowania
w przemysle do optymalizacji procesu produkcyjnego na podstawie obserwacji zmian
przebiegu krystalizacji i topnienia tluszczu mlekowego wynikajacych z celowego
zmieszania mleka owczego z mlekiem krowim. W przysztych badaniach nalezy wzigé
pod uwage analize liofilizatow o zblizonej zawartosci thuszczu, aby wyeliminowac
wplyw roznic w zawartosci tlhuszczu na wyniki DSC. Pozwoli to na doktadniejsze
okreslenie zmiennych, ktore zaleza od pochodzenia mleka od danego gatunku ssaka

a nie od r6znic W zawartos$ci ttuszczu pomiedzy probkami.
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4.3. Charakterystyka termiczna masta serwatkowego i masla ze Smietanki oraz ich

thuszezéw - Publikacja 111

Publikacja 111 miata na celu scharakteryzowanie ttuszczow mlekowych masta
serwatkowego wyprodukowanego z serwatki po produkcji sera Gouda (WB) oraz masta
wyprodukowanego ze $mietanki (MB), a takze okreslenie potencjalnych réznic pomigdzy
nimi poprzez zbadanie profilu kwasoéw tluszczowych, przebiegu krzywych DSC
i pomiaru charakterystycznych parametrow pikéw przemian fazowych, pomiaru barwy,
pomiaru tekstury oraz ocene¢ sensoryczng. Praca miala na celu takze ustalenie wplywu
rodzaju masta, profilu kwasoéw thuszczowych, obecnosci wody i historii termicznej
na charakterystyke termiczng tluszczu.

Zawartos$¢ thuszezu w MB 1 WB wynosita 83,94-84,56%, a zawarto$¢ suchej masy
bezttuszczowej 1,41-1,52%. WB charakteryzowato si¢ wigkszym udziatem C4:0, C15:0i,
C15:0ai, C17:1, C18:0, C18:12¢, C18:12¢, C18:2, C18:3, C18:2cot11, MUFA, PUFA,
SCFA i LCFA, oraz mniejszym udziatem C10:0, C10:1, C12:0, C13:0i, C13:0ai,
C13:0, C14:0, C14:1, C15:0, C16:0i, C16:0, Cl6:1, SFA i MCFA niz MB (p<0,05)
(Publikacja I11, Table 1). WB odznaczato si¢ wigkszymi wartosciami parametru a* oraz
indeksu bieli w stosunku do MB, natomiast MB charakteryzowalo si¢ wyzszymi
wartosciami nasycenia barwy, parametru b* oraz indeksu zazotcenia niz WB.
Wyzsza warto$¢ indeksu zazotcenia wskazywala, ze masto ze §mietanki mialo bardziej
z0tty kolor niz masto serwatkowe (p<0,05) a wartosci catkowitej roznicy barwy
pozwolity stwierdzié, ze roznice barwy pomigdzy MB i WB byly mozliwe do wykrycia
nawet dla niedoswiadczonego obserwatora (Publikacja 111, Table 4). WB cechowato
si¢ mniejszg twardoscig niz MB (p<0,05) (Publikacja Ill, Table 5), co wynikato
z wigkszej zawartoSci MUFA i PUFA (Publikacja 11, Table 1).
Masto serwatkowe charakteryzowalo si¢ mniejsza twardo$cia, krucho$cia, zwigztoscia
oraz mniej wyczuwalnym zapachem orzechowym i mlekowym, a takze mniej
wyczuwalnym smakiem orzechowym w stosunku do masta ze $mietanki (p<0,05)
(Fig. 5, Publikacja I11).

Charakterystyka krzywych DSC oraz warto$ci parametréw przemian fazowych
roéznity si¢ w zaleznos$ci od rodzaju masta (Publikacja 111, Fig. 1), obecnosci wody
(Publikacja 111, Fig. 2) i historii termicznej probki (Publikacja 111, Fig. 3) zarowno
w przypadku pikow egzotermicznych (Publikacja 111, Table 2), jak i endotermicznych
(Publikacja 111, Table 3).
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Aby okresli¢ wptyw obecnosci wody na charakterystyke krzywych DSC
pozyskano thuszcz masta serwatkowego (WBF) oraz thuszcz masta ze $mietanki (MBF).
Krzywe DSC MB 1 WB mialy podobng charakterystyke, lecz réznity si¢ znaczgco
od krzywych DSC MBF i WBF ze wzgledu na obecnos¢ wody w préobkach
(Publikacja 111, Fig. 1). Piki przemian fazowych wody byty znacznie wigksze od pikow
przemian fazowych tluszczu mlekowego, przy czym szczegélnie w przypadku
pikéw endotermicznych wystepowaty w podobnym zakresie temperaturowym, przez
co naktadaty sie wzajemnie na siebie.

Na krzywych DSC wszystkich analizowanych produktéw odnotowano dwa piki
egzotermiczne zwigzane z krystalizacja tluszczu mlekowego: A (od ok. -40°C
do ok. 14°C) oraz B (od ok. 10°C do ok. 15°C), ktore byty niewyrazne od siebie
rozdzielone (Publikacja I11, Fig. 2), przez co podobnie jak w Publikacji I i Publikacji
Il parametry pikow A i B byty liczone wspoélnie jako jeden pik (A).

Liczba i charakterystyka pikéw endotermicznych przemian fazowych
na krzywych DSC produktow w Publikacji 111 byta zalezna od cyklu sekwencji analizy
DSC, podobnie jak zostato to stwierdzone w Publikacji 1. W cyklu | zaobserwowano
dwa piki endotermiczne: pik C (bedacy konsekwencja natozenia si¢ na siebie pikow
topnienia frakcji LMPF i MMPF, ktory cechowat si¢ brakiem wyraznego poczatku, za$
0 koncu w ok. 16-21°C) oraz pik F (od ok. 18-24°C do ok. 34-42°C, zwigzany
z topnieniem frakcji HMPF) (Publikacja 111, Fig. 3). Pik C w cyklu II ulegt
przeksztatceniu do piku D (ktory byt zwigzany z topnieniem frakcji LMPF, cechujac
si¢ brakiem wyraznego poczatku piku i o koncu w temperaturze ok. 13-15°C oraz
do piku E (od ok. 13-14°C do ok. 18-19°C, zwigzanego z topnieniem frakcji MMPF).
Na krzywych DSC WBF zaobserwowano kolejny pik zwigzany z topnieniem frakcji
LMPF nazwany G, ktory byt niewyraznie oddzielony od piku D (Publikacja I11, Fig. 3).

Poréwnujac rodzaj thuszczu migdzy sobg (czyli porownujac MB z WB oraz MBF
z WBF) wykazano statystycznie istotne roznice W Tmax, AH, AT1/2, Pheight | Ps pomiedzy
MB i WB oraz MBF i WBF, a takze Tonset pomigdzy MB i1 WB oraz Pe pomigdzy MBF
a WBF w przypadku pikéw egzotermicznych (p<0,05) (Publikacja Ill, Table 2).
Oznacza to, ze rodzaj tluszczu wplywa na charakterystyke krystalizacji thuszczu
mlekowego. Jedynie w przypadku poczatku procesu Kkrystalizacji nie odnotowano
statystycznie istotnych réznic pomigdzy MBF i1 WBF (p>0,05) (Publikacja I11, Table 2).
Charakterystyka topnienia frakcji LMPF roznita si¢ pomiedzy MBF a WBF (wystapienie
piku G w WBF w cyklu I1) (Publikacja I11, Table 3, Fig. 3). Odnotowano statystycznie
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istotne roznice pomi¢dzy rodzajem tluszczu a parametrami pikdw jego topnienia w Pheight
piku C, wszystkich parametrach pikéw D (z wyjatkiem Tonset), E, F w cyklu I (z wyjatkiem
Ps i Pe) i F w cyklu II (z wyjatkiem ATi2 i Pe) pomiedzy MBF i WBEF, a takze
we wszystkich parametrach piku F w cyklu I (z wyjatkiem Pe) i cyklu II (z wyjatkiem
AT12) pomiedzy MB a WB (p<0,05) (Publikacja Ill, Table 3). Rodzaj ttuszczu nie
wplywat statystycznie istotnie na topnienie frakcji LMPF i MMPF w cyklu | (p>0,05),
natomiast determinowat charakterystyke topnienia frakcji LMPF (z wyjatkiem poczatku
topnienia) i frakcji MMPF w cyklu II, a takze frakcji HMPF w obu cyklach (z wyjatkiem
poczatku i konca piku w obu cyklach oraz szybkosci topnienia w cyklu Il) (p<0,05).
Topnienie frakcji LMPF i MMPF WBF w cyklu I byto bardziej energetycznym procesem
w porownaniu z MBF, na co wskazujg wyzsze warto$ci Pheight piku topnienia potaczonych
ze sobg frakcji LMPF i MMPF w cyklu I analizy DSC.

Obecnos¢ wody wptywala na statystycznie istotne roznice wartosci AH, ATy,
Preight 1 Ps pikow egzotermicznych krystalizacji pomigdzy MB a MBF i WB i WBF
oraz Tonset pomigdzy MB a MBF (p<0,05) (Publikacja 111, Table 2). Wyzsze wartosci
AH i Preignt pikow MBF i WBF w stosunku do MB i WB mozna wyjasni¢ wyzsza
zawarto$cig thuszczu w prébkach. Rozpatrujac piki endotermiczne obecnosé wody miata
najwigkszy wplyw na obserwacje pikow topnienia LMPF i MMPF (piki C-E).
Piki topnienia lodu naktadaty si¢ na piki C—E, co uniemozliwito pomiar ich parametrow.
Obecno$¢ wody wplywata statystycznie istotnie na Tmax (W cyklu 1), Tonset (W cyklu |
i w cyklu 1), Ps (w cyklu I) pomiedzy MB a MBF oraz WB a WBF, a takze na AT
i Ps (wcyklu I i w cyklu IT) pomiedzy MB a MBF (p<0,05) (Publikacja 11, Table 3).

Podzielenie sekwencji analizy DSC na dwa cykle pozwolilo zaobserwowac
roznice pomiedzy jednokrotnym (cykl I) a wielokrotnym ogrzewaniem i chtodzeniem
probki (cykl IT) w zakresie od -40°C do 95°C i oceni¢ wplyw historii termicznej probki
na charakterystyke topnienia thuszczu. Najwieksze roznice pomigdzy cyklem I i cyklem
I odnotowano w przypadku topnienia frakcji LMPF i MMPF. W cyklu | zaobserwowano
jeden pik topnienia tych nierozdzielonych od siebie frakcji, natomiast w cyklu Il pik
ten rozdzielil si¢ W wigkszym stopniu na dwa osobne piki, przy czym w przypadku piku
topnienia LMPF w WBF zaobserwowano wyksztatcenie si¢ dodatkowego piku topnienia
tej frakcji (Publikacja 111, Fig. 3). Tak duza zmiana charakterystyki krzywych pomiedzy
cyklami sekwencji analizy DSC uniemozliwila poréwnanie warto$ci parametréw pikow
odpowiadajacym topnieniu frakcji LMPF i MMPF ze sobg. Charakterystyka topnienia
frakcji HMPF byta zalezna od historii termicznej probki tylko w przypadku Tonset 1 Ps
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w MBF i WBF oraz Pe w MBF (p<0,05), a pozostale parametry nie byly statystycznie
istotnie zréznicowane (p>0,05) (Publikacja 111, Table 3). Waznym aspektem z punktu
widzenia analitycznego byto podobnie jak w Publikacji | odnotowanie mniejszego
rozrzutu wynikdw pomiaru parametrow pikow endotermicznych w cyklu 11
w porownaniu z cyklem I analizy DSC.

W celu zidentyfikowania zmiennych zaleznych od danego rodzaju tluszczu (MBF
i WBF) oraz okreslenia ich skorelowania przeprowadzono analize PCA, biorgc pod
uwagge profil kwasow ttuszczowych (Publikacja 111, Table 1) oraz wartosci parametrow
pikéw przemian fazowych (Publikacja 111, Table 2, 3) (Publikacja 111, Fig. 4).
Analiza PCA wykazata dwa skupienia silnie skorelowanych ze sobg zmiennych, z czego
w pierwszym skupieniu uzyskano zmienne, ktorych wartosci byly wicksze w WBF
niz w MBF, za§ w drugim skupieniu uzyskano odwrotng zalezno$¢. W celu latwiejszego
oznaczenia zmiennych obejmujacych parametry pikow przemian fazowych zastosowano
nastepujacy schemat opisu (Xvy-Z; z czego X — kod literowy piku, Y — numer cyklu
w przypadku piku F, Z — parametr piku). Pierwsze skupienie obejmowato zmienne
uporzadkowane rosngco wedlug wartosci tadunkéw: C15:0ai, C18:12t, D-ATup,
Fii-Preignt, C18:3, C18:2¢9t11, C15:0i, MUFA, PUFA, C18:2, C18:12¢, LCFA, E-Preight,
A-AT12, C18:0, Fi-Preight, C-Pheignt, C4:0, SCFA, C8:0, D-Preignt, C6:0 i Fi-AT1/2. Drugie
skupienie obejmowato zmienne uporzadkowane malejaco wedtug wartosci tadunkéw:
C16:0, C14:1, C16:1, C14:0, Fy-Tmax, C12:0, C13:0ai, C13:0, SFA, MCFA, A-Preignt,
Fi-Ps, Fi-AH, C10:0, Fii-Tonset, C10:1, A-AH, D-Tmax, C15:0, E-Pe, E-AH, Fi-AH, A-Ps,
E-Tmax, Fi-Tmax, E-Tonset, A-Tmax, C13:01, E-AT1/2, C16:0i, D-AH, E-Ps, D-Pe, C-Pe, C-AH,
Fi-Pe i FiI-Tonset (Fig. 4, Publikacja 111). Na podstawie rezultatoéw analizy PCA mozna
stwierdzi¢, ze krystalizacja tluszczu WBF zachodzita szybciej, lecz z wydzieleniem
mniejszej ilosci energii, a takze zachodzita w nizszej temperaturze niz krystalizacja
MBF i byla zalezna od zawarto$ci kwasow MUFA, PUFA i LCFA, w tym C18:1
oraz W mniejszym stopniu od zawartosci SCFA, w tym C4:0, C6:0 i C8:0.
Parametry opisujace przemiane krystalizacji ttuszczu MBF byly zalezne od zawartoSci
SFA i MCFA, glownie C12:0, C14:0 i C16:0. MBF w stosunku do WBF
charakteryzowalo si¢ wigkszg entalpia 1 maksymalng réznicg przeptywu ciepta
(w obu cyklach) topnienia LMPF, MMPF i HMPF, a takze wyzszg temperaturg
poczatku topnienia MMPF (w cyklu 1) i HMPF (w obu cyklach) oraz konca topnienia
LMPF i MMPF (w obu cyklach), a topnienie MMPF (cykl II) zachodzito szybcie;j.
Obecno$¢ dodatkowego piku topnienia frakcji LMPF w cyklu Il w przypadku
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WBF mozna przypisa¢ wyzszej zawartosci kwasow MUFA, PUFA i LCFA w WBF
nizw MBF.

Podsumowujac krzywe DSC masta wyprodukowanego ze $mietanki serwatkowe;j
oraz masta wytworzonego ze $mietanki ro6znity si¢ od krzywych DSC ttuszczow tych
masel, CO wynikalo z obecnosci wody, ktéra uniemozliwita pomiar parametréw pikow
przemian fazowych tluszczu ze wzgledu na naktadanie si¢ na nie pikdw przemian
fazowych wody. Zaobserwowano rdznice pomiedzy charakterystyka krzywych
ze wzgledu na rodzaj produktu i histori¢ termiczng probki, w tym w liczbie pikow, ich
przebiegu na krzywej DSC oraz w wartosciach parametrow pikow. Wykorzystujac
analize PCA wykazano, ze zawarto$¢ kwasow thuszczowych oraz wartosci parametrow

pikdw przemian fazowych sg ze soba skorelowane.
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5. Whnioski

1) Skaningowa kalorymetria réznicowa przy zastosowaniu odpowiednich warunkow
analizy jest obiektywng technikg do oceny przemian fazowych mleka i produktow
mleczarskich. Przebieg krzywych DSC i warto$ci parametrow pikow egzotermicznych
zwigzanych z krystalizacja oraz pikow endotermicznych zwigzanych z topnieniem
thuszczu mlekowego sa specyficzne dla wybranych rodzajow mleka i produktow
mleczarskich, przy czym wigksze zréznicowanie wynikow odnotowuje si¢ w przypadku
pikow endotermicznych. Ograniczeniem zastosowania techniki DSC w analizie
charakterystyki termicznej thuszczu mlekowego jest utrudnienie interpretacji wynikow
bedace skutkiem nakladania si¢ na siebie pikdw przemian fazowych, szczegdlnie
w przypadku pikéw endotermicznych topnienia frakcji nisko- i sredniotopliwej thuszczu
mlekowego. Analiza przebiegu krystalizacji i topnienia tluszczu mlekowego moze

postuzy¢ do planowania proces6w technologicznych w mleczarstwie lub kontroli jakosci.

2) Wszystkie parametry charakteryzujace piki przemian fazowych moga by¢ stosowane
w analizie DSC mleka i produktow mleczarskich. Najbardziej przydatnym parametrem
do analizy krystalizacji thuszczu mlekowego zbadanych produktéw okazala si¢ szerokos¢
piku w potowie jego wysokosci (AT12). W analizie topnienia thuszczu mlekowego
wykazano przydatno$¢ wszystkich parametréw ze szczegdlnym uwzglgdnieniem

ATz oraz entalpii (AH) i wysokos$ci piku (Pheight).

3) Kluczowym czynnikiem utrudniajagcym obserwacje pikow przemian fazowych
thuszczu mlekowego na krzywych DSC jest obecnos¢ wody w probee. Redukcja ilosci
wody w probce pozwala na doktadniejszg analiz¢ tluszczu mleka 1 produktow
mleczarskich poprzez uniknigcie naktadania si¢ pikéw przemian fazowych wody na piki

przemian fazowych ttuszczu mlekowego na krzywych DSC.

4) Historia termiczna determinuje charakterystyke przemian fazowych tluszczu
mlekowego, w tym liczbe obserwowanych pikéw na krzywych DSC oraz wartosci
parametréw tych pikéw. Charakterystyka termiczna przebiegu topnienia tluszczu
mlekowego jest bardziej zalezna od historii termicznej w stosunku do przebiegu
krystalizacji. Odpowiednie ksztattowanie historii termicznej probki pozwala
na otrzymanie stabilnych form krysztatow ttuszczu, dzigki czemu mozna zmniejszy¢
zréznicowanie wynikow pomiaru analizy DSC pomigdzy prébkami, co jest wazne
z punktu widzenia analitycznego.
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5) Zawartos$¢ tluszczu przektadajaca si¢ na zawarto$¢ kwasow tluszczowych w probee
ma wplyw na liczb¢ i charakterystyke pikow przemian fazowych ttuszczu mlekowego
maslanki, mleka i $mietanki, gdzie wzrost zawartosci tluszczu mlekowego w probce
powodowal zwiekszenie liczby pikow na krzywej DSC oraz wielko$ci pikow jego
przemian fazowych, co reprezentowane byto przez wzrost wartosci AH oraz Pheight.
Jednakze mimo wyzszej zawartosci thuszczu w mleku owczym niz w mleku krowim
wiekszo§¢ pikéw zwigzanych z przemianami fazowymi tluszczu mlekowego
byta mniejsza w mleku owczym niz w mleku krowim, co §wiadczy o tym, ze oprdocz
samej zawartos$ci thuszczu mlekowego na jego charakterystyke termiczng wptywa takze

jego pochodzenie od danego gatunku.

6) Charakterystyka termiczna tluszczu mlekowego jest silnie zwigzana z profilem
kwasow ttuszczowych. Zaleznosci pomigdzy wynikami parametréw pikéw przemian
fazowych a profilem kwasoéw thuszczowych dotyczyly niemal wszystkich oznaczonych
parametrow oraz kwasow tluszczowych i ich grup. Szczegélnie mocne powigzania
pomigdzy wynikami DSC a profilem kwasow ttuszczowych wynikaty z réznic migdzy
stosunkiem kwasow SFA i C12:0, C14:0, C16:0 a MUFA, PUFA i LCFA i C18:1.
Okreslenie zaleznos$ci pomigdzy wynikami analizy DSC a profilem kwasoéw
thuszczowych pozwolilo na powigzanie technik skaningowej kalorymetrii roznicowe;j
1 chromatografii gazowej w kompleksowej ocenie tluszczu mlekowego mleka

1 produktow mleczarskich.

7) Zroznicowanie charakterystyki termicznej mleka krowiego i owczego mozna
zaobserwowac juz od udziatu 10% mleka krowiego w jego mieszankach z mlekiem
owczym. Moze to zosta¢ wykorzystane do identyfikacji rodzaju mleka, oraz do okreslenia
stopnia zmieszania r6znych rodzajow mleka ze sobg, czy tez moze znalez¢ zastosowanie
w przemys$le do ustalenia wptywu zawartosci danego rodzaju mleka w mieszankach
na proces krystalizacji i topnienia ttluszczu mlekowego w celu projektowania procesu

technologicznego.
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Milk fat undergoes modification during butter production, which can alter its parameters and suitability for processing. The aim of this study was
to compare selected milk fat parameters, including the size of milk fat globules, fatty acid profile and thermal properties, based on the thermal history
of milk, cream and sweet buttermilk obtained during continuous churning in butter production. The size of milk fat globules was measured by the laser
diffraction method; the fatty acid profile of milk fat was determined by gas chromatography; and the thermal properties of freeze-dried samples were
determined by differential scanning calorimetry. The analysed products were arranged in the following descending order based on the size of milk fat
globules, expressed by the Sauter mean diameter: cream > raw milk > buttermilk. Buttermilk was characterised by the greatest variations in the size
of milk fat globules. A microscopic analysis revealed that an increase in fat content intensified the agglomeration of milk fat globules in cream rela-
tive to milk. Chains of milk fat globules were observed in buttermilk. Buttermilk was more abundant in monoenoic and polyenoic fatty acids than raw
milk and cream. A thermal analysis demonstrated significant (p<0.05) differences in the parameters of fat crystallisation and melting peaks between
raw milk, buttermilk and cream. The thermal history of the samples influenced the results. Cream was characterised by significantly greater changes

in the melting and crystallisation enthalpy of milk fat and significantly higher peaks than milk and buttermilk.

INTRODUCTION

Many food products can be considered oil-in-water (o/w)
or water-in-oil (w/0) emulsions. Dairy products such as milk,
cream and buttermilk are examples of natural o/w emulsions
in which the dispersed phase is fat in the form of globules. Milk
fat globules comprise a lipid core surrounded by a stabilizing
membrane with a thickness of 10-20 nm. The membrane acts
as an emulsifier and promotes the dispersion of fat globules
in milk. The membrane also protects fat globules against floc-
culation, coalescence, oxidation and hydrolysis, which im-
proves the processing suitability of milk fat [El-Loly, 2011;
Singh & Gallier, 2017; Smoczyfiski ez al., 2012]. In their native
form, milk fat globule membranes are complex structures with
numerous components. The mass of the membrane accounts
for 2-6% of the total mass of fat globules, and membrane
proteins and lipids represent more than 90% of its dry mass
[Jukkola & Rojas, 2017; Singh, 2006; Singh & Gallier, 2017;
Smoczyfiski et al., 2012]. Polar lipids, mainly phosphatidyl-
choline, phosphatidylethanolamine and sphingomyelin, and -
in smaller amounts — phosphatidylinositol, phosphatidylserine
and lysophosphatidylcholine, make up 25% of the milk fat glob-
ule membrane [Conway et al., 2014; Dewettinck et al., 2008;
El-Loly, 2011; Singh, 2006; Smoczynski et al., 2012].
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Processing operations in dairy plants, including butter
production, can affect the parameters of emulsions and mod-
ify the composition and properties of milk fat globule mem-
branes [Jukkola & Rojas, 2017]. During churning, fragments
of fat globule membranes are released into the hydrophilic
phase of milk, which increases the content of polar lipids
in the dry matter of buttermilk [Dewetinck ef al., 2008; Lam-
bertet al., 2016; Lopez et al., 2015].

Milk fat is characterised by a high content of palmitic
acid which is a saturated fatty acid. Oleic acid is the pre-
dominant unsaturated fatty acid. The fatty acid composition
of phospholipids differs from that of triacylglycerols [Jhan-
war & Ward, 2014]. Phospholipids contain mainly unsatu-
rated fatty acids whose contents are higher in the membrane
than in the lipid core of milk fat globules [Fauquant et al.,
2005; Sanchez-Juanes ef al., 2009]. Briard et al. [2003] dem-
onstrated that the composition of fatty acids was influenced
by the size of milk fat globules. Small fat globules contain
more lauric, myristic, palmitic and palmitoleic acids than
large fat globules. In turn, larger fat globules are more abun-
dant in oleic and linoleic acid than fat globules with a small
diameter. These differences can be attributed to a relatively
higher content of membrane components in fat composed
of smaller globules, and a smaller content of membrane
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components in fat composed of larger globules. According
to Fauquant ez al. [2005], the size of fat globules determines
the fatty acid composition of the membrane and the lipid core
of a fat globule, which is consistent with the previous findings
of Briard et al. [2003].

The melting point of milk fat ranges from -40°C to 40°C,
and crystallisation occurs between 20°C and -20°C. The melt-
ing and crystallisation of milk fat are influenced by the size
of milk fat globules, the composition of the emulsion
and the structure of triacylglycerols, including their fatty
acid profile and crystal polymorphism. These parameters
of the emulsion phase are reflected in differential scanning
calorimetry (DSC) curves, including the number of peaks,
peak temperature and overlapping peaks, which are also af-
fected by scan rate (heating/cooling rate) and thermal history
[Hokkanen ef al., 2021, Michalski ef al., 2004; Tomaszewska-
-Gras, 2013; Truong et al., 2014]. The DSC peaks do not rep-
resent the crystallisation or melting of individual fatty acids,
but the entire milk fat mixture. Therefore, peak temperature
is determined by several factors, including the overlap be-
tween peaks (mainly simultaneous phase transitions of dif-
ferent fatty acids), and triacylglycerol polymorphism [To-
maszewska—Gras, 2013]. In DSC analyses, fat crystallisation
is usually represented by two exothermic peaks during cooling.
Melting is visualised by three endothermic peaks correspond-
ing to low- (LMPF), middle- (MMPF) and high-melting
point fractions (HMPF). Truong et al. [2014] observed that
the fatty acid profile contributes to differences in the crystal-
lisation curves of anhydrous milk fat, and stearin (hard frac-
tion with a higher content of saturated fatty acids) and olein
fractions (soft fraction with a higher content of monounsatu-
rated and polyunsaturated fatty acids). The cited authors also
found that a decrease in crystallisation onset temperature
(T .. and enthalpy change (AH) was associated with a de-
crease in the size of fat droplets. Similar relationships were re-
ported for milk fat globules [Bugeat ez al., 2011; Lopez et al.,
2001, 2007].

The size of milk fat globules influences their fatty acid
profile, which is partly associated with the content of fat glob-
ule membranes in the product. Processing operations during
butter production, including milk centrifugation and churn-
ing, modify the fatty acid profile of skim milk, cream and but-
termilk. The composition of fatty acids differs subject to their
origin. Buttermilk contains fragments of milk fat globule
membranes that are released during churning, which can in-
duce changes in fatty acid composition regardless of the size
of fat globules. The fatty acid profile of polar lipids in milk
fat globule membranes derived from buttermilk differs from
the fatty acid profile of lipids derived from whole milk [Jhan-
war & Ward, 2014; Singh & Gallier, 2017]. Truong et al.
[2014] observed that the crystallisation temperature of emul-
sified fats decreased with the decrease in droplet size.

Bertonetal. [2012] analysed the digestion of native and ho-
mogenised milk fat globules in vitro and evaluated the benefits
of replacing homogenisation with other fractioning methods
based on the size of milk fat globules, including membrane fil-
tration [Michalski et al., 2006] and centrifugation [Dhungana
et al., 2017]. Therefore, the applicability of milk fat with dif-
ferently sized milk fat globules and different fatty acid profiles

should be analysed to maximise the functional and bioactive
attributes of the end product. For example, the application
of milk fat derived from buttermilk increases phospholipid
levels and improves the health-promoting properties of dairy
products containing buttermilk [Gassi et al, 2016; Hickey
etal.,2017].

Differential scanning calorimetry is a technique that en-
ables the identification of phase transitions, and the obtained
results deliver new knowledge and can be effectively used
in dairy practice. Thermal analyses investigate the effects
of temperature on milk, cream and buttermilk, and the results
can be used to select the optimal process parameters and to
modify the production technology of dairy products. Sweet
buttermilk has attracted considerable interest as a prod-
uct that is abundant in milk fat globule membrane compo-
nents. The thermal properties of buttermilk can be effectively
harnessed in the process of developing new dairy products
and new production technologies.

The comprehensive comparison of the emulsion phase
parameters, such as the size of fat globules, fatty acid profile
and thermal properties of milk, cream and sweet buttermilk
is insufficient in the literature. The aim of this study was to
select the parameters of phase transition peaks differentiating
milk, cream and sweet buttermilk, and to determine the influ-
ence of thermal history on the characteristics of DSC curves,
considering the significant importance of the size of fat glob-
ules and fatty acid profile on the milk fat phase transitions.

MATERIALS AND METHODS

Materials

The experimental material comprised pooled samples
of cow’s milk produced in the Baldy Educational and Re-
search Station of the University of Warmia and Mazury
(UWM) in Olsztyn. Milk was cooled and transported in a re-
frigeration unit to the laboratory of the Faculty of Food Sci-
ences of the UWM in Olsztyn. The raw milk, matured cream
(obtained by centrifuging raw milk) and buttermilk (obtained
by continuous churning of cream) were analysed. The experi-
ment was performed in three replications.

Proximate composition of milk, cream and buttermilk

The dry matter content [AOAC International, method
990.20; 33.2.44, 2007], total nitrogen (TN) content (Kjel-
dahl method) [AOAC International, method 991.20; 33.2.11,
2007] and fat content (butyrometric method) [ISO 19662,
2018; ISO 19660, 2018] of the liquid samples of milk, cream
and buttermilk were determined. Total protein content was
calculated by multiplying the TN content of the samples
by a conversion factor of 6.38.

Size of milk fat globules

The size of milk fat globules was determined in liquid
samples of milk, cream and buttermilk by the laser diffrac-
tion method in the Mastersizer 3000 particle size analyser
and the Hydro EV sample dispersion unit (Malvern Instru-
ment, Malvern, United Kingdom). The refractive index of milk
was determined at 1.46, and the refractive index of Milli-Q
deionised water (Millipore, Molsheim, France) was 1.33.
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The following parameters were determined: the diameter be-
low which lies 10% of globules volume (d, 10); median diame-
ter, 50% of the volume distribution is above, and 50% is below
observed diameter (d 50); the diameter below which lies 90%
of globules volume (d 90); uniformity of particles (SPAN),
SPAN=(d 90-d 10)/d 50; a volume-surface mean diameter
of fat globules, Sauter Mean Diameter (d,,), d,,=xSd’n/
Sd’n; a volume-weighted mean diameter, De Brouckere
Mean Diameter (d,,), d,,=2Sd.'n/Sd?*n, where n, is the num-
ber of particles with diameter d..

Microscopic analysis

The liquid samples of milk, cream and buttermilk were
analysed under the Nikon Eclipse TieC 1 microscope (Nikon,
Dasseldorf, Germany) at 60x magnification.

Fatty acid profile

Fat was extracted from milk, cream and buttermilk
by the Rose-Gottlieb method [ISO, 2010]. Fatty acid esters
were prepared according to a standard ISO 15884 method
[ISO, 2002]. The fatty acid profile was determined by gas
chromatography with a flame ionisation detector using
the 7890 A Agilent Technologies system (Santa Clara, CA,
USA). Separation was performed on the CP-Sil 88 column
(100 m, 0.25 mm, 0.20 um) (Agilent Technologies) with
a temperature gradient of 60°C (1 min) to 180°C; time gra-
dient of 5°C/min; injector temperature, 225°C; detector tem-
perature, 250°C; carrier gas, helium; flow rate, 0.8 mL/min;
split ratio, 1:100; sample volume, 1 uL; and liner, 0.4 mm.
The reference material was BCR-164 anhydrous milk fat
(LGC Standards, Kietpin, Poland). The proportions of satu-
rated fatty acids (SFAs), monounsaturated fatty acids (MU-
FAs), polyunsaturated fatty acids (PUFAs), short-chain fatty
acids (SCFAs), medium-chain fatty acids (MCFAs), long-
-chain fatty acids (LCFAs) and branched-chain fatty acids
(BCFAs) were calculated. The proportions of SCFAs, MCFAs
and LCFAs in total fatty acids were determined according to
the method proposed by Jensen [2002]. The content of fatty
acids was expressed in g/100 g of total fatty acids in a product
and in g/100 g of the product. The following abbreviations
were used in the description of fatty acid isomers: ai — anteiso,
1—1iso, ¢c—cis, t—trans.

Freeze drying

Milk, cream and buttermilk samples were freeze-dried
in the Alpha 1-2 LD plus freeze-dryer (Martin Christ Gefrier-
trocknungsanlagen GmbH, Osterode am Harz, Germany) at
a pressure of 0.34 mbar and a temperature of -32°C.

Analysis of freeze-dried samples

Water activity (a ) of freeze-dried milk, cream and but-
termilk was determined using the AquaLab 4TEV analyser
(Meter Group AG, Miinchen, Germany). The analysis was
carried out at a temperature of 25°C. Water activity was
measured with an accuracy of =0.003, and temperature
was measured with an accuracy of £0.3°C. The dry matter,
fat and protein contents of freeze-dried samples were deter-
mined with the NIRS™ DS2500 analyser (FOSS, Hilleroed,
Denmark).

Differential scanning calorimetry

Freeze-dried milk, cream and buttermilk (10=1 mg) were
weighed on the Mettler Toledo XS205 Dual Range analyti-
cal balance (Mettler Toledo, Columbus, OH, USA), placed
in airtight aluminium pans, and subjected to a thermal analy-
sis with the use of the DSC Q10 instrument with a refriger-
ated cooling system (TA Instruments, New Castle, DE, USA).
The cell was purged with dry nitrogen at 50 mL/min and cali-
brated for baseline in an empty oven and for temperature us-
ing standard pure indium. An empty sealed aluminium pan
was used as a reference in every test. Samples were cooled
or heated at a rate of 10°C/min and were held for 1 min at
the endset temperature after each stage. They were analysed
in triplicate in a DSC sequence composed of two cycles. Cycle
I involved the following stages: 1) sample cooling from 30°C
to —40°C; 2) sample heating from -40°C to 95°C. Cycle II
commenced immediately after cycle I and involved sample
cooling from 95°C to —40°C and sample heating from -40°C
to 95°C in the following sequence: 1) cooling, 2) heating,
3) cooling, 4) heating, 5) cooling, 6) heating. Cycle II was
applied to determine the effect of a sample’s thermal history
on the DSC curve, and to calculate the parameters of phase
transition peaks. The results of the DSC analysis were pro-
cessed using the Universal Analysis 2000 programme (TA
Instruments). The following parameters of the identified
phase transition peaks were determined: peak temperature
(T, °C; determined as the peak maximum), phase transi-

tion onset temperature (T _: °C; defined by the intersec-

tion of a line tangent to tﬁemsteepest section of the leading
edge and the baseline of the thermogram), peak width at half
height (AT, ; °C; temperature range of the transition as peak
width at half height), enthalpy change (AH; J/g; determined
as the area limited by the curve, i.e. the peak and the base-
line), peak height at maximum (P, : W/g; determined as
the heat flow range limited by T and P), peak onset tem-
perature (P; °C; a point where a peak is formed) and peak

endset temperature (P ; °C; a point where a peak ends).

Statistical analysis

The results were analysed by one-way ANOVA,
and the significance of differences between means was de-
termined in Duncan’s test at p<0.05. The percentage content
of individual fatty acids in total fatty acids in different sam-
ples was subjected to principal component analysis (PCA).
Data were processed statistically in StatSoft Inc. Statistica
v. 13.1 software (Tulsa, OK, USA).
RESULTS AND DISCUSSION
Proximate composition of raw milk, cream and
buttermilk

Raw milk contained 13.34=0.17 g/100 g dry matter,
3.99+0.05 g/100 g fat and 3.21+0.03 g/100 g protein. Cream
contained 53.59+4.40 g/100 g dry matter, 46.38+2.55 g/100 g
fatand 2.77+0.11 g/100 g protein. The content of dry matter, fat
and protein in buttermilk was determined at 9.02+0.60 g/100 g,
0.56x0.01 g/100 g and 3.02+0.08 g/100 g, respectively.
The composition of milk, cream and buttermilk was similar to
that described by other authors [Vanderghem et al., 2010].



8

Pol. J. Food Nutr. Sci., 2022, 72(1), 5-15

TABLE 1. Size of fat globules in milk, cream and buttermilk.

Product d,10 (um) d,50 (um) d,90 (um) SPAN d,, (um) d,, (um)

Milk 0.56=0.01° 3.69=0.18¢ 7.75+0.05 1.95+0.09° 3.89=0.18 1.702:0.02°
Cream 0.930.08¢ 3.87=0.19¢ 8.35=0.55 1.920.17° 5.15+0.85 2.220.10¢
Buttermilk 0.38=0.01¢ 1.720.06° 8.55+2.31 47421200 542125 0.9720.03¢

The presented values are means + standard deviations (n=3). Values with different superscripts (a-c) in columns differ significantly at p<0.05. d 10 - dia-
meter below which lies 10% of globules volume; d 50 — diameter below which lies 50% of globules volume; d 90 — diameter below which lies 90% of globules

volume; SPAN — uniformity of particles; d,,

Size of milk fat globules

The size of fat globules was determined in the samples
of liquid milk, cream and buttercream. The products were ar-
ranged in the following order based on the decreasing diameter
of the fat globules (d 10) and the Sauter mean diameter (d,,):
cream > raw milk > buttermilk (p<0.05) (Table ). The val-
ues of d 50 did not differ significantly between milk and cream
(p>0.05), but they were significantly higher than in butter-
milk (p<0.05). Buttermilk contained large fat globules or ag-
gregates characterised by high values of d 90 and d,,. The size
of fat globules was comparable in buttermilk and cream, but
greater variations in d 90 and d,, were noted in buttermilk.
Due to high standard deviation values, no significant differ-
ences in d 90 or d,, values were found between the analysed
samples (p>0.05). Buttermilk was characterised by the high-
est values of SPAN (p<0.05) denoting the size distribution
of fat globules in the sample (Table ). The microscopic
analysis revealed the presence of fat globule agglomerates
in cream and chains of very small fat globules in buttermilk
(Figure 1).

Fatty acid profile

The fatty acid profiles of fats extracted from milk,
cream and buttermilk are shown in Table 2. The percentage
content of individual fatty acids in the examined samples
demonstrated that their fatty acid composition was charac-
teristic of milk fat and similar to these reported in the lit-
erature [Briard ef al., 2003; Fauquant et al., 2005]. In our
study, the milk, cream and buttermilk fatty acid profiles dif-
fered significantly (p<0.05) in the content of C6:0, C12:0,
C15:0 ai, Cl4:1, C16:0, Cl16:1, C17:0, C18:0, C18:1 =t,
Cl18:1¢9,Cl18:1cll,C18:12c, C18:2 %t, and C18:2 ¢c9 t11.
The percentage content of most of the above fatty acids

~ volume-surface mean diameter of fat globules; d,, — volume-weighted mean diameter.

was highest in buttermilk and lowest in milk. The only ex-
ceptions were C6:0, C16:0 and C18:0 whose proportions
were highest in milk and lowest in buttermilk. The percent-
age content of C12:0 and C16:1 was highest in buttermilk
and lowest in cream, whereas the content of C17:0 was high-
est in cream and lowest in milk. Milk and cream were char-
acterised by lower proportions of C10:0, C10:1, C13:0 ai,
C13:0, C14:0, C15:0, C18:1 c12 and C18:2 than buttermilk.
In turn, buttermilk was less abundant in C4:0 than the re-
maining products.

The variations in the fatty acid composition of the com-
pared products could be attributed to differences in the fatty
acid profile of phospholipids in buttermilk and milk. Butter-
milk phospholipids have a lower content of C16:0 and a high-
er content of C18:0 and PUFAs that are found in larger quan-
tities in membranes than inside milk fat globules [Fauquant
et al., 2005; Garczewska-Murzyn et al., 2021; Jhanwar &
Ward, 2014]. The churning process induces a greater increase
in phospholipid levels in buttermilk than in cream. Churning
also increases the content of C18:1 and C18:2 in buttermilk
relative to cream, and decreases the content of C16:0 in but-
termilk phospholipids relative to cream phospholipids [Hok-
kanen et al., 2021].

The potential relationship between the proportions
of the analysed fatty acids and product type (milk, cream
and buttermilk) was determined by PCA. The first two
principal components (PC1 and PC2), presented in Iig-
ure 2, explained 92.45% of the total variance in input data.
The first principal component (PC1) explained 71.81%
of the variance in input data. A large positive score (0.60)
was observed for buttermilk in the first principal direction, on
the opposite side of the PC1 axis relative to milk and cream.
The score for cream was very small at 0.18, whereas milk had

FIGURE 1. Microstructure of milk (a), cream (b) and buttermilk (c), 60x magnification.
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alarger score of 0.42. Therefore, in milk and buttermilk, prod-
uct type was highly related with the scalar projections for PC1.
At the same time, the larger the loading for a given variable
(fatty acid) relative to PC1, the greater the influence of prod-
uct type (milk and buttermilk) on the percentage content
of a given fatty acid. The points representing individual fatty
acids and the sum of fatty acids of a given type were clus-
tered in two groups at the opposite ends of the PC1 axis.
The cluster on the left side of the plot grouped fatty acids
with negative loadings in the range of -0.99 to -0.79 relative
to the scalar projections for PC1. In this group, fatty acids
were arranged in the following descending order based on
the absolute value of the loadings relative to PC1: C16:0 i,
C14:0 i, C16:0, C4:0, C6:0 and C18:0. The second group
on the right side of the PC1 axis contained fatty acids with
very large loadings in the range of 0.77 to 0.99. These fatty
acids were arranged in the following ascending order based
on the values of the loadings relative to PC1: C18:2 Xt,
Cl18:1¢9, C15:01, C10:0, C12:0, C18:1 =c, C13:0 ai, C14:0,
C13:0,C10:1,C18:1 c12,C18:2, C15:0,C18:1 cl1, C18:1 xt,
C15:0 ai, C14:1 and C18:2 ¢9 tl11. The second principal
component (PC2) explained 20.37% of the variance in in-
put data. Cream had a score of 0.29, and it was represented
by a point at the top of the plot. Milk had a negative load-
ing of -0.22, and it was represented by a point in the bottom
part of the plot. Therefore, in milk and cream, the relation-
ship between the proportions of fatty acids and product type
was stronger in relation to the scalar projections for PC2 than
PCI. The larger the loading for a given variable (fatty acid)
relative to PC2, the greater the influence of product type (milk
and cream) on the percentage content of a given fatty acid.
In relation to PC2, very large loadings were observed for
C17:0 (0.94) at the top of the plot and C8:0 (-0.83) in the bot-
tom part of the plot.
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FIGURE 2. Principal component analysis (PCA) biplot of the milk,
cream and buttermilk and relative content of their fatty acid to principal
component 1 (PC1) and principal component 2 (PC2).

TABLE 2. Relative content of fatty acids of milk, cream and buttermilk
(g/100 g total fatty acids).

Fatty acid Milk Cream Buttermilk

C4:0 2.67+0.05¢ 2.60+0.01¢ 2.44+0.01°
C6:0 1.80+0.00* 1.78+0.00° 1.72+0.01¢
C8:0 1.11+0.01 1.10+0.00 1.11%0.01

C10:0 2.60=+0.02° 2.56+0.00 2.69+0.02¢
C10:1 0.25+0.00° 0.26+0.00° 0.27+0.00¢
C12:0 3.12+0.00° 3.06+0.00¢ 3.27+0.02¢
Cl13:0i 0.07+0.00 0.07+0.00 0.07=0.00

C13:0 ai 0.08+0.00° 0.08+0.00° 0.09+0.00¢
C13:.0 0.09=+0.00° 0.09=+0.00° 0.10+0.00¢
Cl14:.0i 0.12+0.00 0.13+0.00 0.12+0.00

C14:.0 11.07+0.02° 11.06+0.00° 11.20+0.03¢
Cl15:0i 0.23+0.00° 0.23+0.00® 0.24+0.00*
C15:0 ai 0.38+0.00¢ 0.41+0.00 0.47+0.00¢
Cl4:1 0.89+0.00¢ 0.91+0.00° 1.01+0.01#
C15:.0 1.02+0.00° 1.03+0.00° 1.11£0.012
Cl16:01i 0.29+0.00 0.30+0.00 0.28+0.00

C16:0 32.84+0.09¢ 31.80+0.01° 31.48+0.06¢
Clé:1 1.51+0.01° 1.47+0.01¢ 1.55+0.00°
C17:0 0.40+0.00¢ 0.55+0.00¢ 0.49+0.00°
Cl17:1 0.28+0.10 0.37+0.00 0.40+0.01

C18:0 12.66+0.04* 12.54+0.00° 10.93+0.00°
Cl18:1 %t 1.57+0.03¢ 1.68+0.04° 1.95+0.02¢
C18:1¢9 22.03+0.14¢ 22.76=0.01° 23.03+0.03¢
Cl18:1cll 0.55+0.01¢ 0.57+0.01° 0.71+0.03*
Cl18:1cl2 0.19+0.01° 0.21+0.00 0.25+0.01*
Cl18:1 ¢! 22.77+0.13¢ 23.54+0.00° 23.99+0.06
C19:0 0.28+0.01 0.30+0.01 0.30+0.00

C18:2 =t 0.00=0.00¢ 0.14+0.01° 0.17+0.00*
C18:2 1.19+0.00° 1.19+0.00° 1.64+0.00°
C18:3 0.31+0.01° 0.35+0.00¢ 0.34+0.00®
Cl18:2¢9tl1 0.38+0.00¢ 0.42+0.00 0.55+0.00¢
SFAs 70.85+0.19¢ 69.68+0.03" 68.13%0.09¢
MUFAs 27.26=0.19¢ 28.22+0.04° 29.18+0.102
PUFAs 1.88+0.01¢ 2.10+0.01° 2.69+0.00¢
SCFAs 5.58+0.05* 5.47+0.02° 5.28+0.01°
MCFAs 54.57+0.10° 53.45+0.02¢ 53.96=0.09°
LCFAs 39.84+0.15 41.08+0.03* 40.76+0.10°
BSFAs 1.17+0.01¢ 1.21+0.00° 1.28+0.00°

The presented values are means + standard deviations (n=3). Values
with different superscripts (a-c) in rows differ significantly at p< 0.05.
n.d. — not detected; i - iso; ai — anteiso; ¢ — cis; t — trans; SFAs - saturated
fatty acids; MUFAs — monounsaturated fatty acids; PUFAs - polyunsatu-
rated fatty acids; SCFAs - short-chain fatty acids, (C4-C8); MCFAs —
- medium-chain fatty acids, (C10-C16); LCFAs - long-chain fatty ac-
ids, (C17-C19); BSFAs - branched-chain fatty acids (C13:0 i, C13:0 ai,
C14:01, C15:01, C15:0 ai, C16:0 1).

IC18:1 2Zc (9, cll, cl2).

2C18:2 2t (19 cl12, tl1 cl5,¢9t12, 9 t13).
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A comparison of the fatty acid groups located on oppo-
site sides of the PC1 axis with the results of Duncan’s test
demonstrated that the proportions of these fatty acids (ex-
cluding C16:0 and C14:0 with loadings of 0.79 and -0.81,
respectively) were significantly (p<0.05) affected by product
type. It can be assumed that the proportions of the remaining
fatty acids also differed between the examined products (milk,
cream and buttermilk).

The share of the main fatty acid groups, i.e. SFAs, MU-
FAs, PUFAs, SCFAs, MCFAs and BCFAs, in the total fatty
acids differed significantly (p<0.05) between the analysed
products ( ). Whole milk fat was most abundant
in SFAs and least abundant in MUFAs, PUFAs and BCFAs.
The proportion of SFAs was lowest, whereas the proportions
of MUFAs, PUFAs and BCFAs were highest in buttermilk fat.
In terms of the length of the fatty acid chain, MCFAs (mostly
C16:0 and C14:0) were the predominant fatty acids. The con-
tent of MCFAs was lowest in cream fat and highest in milk
fat. Buttermilk was least abundant in SCFAs relative to the re-
maining products. The content of LCFAs was highest in cream,
lower in buttermilk, and lowest in milk. The LCFA values
in cream and buttermilk fat formed a homogeneous group
(p>0.05) and differed significantly (p<0.05) from the values
noted in milk. A similar content of MCFAs and LCFAs was
reported by Jensen [2002]. The content of fatty acids per
100 g of the analysed product was approximately 15 times
higher in cream than in buttermilk, and approximately 3 times
higher in cream than in milk ( ).

Differential scanning calorimetry

DSC involved freeze-dried samples of milk, cream
and buttermilk because the presence of water could lead to
the formation of unclear peaks, in particular lipid phase tran-
sition peaks. During DSC analysis, the phase transition peaks
of water can overlap with the peaks of the remaining milk
components, which could prevent the identification of differ-
ences between the DSC curves of milk, cream and buttermilk.
Water was removed from the samples by freeze-drying which
is the least invasive dehydration technique with minimum ef-
fects on milk components [Pugliese et al., 2019].

Freeze-dried samples of buttermilk, milk and cream
were characterised by water activity (a ) of 0.05-0.08, dry
matter content of 97.83+0.47 g/100 g, 97.73+0.69 g/100 g
and 97.89=0.24 g/100 g; fat content of 5.70=0.17 g/100 g,
29.64+0.33 g/100 g and 84.37=0.30 g/100 g; and pro-
tein content of 34.72+0.12 g/100 g, 24.79+0.25 g/100 g
and 5.08+0.20 g/100 g, respectively.

Differential scanning calorimetry supported the identifi-
cation of exothermic ( ) and endothermic ( )
peaks that occurred in all samples and differed between
the analysed products. Exothermic peaks were noted during
cooling, and they were identified as: A — peaks that occurred
in all samples within a temperature range of around 11°C to
around -40°C; B - peaks that were not clearly separated from
peaks A and were observed in milk and cream within a tem-
perature range of around 15°C to around 11°C; C - peak
noted only in cream within a temperature range of around
20-22°C to around 15°C. Peaks (A-C) denoting the crystal-
lisation of the entire milk fat were not completely separated

TABLE 3. Fatty acid content of milk, cream and buttermilk (g/100 g
of the product).

Fatty acids Milk Cream Buttermilk
SFAs 21.00+0.23° 58.79+0.21¢ 3.88=0.12¢
MUFAs 8.08=0.09 23.81+0.08¢ 1.66+0.05¢
PUFAs 0.56+0.01° 1.77%0.012 0.15=0.01¢
SCFAs 1.65+0.02° 4.62+0.02¢ 0.30=0.01¢
MCFAs 16.17+0.18° 45.10=0.16° 3.08=0.09¢
LCFAs 11.81+0.13° 34.66+0.12¢ 2.32+0.07¢
BSFAs 0.35+0.01° 1.02+0.01° 0.07=0.01¢

The presented values are means = standard deviations (n=3). Values
with different superscripts (a—c) in rows differ significantly at p< 0.05.
SFAs - saturated fatty acids; MUFAs — monounsaturated fatty acids;
PUFAs - polyunsaturated fatty acids; SCFAs — short-chain fatty acids,
(C4-C8); MCFAs — medium-chain fatty acids, (C10-C16); LCFAs -
- long-chain fatty acids, (C17-C19); BSFAs — branched-chain fatty acids
(C13:01, C13:0 ai, C14:0 1, C15:0 i, C15:0 ai, C16:0 ).

at a cooling rate of 10°C/min. Milk fat was crystallised within
a temperature range of 20°C to -40°C, but clear zones denot-
ing the crystallisation of selected milk fat fractions were also
observed. The first zone ranged from 20°C to 15°C (peak C),
and the second zone ranged from 10°C to -40°C (peak A).
These peaks were separated by a zone where the crystallisa-
tion of selected milk fat fractions was accompanied by less
pronounced thermal effects (peak B). The partial overlap be-
tween peaks A and B resulted from similar phase transition
characteristics of milk fat components [Tomaszewska-Gras,
2013].

The peaks on the DSC curves of milk, cream and but-
termilk in the present study ( ), had similar charac-
teristics to those reported by Truong e al. [2014]. A review
of the literature indicates that exothermic peaks (A-C) were
associated with crystallisation [Hokkanen et al., 2021; Mi-
chalski et al., 2004; Tomaszewska-Gras, 2013; Truong et al.,
2014]. Therefore, exothermic peaks A were probably asso-
ciated with the proportions of MUFAs and PUFAs (mostly
C18:1), whereas peaks B and C were influenced by the per-
centage content of SFAs (mostly C14:0, C16:0 and C18:0).

Endothermic peaks associated with milk fat melting were
observed in the DSC curves of all samples ( ) during
heating within a temperature range of -40°C to 95°C. The first
peak (D) did not have a clear onset temperature, and its end-
set temperature was determined at 18-24°C. Peak D was as-
sociated with LMPF and MMPF that were not clearly sepa-
rated (they were separated at a temperature of around 14°C
in the DSC curves of cream and milk). The second peak (E)
began at approximately 18-24°C and ended at 34-42°C,
and it was identified as HMPE

In a study by Szulc ef al. [2016], endothermic melting
peaks in whole milk powder were identified in the temperature
range of -10°C to 50°C. Endothermic peaks D and E associ-
ated with milk fat melting were reported by Hokkanen et al.
[2021] and Michalski ef al. [2004]. In the DSC curves of milk,
cream and buttermilk, peak D representing the overlap be-
tween LMPF and MMPF was highly related with the scan rate.
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FIGURE 3. Exothermic peaks in differential scanning calorimetry (DSC) curves during freeze-dried milk, cream and buttermilk cooling in cycle I (a)
and cycle II (b). Long-dash, short-dash and broken-dash lines represent replicate measurements in the same product. Different types of peaks are

marked with letters A-C.
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FIGURE 4. Endothermic peaks in differential scanning calorimetry (DSC) curves during freeze-dried milk, cream and buttermilk heating in cycle I (a)
and cycle II (b). Long-dash, short-dash and broken-dash lines represent replicate measurements in the same product). Different types of peaks are

marked with letters D-F.
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TABLE 4. Parameters of exothermic phase transition peaks of freeze-dried milk, cream and buttermilk in cycle I and cycle II of the differential scanning

calorimetry (DSC) sequence.

Peak | Cyde | Produt | T, €O | P, W | aT,c0 | T 0 | anaw | pco P.(C)
Milk 3.95+0.44>  0.14+0.02° 18.90+0.44> 14.46+0.14* 18.19+2.50° 16.36+0.84° nd.*
I Cream 7.19+0.19¢  0.36x0.02¢  10.67=1.11¢ 11.64+0.68" 37.24+0.71* 14.38+0.47" n.d.*
1 Buttermilk 458+0.62> 0.06+0.01c 21.97+1.71" 11.47+0.88"> 8.93+£0.98° 15.56+0.24* n.d.*
A Milk 401045 0.14x0.02° 19.09+0.59* 14.81+0.65* 18.49+2.23> 16.33+0.69° n.d.*
1I Cream 7.30+£0.370  0.36x0.02¢  10.65=0.97¢ 11.64+0.65" 34.21+4.49* 14.33+0.45" n.d.*
Buttermilk 4.69+036°  0.06=0.01c 19.88+0.3328 10.94+0.07¢ 8.42+0.74° 15.48+0.20* n.d.*
I Cream 17.79+0.30  0.21x0.05 2.76+0.05%  19.64+0.66 3.53+0.56 21.96x1.64 14.38+0.47
¢ 1I Cream 17.99+0.33 0.22+0.04 3.01+0.09*  19.50+0.53 3.71+0.57 20.79«1.11  14.33+0.45

The presented values are means =+ standard deviations (n=3). Values in columns, marked with lowercase letters (a—c) in the superscript differ signifi-
cantly at p<0.05; experimental factor — three products in the same cycle. Values in columns, marked with uppercase letters (A, B) in the superscript

differ significantly at p<0.05; experimental factor — two cycles in the same product. T

AT, , - peak width at half height, AH - enthalpy change; P
The peaks A and C are related to DSC curves in Figure 3.

height

- peak temperature; T

onset

— phase transition onset temperature;

max

- peak height at maximum; P_— peak onset temperature; P, - peak endset temperature.

'Undifferentiated peaks A and B (milk and cream) and peak A (buttermilk).

*no clear endset temperature.

Tomaszewska-Gras [2013] observed a peak corresponding to
the overlap between LMPF and MMPF (-30°C to around
18°C) and a clearly separated second peak corresponding
to HMPF (from around 18°C to 35°C) at the heating rate
of 20°C/min. At the heating rate of 10°C/min, the peaks cor-
responding to LMPF and MMPF were clearly separated at
a temperature of around 10°C.

Milk and buttermilk samples were also characterised
by endothermic peaks F which began to form at around 40°C
and extended beyond the heating threshold of 95°C (

). However, these peaks were not fully formed within
the temperature range set in the experiment, and their pa-
rameters were not determined. Peaks F were associated with
irreversible reactions, which is why they were not noted in cy-
cle IT of the DSC sequence. The characteristics of peaks F
differed in the DSC curves of the analysed products (but-
termilk, milk) ( ). Taller peaks were noted in butter-
milk than in milk due to differences in the protein content
of these products. Therefore, peaks F were probably related
to protein transitions, including denaturation or evaporation
of water. In the experiments conducted by Szulc et al. [2016]
and Ostrowska-Ligeza et al. [2012], peaks associated with
protein denaturation in milk powders occurred within a tem-
perature range of around 40°C to nearly 140°C, with a maxi-
mum at around 105°C.

In both cycles of the DSC sequence, peaks A-E were
tallest and most clearly differentiated in cream. The peaks
in the DSC curves of milk were much smaller, and the small-
est peaks were observed in buttermilk. Peaks became clearly
separated, and the value of AH and the absolute value of P
increased with a rise in fat content ( and .
These findings suggest that both exothermic and endothermic
phase transitions promoted greater heat exchange in cream
fat than in milk and buttermilk fat. The DSC curves (
and ) and the chemical composition of milk, cream
and buttermilk samples indicate that the presence of peaks

height

in the analysed DSC sequence was influenced mainly by fat
content. Higher fat content was also associated with a high-
er content of fatty acids in the examined samples ( ),
and this factor played a role in the formation of peaks on
DSC curves ( and ). The effect of fat con-
tent on the DSC curves of milk, cream and buttermilk within
the analysed temperature range was reported by Pugliese ef al.
[2019] who did not observe phase transition peaks in freeze-
-dried skim milk between -50°C and 100°C.

The parameters of phase transition peaks differed be-
tween milk, cream and buttermilk samples ( and
). In most peaks, AT, , values were lowest in cream
relative to the remaining samples (p<0.05). The only excep-
tion was the value of AT, in peak D in cycle I, which did
not differ significantly between cream and the remaining
products (p>0.05). The lowest value of AT, ,was noted in cy-
cle IT of the endothermic phase transition of cream (p<0.05)
( ). The values of AT, ,indicate that cream was char-
acterised by the highest rates of crystallisation and melting.
Exothermic peaks A and B in the DSC curves of cream were
analysed jointly, and they were characterised by the highest
maximum phase transition temperature (p<0.05). In milk
and buttermilk samples, T values were lower and did not
differ significantly in cycle I (p>0.05), but differed in cycle II
(p<0.05) ( ). Incycle II, T was lowest in peak D
in the DSC curve of cream (p<0.05). The T__ value of peak E
did not differ between the examined products (p>0.05)
( ). The highest value of T _ denoting the begin-
ning of a given phase transition was observed in exothermic
peak A of milk in cycles I and II (p<0.05) ( ) and in en-
dothermic peak D of milk in cycle II (p<0.05) ( ).
The T, value of peak E was highest in cream (p<0.05) (

). An analysis of the overlap between peaks A and B in cy-
cles I and II revealed the highest value of P_in milk (p<0.05)
( ), whereas in endothermic peaks in cycle II, the value
of P_was highest in cream (p<0.05) ( ). The values
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TABLE 5. Parameters of endothermic phase transition peaks of freeze-dried milk, cream and buttermilk in cycle I and cycle II of the differential scan-
ning calorimetry (DSC) sequence.

Pk | Cyde | Produt | T, €O [P W | at,c0 | T 0 | anaw | peo P.(C)
Milk 12.94+0.47"  -0.08+0.02> 13.70+0.44%  -1.88+1.07 7.51£1.93° n.d.* 20.16+0.90
I Cream 11.85+1.79  -0.42+0.06* 14.76+1.28 -433+£241  42.03%+4.19* n.d.* 23.36+4.54
Buttermilk 11.73+20.24  -0.03%£0.00c  14.55+0.45% -2.93+0.87* 2.78+0.54<8 n.d.* 20.22+0.338
P Milk 12.09+£0.30¢®  -0.09%£0.02> 14.63+0.26"* -2.90+1.02¢  8.64=1.76" n.d.* 20.21x0.64¢
I Cream 11624049 -040=003 13.61=1.11° -380+088 3884=188  nd*  22.58+036
Buttermilk ~ 12.07+0.37*  -0.04+0.01* 15.51+0.29" -4.35+0.64*® 3.81+0.72 n.d.* 21.19+0.44>
Milk 33.46+1.20 -0.05+£0.01° 12.66+0.71* 20.97+0.97 3.86£0.77° 20.26+0.83  42.79+2.04"
I Cream 3437558  -0.29+0.04c  11.34x2.45 2473580 19.63+£5.08* 23.36+4.54 45.17%4.12
Buttermilk 32.50+0.26  -0.02+0.00*  12.69+0.36* 21.61+0.48 1.26+0.28* 20.25+0.29® 40.05+0.87"
F Milk 3336+0.87 -0.07x0.01> 11.73+0.308  20.88+0.70°  4.68+0.89° 20.22+0.74¢ 45.58+0.60
1I Cream 32.74x0.68 -0.28%+0.02¢  10.69%£1.09> 23.32+0.45* 17.31x£2.02* 22.62+0.46* 43.66+0.39°
Buttermilk  32.96+0.43 -0.03x0.00®® 10.98+0.14"® 21.85+0.41> 1.88+0.28% 21.23+0.40" 42.64+0.37

The presented values are means =+ standard deviations (n=3). Values in columns, marked with lowercase letters (a—c) in the superscript differ signifi-
cantly at p<0.05; experimental factor - three products in the same cycle. Values in columns, marked with uppercase letters (A, B) in the superscript

differ significantly at p<0.05; experimental factor — two cycles in the same product. T, - peak temperature; T

AT, , - peak width at half height, AH - enthalpy change; P,
The peaks D and E are related to DSC curves in Figure 4.

*no clear onset temperature.

height

of P_differed significantly between the samples (p<0.05) only
in endothermic peaks D and E in cycle II ( ).

The DSC sequence was divided into two cycles to anal-
yse the impact of thermal history on the characteristics
of DSC curves and the parameters of phase transition peaks
in milk, buttermilk and cream samples. A comparison of cycle
I'and cycle Il revealed minor differences in the exothermic crys-
tallisation peaks of milk fat ( ). Significant differences
(p<0.05) in AT, , values were found between peak A of but-
termilk and peak C of cream ( ), which suggests that
buttermilk fat was crystallised more rapidly, whereas cream
fat was crystallised at a slower rate in cycle II. An analysis
of endothermic peaks revealed greater differences in curve
characteristics and the parameters of phase transition peaks
between cycle I and cycle IT ( , ). The most no-
table difference was the absence of peaks F in milk and but-
termilk samples in cycle II, which are probably associated
with irreversible phase transitions of proteins in cycle I. Only
endothermic peaks relating to reversible fat melting reac-
tions were noted in cycle II. Significant differences (p<0.05)
in the parameters of melting peaks were observed between
cycle I'and cycle II, including in the values of T in peak D,
AT, , and AH in peaks D and E, P, in peak E in milk samples,
T, and P in peak D,AT, , and AH in peaks D and E, and P,
and P, in peak E in buttermilk samples ( ). The remain-
ing parameters of exothermic and endothermic processes did
not differ significantly (p>0.05) between cycle I and cycle I
( and ). In repeated analyses of the same prod-
uct, greater differences in peak parameters (higher standard
deviation) and curve characteristics were observed in cycle I
than in cycle II, in particular in endothermic peaks in cream

— phase transition onset temperature;

> Tonset

- peak height at maximum; P_- peak onset temperature; P, — peak endset temperature.

( , ). In endothermic peaks, significant differ-
ences (p<0.05) in the values of AT ,, P and P, were determined
only in cycle II ( ). The differences between DSC cycles
indicate that the thermal history of the examined samples in-
fluenced curve characteristics, crystallisation rate, onset tem-
perature, melting rate and changes in melting enthalpy. Other
authors also observed that thermal history affects the shape
of the DSC curves, the parameters of crystallisation and melt-
ing of milk fat, as well as microcrystal structure and nucleation
rate which determine crystal polymorphism and size [Lopez
etal., 2007; ten Grotenhuis, 1999; Tomaszewska-Gras, 2013].
Changes in temperature promote the conversion of unstable
polymorphic a forms of milk fat crystals into stable p and p’
forms due to thermal memory effects [Wiking ef al., 2009].
These factors were probably responsible for the differences
between cycle I and cycle II of the analysed DSC sequence,
in particular in melting parameters, as well as the similari-
ties in DSC curves representing repeated heating and cooling
stages in cycle II ( ).

CONCLUSIONS

The research results provide a comprehensive overview
of the properties of the milk, cream and sweet buttermilk
emulsion phase. The fat globules were largest in cream
and smallest in buttermilk. The microscopic analysis revealed
the presence of fat globule agglomerates in cream and chains
of small fat globules in buttermilk. The size of fat globules
was related with the fatty acid content of the examined
products. The proportion of LCFAs was highest in cream
and lowest in milk, whereas the reverse was noted in an
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analysis of MCFAs. The content of monoenoic and polye-
noic fatty acids was highest in buttermilk and lowest in milk,
and it was related with the content of fat globule membrane
components. The analysed products differed in the shape
of DSC curves and the parameters of phase transition peaks.
Unlike milk and buttermilk, cream was characterised by an
additional peak on the DSC curve, as well as much high-
er values of crystallisation and greater changes in melting
enthalpy. These differences were probably induced by fat
content which was related with the fatty acid composition
of each product. The study demonstrated that parameters
mae Phegne @nd AT, ) of exothermic crystallisation peaks
and parameters P, . AT, and AH of endothermic melt-
ing peaks were reliable indicators for comparing the thermal
properties of milk, cream and buttermilk. The thermal history
of the examined products, which was shaped during repeat-
ed heating and cooling stages within a temperature range
of -40°C to 95°C, influenced the crystallisation and melting
characteristics of milk, cream and buttermilk fat. The ther-
mal phase transitions should be characterised in greater de-
tail and linked with the fatty acid profile and the size of milk
fat globules, which may be used to optimise the production
and storage processes of dairy products and to improve
and control their quality. Milk, buttermilk and cream should
also be compared in terms of the contents of components
other than milk fat.
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The fatty acid (FA) profile and thermal characteristics of ovine milk, bovine milk, and ovine and bovine
milk mixtures containing 10—90% of bovine milk (in increments of 10%) were determined. Ovine milk
was characterised by higher proportions of short-chain FAs (SCFAs), long-chain FAs (LCFAs) and poly-
unsaturated FAs (PUFAs). The content of bovine milk in the samples affected the characteristics of DSC
curves. Strong correlations were observed between fat content of milk lyophilisates, content of individual

FAs in total FAs and in milk lyophilisates of PUFAs, SCFAs, LCFAs and a lot of FAs from C6 to C18, the
parameters of phase transitions peaks of milk fat (crystallisation, ATy2, Tonset, and melting: low-melting
point, ATqj2; medium-melting point, Tmax, Tonset; high-melting point, AH, ATy2, Pheight) and the bovine-
to-ovine milk ratio in the mixtures.
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1. Introduction

Bovine milk is most widely used in the dairy industry on ac-
count of its low cost and availability, but milk of other mammalian
species is also collected and processed. Sheep are among the most
common milk—producing mammals. Ovine milk is more abundant
in dry matter than bovine milk, and it is characterised by higher
proportions of milk fat, whey proteins and casein (Bartowska,
Szwajkowska, Litwinczuk, & Kroél, 2011; Potocnik, Gantner,
Kuterovas, & Cividini, 2011). Ovine milk has a higher content of
saturated fatty acids (SFAs), in particular SFAs with <16 carbon
atoms, than bovine milk (Pietrzak-Fiecko & Kamelska-Sadowska,
2020), which results in its lower iodine value (Park, Judrez,
Ramos, & Haenlein, 2007). The chemical composition of milk is
determined by sheep breed, season, lactation phase, and animal
diets (Dankow & Pikul, 2011; De La Fuente et al., 2009; Konieczny,
2009). These factors influence the fatty acid (FA) profile and results
of DSC analyses (Couvreur, Hurtaud, Lopez, Delaby, & Peyraud,
2006; De La Fuente et al., 2009). However, applicability of differ-
ential scanning calorimetry (DSC) for ovine milk analysis has been
rarely explored in the available literature (Osthoff, Hugo, Joubert, &
Swarts, 2011).
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Phase transitions of milk fat, in particular crystallisation and
melting, are influenced by numerous factors, including the
composition of fat emulsions, FA profile, structure of tri-
acylglycerols, crystal polymorphism, and size of milk fat globules.
As a result, phase transitions occur within a wide range of tem-
peratures from —40 °C to 40 °C (Hokkanen, Partanen, Jukkola, Frey,
& Rojas, 2021; Michalski, Ollivon, Briard, Leconte, & Lopez, 2004;
Truong, Bansal, Sharma, Palmer, & Bhandari, 2014). The above
factors affect the shape of DSC curves, including the number of
peaks and peak overlaps, which are also influenced by scan rate
(heating/cooling rate) and thermal history (Amara-Dali et al., 2007;
Lopez, Lesieur, Bourgaux, & Ollivon, 2005; Tomaszewska-Gras,
2013). As reported by Tomaszewska-Gras (2013), a cooling rate
below 5 °C min~! contributes to a decrease in the height of milk fat
crystallisation peaks, whereas a cooling rate higher than 20 °C
min~! inhibits peak separation and promotes peak overlapping.
Moreover, an increase in cooling rate contributes to crystallisation
of bovine milk fat which occurs at 21.35 °C at a cooling rate of 1 °C
min~, and at 11.10 °C at a cooling rate of 20 °C min~". In DSC an-
alyses, fat crystallisation is usually represented by two exothermic
peaks during cooling. Melting is visualised by three endothermic
peaks corresponding to low-, middle- and high-melting point
fractions (LMPF, MMPF and HMPF, respectively).

The FA profile and the thermal properties of ovine milk, as well
as changes in the above parameters in ovine and bovine milk
mixtures have not been studied extensively to date. Therefore, the
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aim of this study was to identify changes in FA composition, char-
acteristics of DSC curves, and parameters of phase transition peaks
in ovine and bovine milk mixtures with different proportions of
bovine milk, and to describe relationships between the examined
parameters.

2. Materials and methods
2.1. Research material

The research material was bovine milk collected from
Holstein—Friesian cows and ovine milk collected from Kamieniecka
ewes. Composite milk samples were obtained in spring from cattle
and sheep that were fed a total mixed ration (TMR) and were reared
in the Polish voivodeship of Warmia and Mazury. Raw bovine and
ovine milk as well as bovine and ovine milk mixtures containing
10—90% (v/v) of bovine milk (in 10% increments) were analysed in
the study. Milk samples for the study were collected in triplicate.

2.2. Chemical composition

The proximate composition of milk, including the content of
proteins, casein, lactose and dry matter, was determined with the
MilkoScan™ FT 1200 milk analyser (Foss, Hillered, Denmark).

2.3. Fatty acid profile

Milk fat was extracted by the Rose—Gottlieb method (ISO, 2011).
Fatty acid esters were prepared according to standard ISO 15884.
The FA profile was determined by gas chromatography with a flame
ionisation detector (Agilent Technologies, Santa Clara, CA, USA).
Separation was performed on the CP—Sil 88 column (100 m,
0.25 mm, 0.20 um) (Agilent Technologies) with a temperature
gradient of 60 °C (1 min) to 180 °C; Dt = 5 °C min~'; injector
temperature 225 °C; detector temperature 250 °C; carrier gas he-
lium; flow rate 0.8 mL min~'; split ratio 1:100; sample volume 1 pL;
liner 0.4 mm. The reference material was BCR—164 anhydrous milk
fat (LGC Standards, Kietpin, Poland). The proportions of saturated
fatty acids (SFAs), monounsaturated fatty acids (MUFAs), poly-
unsaturated fatty acids (PUFAs), short—chain fatty acids (SCFAs),
medium—chain fatty acids (MCFAs), long—chain fatty acids (LCFAs)
and branched—chain fatty acids (BCFAs) were calculated. The pro-
portions of SCFAs, MCFAs and LCFAs in total FAs were determined
according to the method proposed by Jensen (2002). Content of
individual FAs was expressed in grams per 100 g of total FAs in the
product and in grams per 100 g of the lyophilisates based on its fat
content.

2.4. Lyophilisation

Samples were frozen to a temperature of —22 °C and then
lyophilised at 0.34 mbar and —32 °C using the CHRIST Alpha 1-2 LD
plus freeze—drier (Martin Christ Gefriertrocknungsanlagen GmbH,
Osterode am Harz, Germany).

2.5. Characteristics of lyophilisates

Dry matter and fat content of lyophilised samples were deter-
mined according to AOAC standards (method 990.20; 33.2.44;
AOAC, 2007) and the Rose-Gottlieb extraction and weighing
method (ISO, 2011), respectively. Water activity in the lyophilised
samples was determined at a temperature of 25 °C using the
Aqualab 4TEV analyser (Meter Group AG, Miinchen, Germany),
with +0.003 accuracy of dew point measurements and +0.3 °C
accuracy of temperature measurements. Microstructure of
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lyophilised samples was observed and recorded with the use of the
QUANTA 200 scanning electron microscope (Thermo Fisher Scien-
tific FEI Company, Hillsboro, OR, USA). Proportions of FA groups in
lyophilisates were expressed in grams per 100 g of the product
based on its fat content.

2.6. DSC analysis

The DSC analysis was conducted with the DSC Q10 differential
scanning calorimeter with a closed RCS cooling system (TA In-
struments, New Castle, DE, USA) that was calibrated with indium.
Lyophilised samples were ground to a fine powder and thoroughly
combined to obtain homogeneous samples. Samples of 3 + 1 mg
each were analysed according to the instructions in the DSC Q10
operating manual. The samples were weighed (XS205 DualRange,
Mettler Toledo, Columbus, OH, USA) and placed in biconvex, her-
metically sealed aluminium measuring crucibles. Due to their low
water content, samples of 3 + 1 mg each were characterised by a
high mass-to-volume ratio, and they completely filled the bottom
of the measuring crucible. For this reason, efforts were made to
ensure good contact between the sample and bottom of the cru-
cible. An empty hermetically sealed aluminium measuring crucible
was used as the reference sample. Measurements were conducted
in the following sequence: (i) heating from 10 °C to 95 °C; (ii)
cooling from 95 °C to —40 °C, (iii) heating from —40 °C to 40 °C. In
all stages, temperature was modified at a rate of 10 °C min~', and
after each stage, the samples were maintained at the final tem-
perature for 1 min. DSC analysis was conducted in triplicate at ni-
trogen flow rate of 50 mL min~". Results of the DSC analysis were
processed using the Universal Analysis 2000 program (TA In-
struments). The following parameters to identify phase transition
peaks were determined: maximum peak temperature (Tpax), phase
transition onset temperature (Topset), temperature range of transi-
tion as peak width at half height (ATq;), enthalpy (AH) and
maximum peak height (Pheight).

2.7. Statistical analysis

Results were analysed by one-way ANOVA, and the significance
of differences between means was determined by Duncan's test at
o = 0.05. Normality of distribution was verified using the
Shapiro—Wilk test. Average values of three replicates were sub-
jected to principal component analysis (PCA). Pearson's linear
correlation between FAs, thermal parameters and the bovine-to-
ovine milk ratio were calculated at o = 0.01. Data were processed
statistically using StatSoft Inc. Statistica v. 13.1 software (Tulsa,
Oklahoma, USA).

3. Results and discussion

Milk collected from Kamieniecka sheep had the following
proximate composition: dry matter content 19.11% + 0.09%, fat
content 7.91% + 0.06%, protein content 5.06% + 0.03, and lactose
content 5.42% + 0.03%. Raw bovine milk contained 13.44% + 0.08%
dry matter, 4.20% + 0.04% fat, 3.63% + 0.02% protein, and
490 + 0.02% lactose. Ovine milk was higher in all dry matter
components than bovine milk. Results are consistent with those in
the literature (Bartowska et al., 2011; Cinar, Serbester, Ceyhan, &
Gorgulu, 2015; Park et al., 2007; Stocco, Cipolat-Gotet, Bobbo,
Cecchinato, & Bittante, 2017).

3.1. Fatty acid profile

The proportions of individual FAs and FA groups in ovine and
bovine milk (Table 1) point to the typical FA composition of fat in
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Fatty acid profile of ovine milk, bovine milk, and ovine and bovine milk mixtures containing 10—90% of bovine milk.*

Fatty  Ovine Percentage of bovine milk in bovine and ovine milk mixtures Bovine  Correlation Regression equation
acid  milk oo 20% 30% 40% 50% 60% 70% 80% 90% milk coefficient r
(P-value
<0.001)

Cc4:0 258 2.62 255 2.54 2.58 242 246 242 2.34 246 236 —0.84 y = —0.0024x + 2.6068
(£0.03)% (£0.01)* (£0.02)*® (+0.03)° (+0.07)® (£0.04)¢ (+0.01)° (£0.02)¢ (+0.01)° (+0.03)° (+0.02)d

C6:0 238 242 233 230 224 2.06 2.11 2.05 1.91 1.88 1.69 -0.97 y = —0.0068x + 2.4623
(+0.01)° (+0.01)* («0.01)° (+0.01)° («0.02)¢ (x0.04)" (+0.02)° (£0.01)f (+0.01)8 (+0.01)% (+0.02)"

c8:0 258 2.60 2.44 239 2.20 1.95 1.99 1.84 1.60 1.42 1.09 —0.97 y = —0.0145x + 2.7352
(£0.01)* (+£0.01)* (£0.01)® (+0.01)° (+£0.01) (£0.17)% (+0.01)¢ (+0.01)¢ (+0.01)f (+0.01)8 (+0.01)"

C10:0 8.01 8.01 7.52 735 6.69 5.87 5.95 5.42 463 3.92 2.81 -0.97 y = —0.0506x + 8.5475
(£0.02)* (+0.01)* (£0.01)°> (+0.02)° (+0.01)° (x0.67)% (+0.03)¢ (£0.01)° (+0.01)" (+0.01)¢ (+0.02)"

C10:1  0.20 0.22 0.22 0.23 0.24 0.25 0.25 0.26 0.27 0.30 0.30 0.96 y = 0.0010x + 0.2014
(+0.01)8 (+0.01) (£0.01)f (+0.01)¢f (+0.01) (£0.02)¢ (+0.01)¢ (£0.01)*° (+0.01)° (+0.01)* («0.01)

C11:0 0.08 0.08 0.09 0.09 0.09 0.09 0.10 0.10 0.10 0.11 0.10 0.83 y = 0.0025x + 0.0798
(+0.01)° (+0.01)¢ («£0.01)° (+0.01)° (+0.01)¢ («£0.01)¢ (+0.01)¢ (£0.01)* (+0.01)>° (+0.01)® (x0.01)®

C12:0 457 4.64 4.49 453 438 427 425 419 4.02 391 3.62 -0.95 y = —0.0090x + 4.7084
(+0.01)® (+0.01)* («£0.04)> (+0.01)° («0.01)° («0.13)* (+0.01)¢ (£0.01)? (+0.01)° (+0.01)f (+0.03)2

C13:0i 0.02 0.03 0.03 0.04 0.04 0.06 0.06 0.06 0.07 0.08 0.09 0.98 y = 0.0007x + 0.0193
(x0.01)f  (£0.01)F (£0.01)¥ (£0.01)% (£0.01)¢ (x0.01)° (+0.01)° (+0.01)¢ (+0.01)°> (+£0.01)° (+0.01)

C13:0ai 0.06 0.06 0.06 0.07 0.07 0.08 0.08 0.09 0.09 0.10 0.11 0.96 y = 0.0005x + 0.0539
(+0.01)8 (+0.01)® (+£0.01)® (+0.01)¢7 (+0.01)¢ (x£0.01)¢ (+0.01)¢ (£0.01)*° (+0.01)° (+0.01)* (x0.01)

C13:0 0.11 0.11 0.11 0.12 0.12 0.13 0.13 0.14 0.14 0.15 0.16 0.97 y = 0.0005x + 0.1050
(x0.01)f  (£0.01)f  (£0.01) (£0.01)f (£0.01)° (x0.01)¢ (£0.01)! (£0.01)¢ (+0.01)° (+£0.01)° (x0.01)

C14:0i 0.12 0.13 0.12 0.12 0.12 0.11 0.11 0.11 0.10 0.10 0.10 ~0.92 y = —0.0003x + 0.1286
(+0.01)* (£0.01)* (£0.01)® (+0.01)*® (£0.01)>¢ (+0.01)°¢ (+0.01)¢ (+0.01)% (+0.01)*f (+0.01)f (+0.01)

C14:0 1033 10.37 1045 10.57 10.62 1091 10.80 10.93 11.07 1127 1137 098 y = 0.0106x + 10.2610
(+0.01)" (+0.01)" (£0.02)2 (+0.03)" («0.01)f (x£0.08)! (+0.02)° (£0.01) (+0.04)° (+0.01)> (x0.03)

C15:0ai 0.37 0.37 0.36 0.36 0.36 035 0.35 0.35 0.34 0.34 0.33 —0.95 y = —0.0004x + 0.3709
(£0.01)* (£0.01)* (£0.01)® (£0.01)° (£0.01)° (£0.01)% (+0.01)! (+0.01)% (+0.01)f (+£0.01)° (x0.01)8

C14:1  0.16 0.22 0.28 033 0.46 0.65 0.62 0.77 091 1.11 1.26 0.98 y = 0.0109x + 0.0723
(£0.01)" (£0.01)8" (£0.01)8 (20.01)® (£0.01)" (£0.17)° (£0.01)° (£0.01)¢ (+0.01)° (+£0.01)° (£0.01)?

C15:0 0.86 0.86 0.95 0.97 1.02 1.13 1.10 1.18 1.26 1.35 144 0.98 y = 0.0057x + 0.8155
(x0.01)" (£0.03)" (£0.01)% (+0.01)® (+£0.01)f (£0.07)° (£0.01)° (+0.01)¢ (+0.01)° (+£0.01)° (+0.01)

C16:0i 0.34 033 0.32 0.31 0.29 0.28 0.28 0.26 0.25 023 0.20 ~0.96 y = —0.0013x + 0.3441
(£0.01)* (+£0.02)® (£0.01)* (+0.01)* (+0.01)¢ (+0.02)% (+0.01)% (+0.01)F (+0.01)® (+0.01)8 (+0.01)"

C16:0 2406 2425 25.53 26.06 2772 3013 29.70 3125 3337 3544 3838 098 y = 0.1382x + 22.7120
(£0.06)" (£0.03)" (£0.01)8 (20.02) (£0.03)" (£1.52)° (+0.01)° (+0.01)¢ (+0.06)° (+£0.01)° (£0.13)?

C16:1  0.97 1.06 1.12 1.19 1.35 1.63 1.66 1.81 2.00 222 248 0.98 y = 0.0149x + 0.8450
(£0.02)" (+£0.01)8" (£0.01)8" (+0.01)® (+£0.05)0 (+0.23)° (+0.02)% (+0.01)¢ (+0.01)° (+0.01)° (+0.01)

C17:1 0.8 0.19 0.20 0.20 0.21 0.23 0.22 0.23 0.24 0.25 0.27 0.93 y = 0.0008x + 0.1791
(£0.01)% (£0.01)® (£0.01)% (+0.01)°® (£0.01)% (£0.03)*® (+0.01)°% (+0.01)*® (+0.01)* (+£0.01)* (£0.01)?

C18:0 1293 11.98 11.99 11.62 11.02 10.18 10.17 9.45 8.80 7.84 7.11 -0.98 y = —0.0548x -+ 13.0240
(£0.06)* (+£0.01)° (£0.04)® (20.03)* (+£0.03)° (£0.94)¢ (+0.01)¢ (£0.02)¢ (+0.01)f (+£0.03)8 (£0.02)"

C18:13t 1.82 1.79 1.71 1.71 1.61 1.52 1.52 1.46 1.35 1.08 1.06 —0.95 y = —0.0076x + 1.1880
(£0.01)* (+£0.01)® (£0.01)* (+0.02)* (+£0.01)¢ (+0.11)% (+0.01)% (+0.01)F (+0.02)f (+0.01)8 (+0.12)%

C18:2 236 243 230 226 2.15 2.03 2.06 1.96 1.84 1.75 1.56 -0.97 y = —0.0080x + 2.4657
(+0.01)° (2+0.02)* («£0.01)°° (+0.01)° («+0.01)¢ («£0.09)° (£0.01)° («£0.01)f (+0.01)8 (+0.01)" (+0.01)

C18:3 0.79 0.69 0.63 0.62 0.57 0.53 0.54 0.50 0.43 0.41 0.38 —0.95 y = —0.0037x + 0.7370
(£0.10)* (+£0.01)° (£0.01)¢ (+0.01)* (x£0.01)¢ (+0.04)¢ (+0.02)! (+0.01)% (+0.01)*f (+0.03)f (+0.03)

PUFA  3.94 3.93 3.69 3.59 3.36 3.09 3.15 3.06 2.81 2.75 2.56 —~0.98 y = 0.0141x + 3.9723
(+0.15)* (+0.03)® («0.05)° (+0.02)° (+0.05)° (£0.10)¢ (+0.04)% (£0.09) (+0.10)® (+0.05)° (+0.13)f

SCFA 753 7.65 7.32 7.23 7.02 6.43 6.57 6.31 5.86 5.76 5.14 -0.97 y = 0.0238x + 7.8084
(+0.05)* (+0.01)* (x0.02)° (+0.04)° (+0.10)° («0.18)% (+0.04)¢ (£0.03)° (+0.01)f (+0.04)f (+0.02)8

MCFA 5047 5093 51.85 52.52 53.77 5614 5564 57.11 58.83 6082 6289 098 y = 0.0024x + 49.4620
(+0.07)" (+£0.01)" (£0.08)% (+0.08)% (x0.09)" (+1.28)° (+0.04)° (+0.02)¢ (+0.09)° (+0.02)° (+0.19)

LCFA 4199 4142 40.83 40.25 39.21 3743  37.79 3658  35.31 33.41 31.92 -0.98 y = —0.0979x + 42.7270
(£0.02)* (£0.01)*® (£0.06)>¢ (+0.03)° (+£0.01)¢ (£1.09)° (+0.08)° (£0.01) (+0.09)® (+0.05)" (+0.22)

2 Abbreviations are: i, iso; ai, anteiso; c, cis; t, trans; PUFA, polyunsaturated fatty acids; SCFA, short-chain fatty acids, (C4—C8); MCFA, medium-chain fatty acids, (C10—C16);
LCFA, long-chain fatty acids, (C17—C19). Regression equation is where y is the fatty acid content and x is the bovine-to-ovine milk ratio. Values (in g 100 g~! total fatty acids)
are means (+SD) (n = 3); values with different superscript letters in rows differ significantly at P < 0.05. N.S. — not significant.

the analysed milks, and are consistent with results reported in the
literature (De La Fuente et al., 2009; Jensen, 2002; Pietrzak-Fiecko
& Kamelska-Sadowska, 2020).

The relationships between FA content and the bovine-to-ovine
milk ratio in the mixtures were determined by PCA to identify
FAs which were most correlated and whose content changed most
significantly with an increase in bovine milk in the mixtures. The
first two principal components, PC1 and PC2, explained 90% of total
variance in input data, but only PC1 was considered to be statisti-
cally significant because it explained 84% of the variance (Fig. 1).

Sample type was largely related to the range of PC1, and the dis-
tribution of scores on the PC1 axis from —0.69 to 0.96 indicates that
the loadings were arranged in an increasing order with an increase
in the bovine-to-ovine milk ratio. The loadings indicate that the
variables were correlated. An acute angle indicates that variables
are correlated in the same direction; an obtuse angle indicates that
variables are correlated in opposite directions; and a right angle
points to the absence of correlations. The points denoting selected
FAs formed two distinct clusters at the extreme ends of the PC1
axis, and their loadings demonstrated that variables were strongly
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Table 2
Composition and water activity of lyophilised ovine and bovine milks and their mixtures.”
Component Ovine milk Percentage of bovine milk in bovine and ovine milk mixtures Bovine milk
10% 20% 30% 40% 50% 60% 70% 80% 90%
Fat (%) 40.10 38.81 37.88 38.09 36.61 35.22 34.33 33.55 3270 3107 29.70
(£0.13)? (+£0.12)° (£0.12)° (+0.11)¢ (£0.11)¢ (+0.11)f (+0.12)8 (+0.13)" (0.15)! (+0.18y (£0.21)¢
Dry matter (%) 96.93 95.52 95.04 97.62 96.00 94.72 94.93 95.68 96.51 95.27 95.12
(+0.31)° (£0.20)%  (+0.13)F  (+0.40) (+0.24)° (+0.19)f (+0.16)f (+0.21)4 (+0.29)° (£0.26)%¢F  (+0.20)°f
Water activity  0.05 0.06 (+0.01)* 0.08 0.05 0.08 0.09 0.04 0.06 (+0.02)° 0.05 0.06 0.07
(=) (+0.01)° (+0.00)° (£0.01)¢  (£0.01)° (£0.01)*  (+0.00)¢ (+0.01)¢  (+0.01)4 (+0.01)P¢

2 Values are means (+SD) (n = 3); values with different superscripts in rows differ significantly at P < 0.05.

correlated. Higher the variable (FA) loading on PC1, the greater the
influence of the bovine-to-ovine milk ratio on the proportion of a
given FA. The first cluster on the left side of the PC plot contained
points representing FAs with negative loadings on the PC1 axis in
the range —0.99 to —0.95, which proportions decreased with a rise
in the bovine milk content of the samples (Fig. 1). The second
cluster on the right side of the PC1 axis contained points denoting
FAs with highly positive loadings in the range 0.95—0.99, which
increased with a rise in ovine milk content of the analysed samples
(Fig. 1; Supplementary material Table S1).

Results of the PCA were used to identify 22 FAs and 4 FA groups
whose proportions changed in mixtures with different bovine milk
content (Table 1). The FA clusters located at the opposing ends of
the PC1 axis (Fig. 1) were compared with the results of the statis-
tical significance test (Table 1). Comparison revealed that the

proportions of these FAs differed significantly (P < 0.05) across the
samples.

Ovine milk was more abundant (P < 0.05) in C6:0, C8:0, C10:0,
C12:0, C14:0, C14:0i, C15:0ai, C16:0i, C18:0, C18:1=t, C18:2 and
C18:3 FAs, and it contained more PUFAs, SCFAs, LCFAs and BSFAs
than bovine milk. In turn, bovine milk was characterised by a higher
content (P < 0.05) of C10:1, C11:0, C13:0, C13:0 ai, C14:0, C14:1,
C15:0, C16:0 and C16:1 FAs, and it was more abundant in SFAs and
MCFAs than ovine milk (Table 1). The differences in the FA profile of
ovine and bovine milk led to differences in the FA profile of milk
mixtures (P < 0.05) (Table 1). A linear relationship (P < 0.001) was
observed between the bovine-to-ovine milk ratio and the pro-
portions of most FAs (Table 1).

Observed proportions of FAs in bovine and ovine milk are partly
consistent with those reported by De La Fuente et al. (2009) and
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Fig. 1. PCA biplot of ovine milk, bovine milk, and ovine and bovine milk mixtures containing 10—90% of bovine milk, and the contribution of the fatty acid (FA) profile to principal
component 1 (PC1) and principal component 2 (PC2). Left cluster (L) includes the following FAs: C6:0, C8:0, C10:0, C12:0, C14:0i, C15:0ai, C16:0i, C18:0, C18:1=t, C18:2, C18:3. Right
cluster (R) includes the following FAs: C10:1, C11:0, C13:0, C13:0i, C13:0ai, C14:0, C14:1, C15:0, C16:0, C16:1, C17:1.
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Pietrzak-Fiecko and Kamelska-Sadowska (2020). The only differ-
ence was the high content of C14:0 and C16:0 FAs in bovine milk,
which increased the proportion of SFAs in bovine milk relative to
ovine milk (Table 1). In a study by Pietrzak-Fiecko and Kamelska-
Sadowska (2020), SFA content was higher in ovine milk collected
from Kamieniecka sheep than in bovine milk collected from
Holstein-Friesian cows. In the work of De La Fuente et al. (2009),
average content and range of FAs in ovine milk were determined at
71.35% (56.81—81.16%) for SFAs, 22.10% (18.85—35.73%) for MUFAs,
and 6.54% (2.55—11.79%) for PUFAs.

3.2. Characteristics of lyophilisates

Despite differences in composition of bovine and ovine milk,
water is the main component in both milks. The presence of water
can be responsible for thermal effects that overlap the transition
effects of other milk components (Pugliese, Paciulli, Chiavaro, &
Mucchetti, 2019). Milk was lyophilised to eliminate the effect of
water on thermal characteristics of the sample and to prevent
overlap between other milk components and water.

Fat content decreased gradually with an increase in bovine-to-
ovine milk ratio of the lyophilisates (P < 0.05), which was not
observed with regard to dry matter content and water activity;
however, their values differed significantly across the samples
(P < 0.05).

Ovine milk lyophilisate was more abundant in all FA groups per
100 g of product than bovine milk lyophilisate (P < 0.05) (Table 3).
As a result, the content of all FA groups decreased gradually in
freeze-dried ovine and bovine milk mixtures (P < 0.05). The
number of significant (P < 0.05) differences between the analysed
samples was highest for SFAs and lowest for MCFAs.

The microscopic analysis revealed no clear differences in the
microstructure of ovine and bovine milk samples (Fig. 2). Lyophi-
lised ovine milk was characterised by larger pore diameters.

3.3. DSC analysis

DSC curves for bovine milk and ovine milk lyophilisates were
analysed to identify peaks representing exothermic (cooling from
95 °C to —40 °C) and endothermic (heating from —40 °C to 40 °C)
phase transitions (Fig. 3, Fig. 4). Pugliese et al. (2019) did not
identify phase transition peaks in lyophilised skimmed bovine milk
within the DSC range —50 °C—100 °C. Present findings suggest that

International Dairy Journal 129 (2022) 105339

the peaks on DSC curves denoted phase transitions of milk fat
(Figs. 3 and 4).

One exothermic peak (peak A, from around 10—11 °C to
around —40 °C) was identified on the DSC curves of ovine milk and
mixtures containing up to <60% of bovine milk. The second
exothermic peak (peak B, from around 14.5 °C to around 10.5 °C)
that was not fully separated from peak A was identified in mixtures
containing >70% of bovine milk (Fig. 3). A review of the literature
indicates that exothermic peaks were associated with fat milk
crystallisation (Hokkanen et al.,, 2021; Michalski et al., 2004;
Tomaszewska-Gras, 2013; Truong et al., 2014).

DSC curves of samples containing <60% bovine milk were
characterised by two endothermic phase transition peaks (C and F).
DSC curves of the samples containing >70% of bovine milk featured
three endothermic peaks (D—F), two of which were formed when
peak C was separated into two individual peaks (D and E) (Fig. 4).
Peaks D (no clear onset, to around 13—15 °C) and E (from around
13—14 °Cto around 17—20 °C) were separated from peak C (no clear
onset, to around 13—18 °C) with an increase in bovine-to-ovine
milk ratio of the samples (Fig. 4).

Peak C was regarded as the phase transition peak of combined
milk fat fractions LMPF and MMPF, which was separated into peaks
D (LMPF) and E (MMPF) when the bovine-to-ovine milk ratio
exceeded 70% (Fig. 4). Partial overlap between endothermic peaks
resulted from similar phase transition characteristics of milk fat
components (Tomaszewska-Gras, 2013).

The third endothermic peak (peak F, from around 19—20 °C to
around 35—37 °C) was associated with milk fat fraction HMPF, and
its visibility increased with a rise in the bovine-to-ovine milk ratio
of the samples (Fig. 4).

Similar results were reported by Osthoff et al. (2011), where the
exothermic phase transition peak during cooling, the endothermic
phase transition peak during heating, and the phase transition
peaks of ovine milk ranged from 0 °C to 20 °C during DSC analysis
conducted within a temperature range —50 °C—85 °C, in steps of
10°Cmin~. Pugliese et al. (2019) identified two endothermic peaks
in lyophilised bovine milk within the temperature range 0—50 °C,
modified at a rate of 5 °C min~". According to Amara-Dali et al.
(2007), the temperature change rate separates peaks and affects
the number of observed peaks.

Endothermic peaks (C—F) were identified as LMPF (D), MMPF (E)
and HMPF (F) based on published data. In a study by Szulc, Nazarko,
Ostrowska-Ligeza, and Lenart (2016), endothermic melting peaks
in whole milk powder were identified in the estimated range

Table 3
Fatty acid content in milk lyophilisates.®
Component Ovine milk Percentage of bovine milk in bovine and ovine milk mixtures Bovine milk
10% 20% 30% 40% 50% 60% 70% 80% 90%
SFA 28.32 27.17 26.76 26.91 25.92 25.01 24.25 23.74 23.24 22.26 21.34
(£0.02)? (+0.03)° (£0.02)° (+0.03)¢ (£0.04)° (+0.11)f (£0.02)8 (+£0.01)" (+0.04)' (+0.02) (+0.05)¢
MUFA 10.20 10.11 9.72 9.81 (+0.03)° 9.46 (+0.06)° 9.12 (+0.14)¢ 9.00 (+0.01)° 8.78 (+0.02)" 8.54 7.96 (+£0.02)" 7.60 (+0.01)'
(+0.04)2 (+0.01) (+0.00)° (+0.03)2
PUFA 1.58 1.52 (+0.01)* 1.40 1.37 (+0.01)° 1.23 (+0.02)° 1.09 (+0.04)¢ 1.08 (+0.02)¢ 1.03 (+0.03)¢ 0.92 0.86 (+0.01)° 0.76 (+0.04)
(0.06)? (0.02)° (+0.03)°
SCFA 3.02 2.97 (+0.02)° 2.77 2.75 (£0.02)° 2.57 (+0.04) 2.26 (+0.06)° 2.25 (+0.01)¢ 2.12 (x0.01)7 1.92 1.79 (£0.01)" 1.53 (£0.00)'
(+0.02) (+0.01)° (+0.00)8
MCFA 20.24 19.77 19.64 20.00 19.69 19.78 19.10 19.16 19.24 18.90 18.69
(+0.03)? (+0.04)P¢ (£0.03)° (+£0.03)® (£0.03)°¢ (+£0.45)°¢ (+0.01)% (+0.01)d (£0.03)¢ (0.01)¢f (+0.06)¢
LCFA 16.84 16.08 15.47 15.33 1435 13.18 12.98 12.27 11.55 10.38 9.48 (+0.07)!
(£0.01)? (+£0.01)° (£0.02)° (£0.01)° (+0.01)¢ (£0.39)¢ (£0.03)° (+0.02)f (+0.03)8 (+0.02)"
BSFA < C16 0.44 0.43 (£0.01)° 0.40 0.41 (+£0.00)° 0.39 (+£0.00)* 0.37 (+0.01)¢ 0.36 (+0.00)" 0.35 (+0.00)8 0.34 0.32 (+0.00)" 0.31 (x0.00)
(+0.00)2 (+0.00)° (+0.00)"

2 Abbreviations are: SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; SCFA, short-chain fatty acids, (C4—C8); MCFA,
medium-chain fatty acids, (C10—C16); LCFA, long-chain fatty acids, (C17—C19); BSFA, branched saturated fatty acids (C13:0i, C13:0ai, C14:0i, C15:0i, C15:0ai, C16:0i). Values (g
100 g ! lyophilisate) are means (+SD) (n = 3); values with different superscript letters in rows differ significantly at P < 0.05.
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Fig. 2. Microstructure of ovine (a—c) and bovine milk (d—f) at 200 x (a, d), 800 x (b, e) and 1600 x magnification (e, f, including pore diameters).
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Fig. 3. Comparison of exothermic peaks A and B (cooling from 95 °C to —40 °C) of the DSC curve for ovine milk, bovine milk, and ovine and bovine milk mixtures containing 10—90%
of bovine milk: peak A, from around 10—11 °C (depending on the sample) to around —40 °C; peak B, from around 14.5 °C to around 10.5 °C.

of —10 °C—50 °C. Hokkanen et al. (2021) and Michalski et al. (2004)
noted endothermic peaks D—F associated with milk fat melting. On
the DSC curves, peak C representing the overlap between LMPF and
MMPF was highly correlated with the scan rate. Tomaszewska-Gras
(2013) observed a peak corresponding to the overlap between

LMPF and MMPF (—30 °C to around 18 °C) and a clearly separated
second peak corresponding to HMPF (from around 18 °C—35 °C) at
a heating rate of 20 °C min~".

Parameters Topset, AT1/2 and AH of the exothermic phase tran-
sition peak differed significantly (P < 0.05) among samples
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Fig. 4. Comparison of endothermic peaks C—F (heating from —40 °C to 40 °C) of the DSC curve for ovine milk, bovine milk, and ovine and bovine milk mixtures containing 10—90%
of bovine milk: peak C, no clear onset, from 0 °C to around 13—18 °C (depending on the sample); peak D, no clear onset, from 0 °C to around 13—15 °C (depending on the sample);
peak E, from 13 to 14 °C to around 17—20 °C (depending on the sample); peak F, from 0 °C to 19—20 °C (depending on the sample) to 35—37 °C.

(Table 4). The values of Topser (r = 0.89) and ATy (r = —0.91)
increased with a rise in bovine-to-ovine milk ratio (P < 0.001). The
observed increase in Topset Values indicates that onset of phase
transitions occurred at higher temperature in samples with a
higher proportion of bovine milk. Values for the ATy, point to the
rate of phase transitions, therefore the decrease in ATy, with a rise
in the bovine-to-ovine milk ratio indicates that milk fat was more
rapidly crystallised. Parameters Tax (P > 0.05), AH (P > 0.01) and
Pheight (P > 0.05) were not affected by changes in the bovine-to-
ovine milk ratio. Parameter AH decreased in bovine milk and the
mixture containing 90% of bovine milk.

For exothermic peaks, significant differences (P < 0.05) were
observed between bovine-to-ovine milk ratio and parameters Topset
and ATy, of peak C, parameter ATy, of peak D, and all parameters
of peaks E and F (Table 4). The bovine-to-ovine milk ratio was
correlated (P < 0.001) with changes in parameters Topget (I = —0.96)
and ATqp; (r = 0.99) of peak C, parameter ATy (r = 0.96) of peak D,
parameters Tpax (r = 0.96) and Topset (I = 0.96) of peak E, and pa-
rameters Tpax (I = 0.97), ATy (r = 0.80), AH (r = 0.97) and Ppejght
(r = —0.96) of peak F (Table 4). A positive correlation between the
bovine-to-ovine milk ratio and the values of ATy; in peaks C and D
(associated mainly with milk fat fraction LMPF) and peak F (asso-
ciated with milk fat fraction HMPF) indicates that phase transitions
associated with milk fat melting occurred more rapidly with an
increase in bovine-to-ovine milk ratio. For peak F, a positive cor-
relation was also noted between AH and bovine-to-ovine milk ra-
tio, which indicates that energy expenditure required for
endothermic transitions associated with HMPF melting increased
with a rise in the bovine-to-ovine milk ratio.

Results indicate that changes in parameters describing the
endothermic phase transition peaks of milk fat melting were a
more reliable indicator of differences in the bovine-to-ovine milk
ratio than the parameters describing the exothermic phase transi-
tion peaks of milk fat crystallisation.

An increase in bovine-to-ovine milk ratio decreased the pro-
portions of FAs corresponding to the content of milk fat fractions
LMPF, MMPF and HMPF (Table 3) and increased the number of
phase transition peaks on DSC curves. The above changes promoted
the formation of peak B (Fig. 3) and separation of peaks D and E
from peak C (Fig. 4). Visibility of endothermic peaks (C—F) (Fig. 4)

corresponding to milk fat fractions LMPF, MMPF and HMPF
increased with a rise in the bovine-to-ovine milk ratio despite a
decrease in the content of FA groups associated with these fractions
(Table 3).

The following variables were subjected to PCA to identify vari-
ables that were most highly correlated with the content of bovine
milk in the mixtures as well as variables that were bound by the
strongest correlations: the FA profile of samples (g 100 g~! total
fatty acids) (Table 1), fat content in milk lyophilisates (Table 2),
content of different FA groups in milk lyophilisates (g 100 g~!
lyophilisate) (Table 3), FA content in milk Iyophilisates (g 100 g1
lyophilisate), peak parameters (Table 4), and the bovine-to-ovine
milk ratio in the mixtures. Analysis involved FAs and FA groups
remaining after the reduction of the FA profile of samples by PCA
(Fig. 1) as well as the parameters of exothermic peak A and endo-
thermic peak F that were bound by a linear correlation with the
bovine-to-ovine milk ratio in the mixtures. Endothermic peaks C—E
were observed only in selected samples; therefore, they were not
included in PCA.

The first two principal components, PC1 and PC2, explained 94%
of total variance in input data, but only PC1 was considered to be
statistically significant because it explained 91% of the variance
(Fig. 5). Sample type was largely related to the range of PC1, and the
distribution of scores on the PC1 axis from —1.29 to 1.03 indicates
that loadings were arranged in an increasing order with an increase
in the bovine-to-ovine milk ratio. Points denoting selected vari-
ables formed two distinct clusters at the extreme ends of the PC1
axis, and these variables were strongly correlated. Higher the var-
iables loading on PC1, the greater the influence of the bovine-to-
ovine milk ratio on the proportion of a given variable.

The first cluster on the left side of the PC plot contained points
representing variables with negative loadings on the PC1 axis in the
range —0.99 to —0.93 (Fig. 5). Values of these variables increased
with a rise in the bovine milk content of the analysed samples.
Values for Topset Of peak A, Tmax and ATy of peak F, C10:1 content in
the total FAs and C13:0 content in milk lyophilisates also increased
with a rise in bovine milk content of the samples (with
loadings —0.91, —0.97, —0.82, —0.93 and —0.96, respectively), but
these parameters weakly correlated with variables in the first
cluster, and they were not grouped in the first cluster.



Table 4
Parameters of phase transition peaks for lyophilised bovine milk, ovine milk and their mixtures®.
Peak Parameter  Ovine Percentage of bovine milk in bovine and ovine milk mixtures Bovine* Correlation  Regression equation
10% 20% 30% 40% 50% 60% 70%+ 80%* 90%* coefficient r
(P-value
<0.001)
Exothermic
A Tmax (°C) 4.02 (+0.38)° 4.10 445 491 5.00 4.96 5.68 (+0.36)* 4.90 464 419 484 N.S. N.S.
(+0.24)d (+0.65)°¢  (£0.01)" (+0.65)% (0.06)¢ (+0.14)"¢ (£0.07)°¢  (+0.30) (+0.07)Pcd
Tonset (°C)  9.48 (+0.12)f 9.92 (+0.11)*F 10.19 10.08 10.20 10.59 10.89 11.58 11.48 11.74 13.96 0.89 y = 0.0386x + 9.1209
(+0.08)° (+0.08)°f (+0.01)¢ (+0.07)d (+0.06)¢ (+0.01)° (£0.21)%¢ (+0.33)° (£0.72)
ATy (°C) 2141 21.62 21.02 20.42 20.06 17.49 17.37 18.15 17.97 16.65 15.17 —0.91 y = —0.0601x + 21.8358
(£0.71) (£0.66) (+0.59)* (£1.05) (+1.85)° (£1.26)° (+0.83)° (+0.50)° (+0.06)° (+£0.41)°¢ (£0.33)°
AH( g ') 20.06 22.08 20.32 21.36 19.16 21.00 19.91 20.41 20.76 18.30 16.81 N.S. N.S.
(051  (x0.71) (+5.44) (£2.29)° (+0.64)* (£2.02)® (+2.38)% (+0.22)® (+0.41y°  (+0.68)% (+1.43)°
Pheight (CW  15.24 16.15 (+0.84) 15.37 (+4.17) 16.08 15.03 17.75 17.24 (+0.61) 16.46 (+0.16) 16.78 15.96 (+1.15) 16.76 (+1.20) N.S. N.S.
g1 (+£0.41) (+1.20) (+0.55) (x0.71) (£0.21)
Endothermic
C Tmax (°C) 14.56 14.64 (+0.01) 14.38 (+0.08) 14.66 14.73 14.62 14.66 (+0.06) N.D. N.D. N.D. N.D. N.S. N.S.
(+0.30) (+£0.04) (+0.01) (+£0.14)
Tonset (°C)  7.78 (+0.35)? 5.84 (+0.29)° 4.33 (+0.41)° 3.02 (+0.34)d 1.13 (+0.01)¢ 1.06 (+0.04)° 1.03 (+0.06)° N.D. N.D. N.D. N.D. —0.96 y = —0.1213x + 7.1413
ATy (°C) 757 8.43 (+0.06)f 8.87 (+0.01)° 9.17 (+0.01)? 9.63 (+0.11)° 10.59 10.88 N.D. N.D. N.D. N.D. 0.99 y = 0.0541x + 7.6731
(£0.18)8 (£0.11)° (£0.02)
AH(Jg™ ')  3.32(+0.18) 3.42(+0.06) 3.14 (+0.60) 3.13 (x0.27) 2.75(+0.67) 3.45 (+0.02) 3.26 (+0.01) N.D. N.D. N.D. N.D. N.S. N.S.
Pheight (CW ~ —5.77 -5.85 -534 -5.17 —4.80 -5.15 -5.32 N.D. N.D. N.D. N.D. N.S. N.S.
g (+0.35) (+0.58) (£1.13) (+0.46) (+0.52) (+0.08) (+£0.31)
D Tma (°C) N.D. N.D. N.D. N.D. N.D. N.D. N.D. 10.34(x0.21) 10.73 10.37 (+0.42) 10.49 (+0.23) N.S. N.S.
(+0.19)
Tonset (°C)  N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.85 (+0.07) 0.85 (+0.02) 0.71 (+0.13) 0.78 (+0.12) NS. N.S.
ATy (°C)  N.D. N.D. N.D. N.D. N.D. N.D. N.D. 11.59 11.77 11.95 1221 0.96 y = 0.0208x + 10.1085
(£0.05)° (£0.08)°¢  (0.11)° (£0.10)
AH(g') ND. N.D. N.D. N.D. N.D. N.D. N.D. 3.51 (+0.05) 3.88 (+0.03) 4.15(+0.41) 4.17 (+0.36) N.S. N.S.
Pheight (CW  N.D. N.D. N.D. N.D. N.D. N.D. N.D. —-4.99 —-5.44 -5.87 -5.95 N.S. N.S.
g (+£0.09) (£0.11) (£0.71) (+£0.52)
E  Tmax (°C) N.D. N.D. N.D. N.D. N.D. N.D. N.D. 15.38 15.66 16.00 16.65 0.96 y = 0.0435x + 12.2356
(£0.02)° (£0.02)° (+0.30)° (£0.11)
Tonset (°C)  N.D. N.D. N.D. N.D. N.D. N.D. N.D. 13.51 13.56 14.31 15.02 0.96 y = 0.0550x + 9.4391
(+0.01)° (x0.01)° (+0.30)° (+0.01)
ATy (°C)  ND. N.D. N.D. N.D. N.D. N.D. N.D. 1.60 (+£0.01) 1.76 (+0.04)* 1.50 (+0.02)° 1.46 (+0.04)° N.S. N.S.
AH(Jg') ND. N.D. N.D. N.D. N.D. N.D. N.D. 0.03 (+£0.01)® 0.08 (+0.02)* 0.02 (+0.01)> 0.04 (+0.02)° N.S. N.S.
Pheight (CW  N.D. N.D. N.D. N.D. N.D. N.D. N.D. ~1.45 -1.69 ~1.44 ~1.30 N.S. N.S.
g (+0.04)® (+0.05)° (+£0.27)® (+0.06)2
F Tmax (°C) 29.89 30.09 30.25 30.30 31.06 30.93 31.40 32.06 32.51 32.87 33.78 0.97 y = 0.0392x + 29.4872
(+0.21)8 (+0.21)f (+0.06) (+0.11)f (+0.39)% (+0.07)¢ (+0.06)¢ (+0.11)° (+0.08)° (+0.23)° (+0.09)
Tonset (°C)  20.65 20.49 20.44 20.57 20.57 20.30 20.25 20.19 20.27 20.57 20.51 N.S. N.S.
(£0.12) (£0.01)®  (£0.19)*¢  (+0.01)® (+0.06)* (+£0.03)"¢ (+£0.05)"¢ (£0.01)° (£0.03)°¢  (+0.42)% (+0.04)%¢
ATy (°C)  7.75 (£0.19)1 8.35 (£0.20)° 7.74 (+0.16)" 8.28 (+0.12)° 7.27 (+0.06)8 7.91 (+0.06)" 7.86 (+0.06)" 8.76 (+0.06)¢ 9.28 (+0.18)° 10.01 . 10.49 0.80 y = 0.0261x + 7.2884
(+0.14) (+0.05)
AH(Jg ') 081 (+0.07)f 1.07 (+0.20)°f 1.18 (+0.43)f 1.41 (+0.18)° 1.48 (+0.06)° 2.06 (+0.03)¢ 2.27 2.66 3.16 3.12 (+0.69)° 3.97 (+0.21)* 0.97 y = 0.0285x + 0.6623
(+0.04)¢ (+£0.09)°¢ (+0.09)°
Pheight ((W ~ —1.86 -2.26 ~2.69 ~2.86 -3.36 —439 —4.89 -5.01 -5.94 —553 -6.73 ~0.96 y = —0.0445x - 1.8399
g (£0.15) (+0.44)® (£1.11)% (+£0.31)® (+£0.27)°¢ (+0.13)d (+0.08)de (+0.44)% (+0.08)°f (+1.20)% (+0.36)f

@ Abbreviations are: Tmax, maximum peak; Tonser, ONset point; ATy 2, peak width at half-height; AH, enthalpy of phase transition; Pheight, maximum peak height; N.S. — not significant; N.D. — not detected. Regression equation is
where y is the parameter value and x is the bovine-to-ovine milk ratio. An asterisk indicates that the parameters of peak B were not identified. Values are means (+SD) (n = 3); values with different superscripts in rows differ
significantly at P < 0.05.
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Fig. 5. PCA biplot of ovine milk, bovine milk, and ovine and bovine milk mixtures containing 10—90% of bovine milk, and the contribution of the parameters of peaks A and F, the fat
content, the content of individual fatty acids in g 100 g~ total fatty acids (FAs with “%*) and the fatty acid content of milk lyophilisates (FAs without “%*) to principal component 1
(PC1) and principal component 2 (PC2). Left cluster (L) includes: AH of peak F; FAs content in total FAs of C10:1, C13:0, C13:0 ai, C14:0, C17:1 and MCFAs; FAs content in milk
lyophilisates of C13:0 i, C14:1, C15:0, C16:0 and C16:1. Right cluster (R) includes: ATy, of peak A; fat content; FA content in total FAs and in milk lyophilisates of C6:0, C8:0, C10:0,

C12:0, C14:0 i, C15:0 ai, C16:0 i, C18:0, C18:1 =t, C18:2, C18:3, PUFAs, SCFAs, LCFAs.

The second cluster on the right side of the PC1 axis contained
points denoting variables with highly positive loadings in the range
0f 0.92—0.99 (Fig. 5). Values of these variables decreased with a rise
in the bovine milk content of analysed samples. Values for Phejgnt 0f
peak Fand C14:0 content in milk lyophilisates also decreased with a
rise in the bovine milk content of analysed samples (with loadings
0.89 and 0.98, respectively), but these parameters were weakly
correlated with variables in the second cluster, and they were not
grouped in the second cluster.

Regardless of whether the content of individual FAs was ana-
lysed in total FAs or in milk lyophilisates, these variables were
bound by similar correlations, excluding C10:1, C13:0, C13:0 ai,
C14:0, C17:1 and MCFAs.

The direction of the correlations observed in PCA was consistent
with the direction of linear function of variables that were corre-
lated with the bovine-to-ovine milk ratio (Tables 1 and 4). The
calculated values of correlation coefficients (Table 4) indicate that
direction of changes in ATy, of peaks C and D, and Tiax and Topset Of
peak E was identical to AH, ATy, Timax of peak F and Topset Of peak A,
whereas the direction of changes in Topset Of peak C was identical to
ATy of peak A and Ppeighe of peak F, which may point to similar
correlations between these variables.

Higher content of SFAs and MCFAs, especially C14:0 and C16:0 in
bovine milk than in ovine milk affected an increase in Typset and a
decrease in ATy of the first crystallisation peak (peak A), as well as
the occurrence of the second crystallisation peak (peak B). Truong

et al. (2014) observed that the FA profile is responsible for differ-
ences in the crystallisation curves of anhydrous bovine milk fat
fractions: stearin (hard fraction with a higher content of C14:0,
C16:0, C18:0) and olein (soft fraction with a higher content C18:1).
Truong et al. (2014) also noted a peak of crystallisation in the
temperature range from —5 °C to 10 °C, which was characterised by
a smaller size and the higher values of Tp,3x and Topset in the stearin
fraction compared with olein fraction. An additional crystallisation
peak was observed only in the stearin fraction in the temperature
range 10 °C—15 °C, which was significantly smaller than the peak in
the temperature range 0 °C—10 °C.

4. Conclusions

Bovine-to-ovine milk ratio influences the shape of DSC curves
and is correlated with the parameters of phase transition peaks.
Changes in the content of bovine milk in the examined samples
affected the number of observed peaks. In samples containing
<60% of bovine milk, the endothermic peaks corresponding to the
melting of LMPF and MMPF overlap and form a single peak. Ovine
milk is characterised by higher proportions of SCFAs, LCFAs and
PUFAs, whereas bovine milk is more abundant in MCFAs and SFAs,
and these differences affect the FA profile of ovine and bovine milk
mixtures. Changes in the FA profile, shape of DSC curves and pa-
rameters describing phase transitions were observed in mixtures
containing 10% and more bovine milk. The following parameters



O.M. Brozek, K. Kietczewska and K. Bohdziewicz

were strongly correlated: fat content of milk lyophilisates; con-
tent of PUFAs, SCFAs, LCFAs and a lot of FAs from C6 to C18; the
parameters of crystallisation peaks — ATy and Topset, and melting
peaks: LMPF — ATy 2, MMPF — Tiax, Tonset» HMPF — AH, and ATy,
Pheight- In the future, lyophilisates with identical fat content
should be analysed to identify variables that are independent of
fat content, and the size of milk fat globules should also be
considered.
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Table S1

Fatty acid profile of ovine milk, bovine milk, and ovine and bovine milk mixtures containing 10-90% of bovine milk, eliminated after the
original data set was reduced by principle component analysis. ?

Fatty acid  Ovine Percentage of bovine milk in bovine and ovine milk mixtures Bovine  Correlation Regression equation

milk milk coefficient
r (P-value
10 % 20 % 30 % 40 % 50 % 60 % 70 % 80 % 90 % <0.001)

C4.0 2.58 2.62 2.55 2.54 2.58 2.42 2.46 2.42 2.34 2.46 2.36 -0.84 y =-0.0024x + 2.6068
(£0.03)®  (£0.01)2  (£0.02)® (£0.03)°  (£0.07)® (£0.04)¢ (£0.01)¢  (£0.02)%¢ (£0.01)2  (£0.03)°  (20.02)%

Cl12:1 0.02 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.02 0.02 N.S. N.S.
(20.01)®  (£0.01)* (£0.01)¢  (£0.01)*  (£0.01)® (£0.01)P* (£0.01)°  (£0.01)° (£0.01)°  (£0.01)¢  (x0.01)°

C15:0i 0.17 0.17 0.17 0.18 0.18 0.17 0.17 0.17 0.17 0.17 0.17 N.S. N.S.
(20.01)®  (£0.01)® (£0.01)® (£0.01)® (£0.01* (£0.01)® (£0.01)® (£0.01)® (£0.01)>  (£0.01)®  (20.01)°

C17:0 0.57 0.59 0.60 0.62 0.63 0.52 0.52 0.51 0.52 0.54 0.51 -0.69 y =-0.0010x + 0.6061
(#0.01)°  (£0.02)°  (£0.01)°  (£0.02)2 (20.01)2  (*£0.01)® (£0.01)® (*0.01)¢  (£0.01)® (£0.01)°  (+0.01)¢

Cl18:12c 22.09 22.55 22.11 22.07 21.97 21.59 2191 21.63 21.34 20.64 20.22 -0.89 y =-0.0185x + 22.5740
(£0.08)"  (£0.02)2  (£0.01)"  (+0.06)° (£0.10)% (£0.08)°  (£0.01)¢  (+0.04)  (£0.03)"  (£0.01)!  (+0.07)"

C19:0 0.45 0.38 0.54 0.43 0.41 0.30 0.30 0.24 0.26 0.31 0.18 -0.79 y =-0.0027x + 0.4796
(£0.01)%  (£0.02)P% (£0.06)%  (+0.11)%  (+0.09)2  (£0.04)%" (+0.06)%" (+£0.06)  (£0.01)¢"  (£0.01)¢"  (+0.02)"

C18:2%t 0.33 0.32 0.32 0.30 0.26 0.21 0.22 0.21 0.22 0.21 0.20 -0.87 y =-0.0017x + 0.3343
(£0.02)*  (£0.03)2  (£0.01)®  (£0.05)® (£0.03)>  (£0.02)¢  (£0.01)’ (£0.02)°  (£0.04)* (£0.02)¢  (x0.03)

C18:2c9t11 0.46 0.48 0.44 0.42 0.38 0.33 0.33 0.40 0.36 0.40 0.43 N.S. N.S.
(£0.05)®  (£0.02)2  (£0.03)®  (+0.07)* (£0.03)¢ (+0.01)¢  (£0.05)% (+0.05)¢ (£0.06) (£0.03)  (+0.05)%

SFA 70.61 70.02 70.65 70.65 70.79 71.01 70.64 70.76 71.06 71.63 71.81 0.81 y =0.0127x + 70.2450
(£0.04)  (£0.01)®  (£0.04)  (£0.09)¢  (£0.12)b (+0.30)" (£0.05)¢  (+0.04)¢ (£0.12)>  (£0.05)2  (+0.15)?

MUFA 25.45 26.05 25.66 25.75 25.85 25.90 26.21 26.18 26.13 25.61 25.58 N.S. N.S.
(#0.11)°  (£0.03)%c (£0.01)% (£0.07)%% (+0.16) (£0.41)2¢ (£0.01)*  (+0.05)® (£0.01)® (£0.01)%  (+0.04)d

BSFA<C16 1.09 1.10 1.07 1.08 1.06 1.06 1.05 1.04 1.03 1.03 1.00 -0.92 y =-0.0008x + 1.0939

(0.0)®  (£0.02)°  (£0.01)*  (20.01)* (£0.01)% (£0.02)%® (£0.01)® (£0.01)¥ (x0.01)f  (£0.01)  (£0.01)

2 For principle component analysis, see Fig. 1. Abbreviations are: i, iso; ai, anteiso; c, cis; t, trans; SFA, saturated fatty acids; MUFA,
monounsaturated fatty acids; BSFA, branched saturated fatty acids (C13:0i, C13:0ai, C14:0i, C15:0i, C15:0ai, C16:0i).
Regression equation is where y is the fatty acid content and x is the bovine-to-ovine milk ratio. Values (g 100 g total fatty acids)
are means (£SD) (n = 3); values with different superscripts in rows differ significantly at P < 0.05. N.S., not significant.
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Physicochemical and Sensory Properties with Special Emphasis on Thermal Characteristics
of Whey Butter from Gouda Cheese Production Compared to Milk Butter

Oskar Michat Brozek*®, Katarzyna Kielczewska ™, Krzysztof Bohdziewicz

Department of Dairy Science and Quality Management, Faculty of Food Sciences,
University of Warmia and Mazury in Olsztyn, Oczapowskiego Str. 7, 10-719 Olsztyn, Poland

Key words: whey butter, milk butter, differential scanning calorimetry, fatty acid profile, sensory attributes

The aim of this study was to characterise milk fat from whey butter and to identify potential differences between whey butter (WB) and sweet cream
butter (milk butter - MB). The fatty acid (FA) profile, thermal properties, colour parameters, texture properties, and sensory attributes of MB and WB
were compared. The values of texture properties (firmness, brittleness, and cohesiveness) and colour parameters (values of b* and the yellowness index)
of WB were lower than MB. The sensory analysis showed lower values of consistency descriptors (firmness, brittleness, cohesiveness), a less intense
nutty and milky aroma, and a more intense cheesy aroma and taste in WB than in MB. WB was more abundant in monounsaturated, polyunsaturated,
and long-chain FAs, including C18:0, C18:1 Xz, C18:1 Zc, C18:2, C18:3, and C18:2 ¢9, ¢11, and it was less abundant in saturated and medium-
chain FAs, including C10:0, C12:0, C14:0, C14:1, C15:0, C16:0, and C16:1, relative to MB. Water content (MB vs WB and the corresponding fats)
and thermal history (single vs repeated heating and cooling treatments) affected differential scanning calorimetry curves and phase transition peaks.
The principal component analysis revealed that the FA profile influenced the crystallisation and melting peaks of MB fat (MBF) and WB fat (WBF).
WBEF crystallisation occurred at a lower temperature, was characterised by lower enthalpy, and proceeded more rapidly than MBF crystallisation. Vari-
ous fat fractions had different melting characteristics, and most WBF fractions were characterised by lower melting enthalpy and a smaller maximum
difference in heat flow than MBE Whey butter and milk butter differed in physicochemical properties and sensory attributes, and their thermal profiles

depended on the FA profile, water content, and thermal history.

INTRODUCTION

The coagulation of milk proteins in cheesemaking leads
to the separation of milk components into two phases: curd
and whey. Around 8 to 9 kg of whey is generated in the pro-
duction of 1 kg of cheese. The global production of whey
is estimated at 165 million tons, and it continues to increase
by 1-2% every year [Panghal et al., 2018]. Whey obtained
during cheesemaking is utilised in 75% in Europe and in less
than 50% on other continents [Macwan et al., 2016]. Differ-
ent types of whey are obtained in various cheese production
technologies. Sweet whey is the by-product of rennet coag-
ulation of milk, whereas acid whey is obtained during acid
coagulation of milk. Sweet and acid whey differ in composi-
tion and parameters that determine their suitability for further
processing [Nishanthi er al., 2017]. Depending on the chee-
semaking technology, 50-60% of milk solids are transferred
to whey. Some of the separated solids have very high nutri-
tional value. When whey is further processed (into whey pro-
tein concentrate, lactose, lactic acid), residual fat is separated
from other components [Kasapcopur ef al., 2021; Macwan
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Tel.: +48 89 523 32 11; Fax: +48 89 523 34 02
E-mail: (O. Brozek)

et al., 2016]. Some fat is transferred to whey during cheese-
making. Concentrated whey fat in the form of whey cream
can be processed into various products, such as whey butter
[Jinjarak et al., 2006; Panghal ef al., 2018].

The composition of milk fat is influenced by numerous
factors, including seasonal variations, animal nutrition, lac-
tation phase, and technology of dairy products. Differences
in milk fat composition affect the physicochemical proper-
ties of butter [Amal, 2009; Anankanbil ef al., 2018; Couvreur
etal., 2006].

The phase transitions of milk fat, especially crystallisa-
tion and melting (which occur within a temperature range
of —40°C to 40°C), are mainly affected by the physicochemi-
cal properties of fat, including the fatty acid (FA) profile, fat
crystal structure, and the size of fat globules [Hokkanenet al.,
2021; Michalskiet al., 2004; Truonget al., 2014]. The crystal-
lisation of anhydrous milk fat was reported to differ between
the hard (with a higher content of C14:0, C16:0, C18:0)
and soft (with a higher content C18:1) milk fat fractions
[Truong et al., 2014]. Milk fat can be divided into three frac-
tions based on melting temperature: the low-melting point
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fraction (LMPF) with a melting temperature below 10°C,
the middle-melting point fraction (MMPF) with a melt-
ing temperature of 10-25°C, and the high-melting point
fraction (HMPF) with a melting temperature higher than
25°C. The melting process of each fraction is represented
by distinct endothermic peaks on differential scanning calo-
rimetry (DSC) curves [Anankanbil ef al., 2018; Brozek et al.,
2022a, b; Hokkanen et al., 2021]. The FA profile of milk fat,
in particular the triacylglycerol (TAG) profile, determines
the melting temperature of LMPE, MMPE and HMPE
and influences the rheological properties of butter [Omar
et al., 2017]. According to Anankanbil ef al. [2018], a high
content of C14:0 and C16:0 increased the melting tempera-
ture of MMPF and HMPEF, whereas a high content of C18:0,
C18:1, and C18:2 decreased melting temperature. A higher
C16:0/C18:1 ratio significantly increased the melting tem-
perature of milk fat and butter firmness [Couvreur et al.,
2006]. Milk fat melting is a complex process due to the pres-
ence of three polymorphic crystal forms of fat with different
properties and crystalline structure. The hexagonal o form
(the least stable form that undergoes reversible crystallisa-
tion during rapid cooling) can be irreversibly transformed to
a B’ (more stable orthorhombic form) and § form (the most
stable triclinic form) [Fredrick et al., 2011; Hondoh & Ueno,
2016; Lopez & Ollivon, 2009; Staniewski et al., 2021; Viriato
et al., 2019]. The thermal history of milk fat, which is de-
termined during successive heating and cooling treatments,
illustrates changes in the polymorphic structure of crystals
and can be used to determine differences in melting behav-
iour relative to fat that was not subjected to thermal treat-
ment. The thermal history of dairy products is recorded
during thermal treatments, such as cream aging in butter
production. Thermal history affects the ratio of solid to lig-
uid fat phases, thus influencing the rheological properties
of butter [Jukkola & Rojas, 2017; Staniewski ez al., 2021].

Milk and dairy products are complex matrices, where each
component is characterised by unique phase transformations.
In the results of DSC analysis, the phase transition peaks
of different components can overlap if they occur within
a similar temperature range. The above influences the identi-
fication of phase transition peaks in DSC curves and the cor-
responding peak parameters [Amara-Dali et al., 2007; Lopez
et al., 2005; Tomaszewska-Gras, 2013]. Examples of over-
lapping phase transition peaks include fat crystallisation
and melting peaks, and water freezing and ice melting peaks.
Therefore, the presence of water in butter can significantly af-
fect the observed phase transition peaks of butter fat in DSC
curves. In DSC analyses, more complex thermal properties
of milk fat can be observed in butter samples that do not
contain water or have reduced water content than in butter
samples with standard water content.

The aim of this study was to characterise milk fat from but-
ter made from whey which was obtained from Gouda cheese
production, and to identify potential differences between whey
butter (WB) and sweet cream butter (milk butter — MB). The fol-
lowing research hypotheses were formulated: 1) MB and WB
do not differ in selected physicochemical properties or senso-
ry attributes; 2) the thermal profile of butter is not influenced
by the type of butter, FA profile, presence of water or thermal

history (DSC analysis of single vs multiple heating and cooling
treatments). The research hypotheses were validated by mea-
suring the FA profile, thermal properties, colour parameters,
texture properties, and sensory attributes of MB and WB.

MATERIALS AND METHODS

Research materials

MB and WB were obtained from a dairy plant (Spéidzielnia
Mileczarska Rospuda in Filipdw, Warmia and Mazury voivode-
ship, Poland) as the final products of periodic churning per-
formed under the same industrial conditions. WB was pro-
duced from whey obtained from Gouda cheese production.
MB was produced from sweet milk cream. MB and WB were
collected in triplicate during the week from different batches
in the amount of 1 kg (n=3).

Water was removed from MB and WB to determine its
influence on the thermal characteristics of fat. Butters were
clarified at 60°C; the fat phase was separated from the aque-
ous phase, and the fat phase was filtered through filter paper
containing anhydrous sodium bisulphate roasted at a temper-
ature of 150°C. The above procedure was applied to obtain
milk butter fat (MBF) and whey butter fat (WBF). The sam-
ples of MBF and WBF were obtained from one clarification
process for each sample.

Samples of MB and WB were analysed for chemical com-
position, FA profile, colour parameters, texture properties,
and sensory attributes. Samples of MB, WB, MBF, and WBF
were used in the DSC analysis.

Chemical composition analysis

The content of total solids, solids-non-fat, and water
of WB and MB was determined with the FoodScan Dairy
Analyser (Foss, Hillerged, Denmark). Fat content was deter-
mined with the gravimetric method by Rose-Gottlieb accord-
ing to ISO 1211 [ISO, 2010].

Fatty acid profile analysis

Extraction of milk fat was conducted by the Rose-Gottlieb
method [ISO, 2010]. Fatty acid esters were prepared accord-
ing to ISO 15884 [ISO, 2002]. The 7890A gas chromato-
graph with a flame ionisation detection (Agilent Technologies,
Santa Clara, CA, USA) was used to determine the FA profile
on the CP-Sil 88 column (100 m x 0.25 mm, 0.20 wm; Agilent
Technologies) with a thermal gradient from 60°C (1 min) to
180°C at 5°C/min; injector and detector temperature, 225°C
and 250°C, respectively; flow rate of carrier gas (helium),
0.8 mL/min; split ratio, 1:50; injection volume, 1 pL; liner,
0.4 mm. The reference material was BCR-164 anhydrous
milk fat (LGC Standards, Kietpin, Poland). The proportions
of fatty acids were calculated and divided into the follow-
ing groups: saturated fatty acids (SFAs), monounsaturated
fatty acids (MUFAs), polyunsaturated fatty acids (PUFAs),
short-chain fatty acids (SCFAs; C4-C8), medium-chain fatty
acids (MCFAs; C10-C15), long-chain fatty acids (LCFAs;
C16-C19), and branched-chain fatty acids (BCFAs; C13:0 i,
C13:0 ai, C14:0 i, C15:0 i, C15:0 ai, C16:0 i). The following
abbreviations were used in the description of fatty acid iso-
mers: ai — anteiso, i — iso, ¢ — cis, [ — trans.
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Differential scanning calorimetry analysis

The Q10 DSC analyser with a closed refrigerated cooling
system (TA Instruments, New Castle, DE, USA) was calibrat-
ed with indium. The DSC analysis (sample weight: 10+1 mg;
type of measuring crucibles: biconvex hermetically sealed
aluminium crucible; gas: nitrogen; flow rate: 50 mL/min,
reference sample: empty crucible) was divided into two con-
secutive and uninterrupted cycles to determine the influence
of the thermal history of butter and butter fat on the melting
behaviour of milk fat. In the first cycle, measurements were
conducted in the following sequence: I — heating from —40°C
to 95°C, II - cooling from 95°C to -40°C. The sequences from
the first cycle were repeated three times in the second cycle.
In each stage, temperature was changed at a rate of 10°C/min,
and at the end of each stage, the samples were maintained at
the final temperature for 1 min. The results of the DSC analysis
were processed in the Universal Analysis 2000 program (TA
Instruments). The following parameters of the identified phase
transition peaks were determined according to Brozek et al.
[2022b]: maximum peak temperature (T, ), phase transition
onset temperature (T ), transition temperature range as peak
width at half height (AT, ,), enthalpy (AH), peak height at max-
imum (P, ), starting (P)) and ending (P,) points of the peak.
Colour analysis

The colour analysis was performed in the CIELab space.
Three colour parameters were measured: L*, lightness from
black (0) to white (100); a*, greenness (-) to redness (+);
b*, blueness (-) to yellowness (+) with the CR-400 Chroma
Meter (Konica Minolta Sensing Americas, Inc., Ramsey, NJ,
USA) calibrated against a white plate (L*=95.42; a*=4.89 and
b*=-2.43). The results were used to calculate chromaticity
(C*), the whiteness index (WI), and the yellowness index (YI)
according to equations (1), (2), and (3), respectively.

C* = (a*? + p*)/2 (1)
WI =100 — [(100 — L)% + a*2 + b*2]1/2 )
YI = 14286 b*/L* (3)

The total difference in colour chroma (AC*) between
MB and WB was calculated with the use of formula (4),
and the total difference in colour (AE) between MB and WB
was calculated with the use of formula (5).

AC* = CMB*Z - CWB*Z (4)

AE = [(Lyg" — Lwg")* + (amp™ — aws™)? + (5)
+ (byp" — by")*]M?
All parameters were calculated according to Pathare ef al.
[2013].

Texture analysis

Instrumental texture analyses were conducted with the use
of the TAXTplus Texture Analyser (Stable Micro Sys-
tems, Godalming, United Kingdom) with Texture Exponent

32 software. Butter samples were stored in a refrigerator at
6=1°C, and texture analyses were conducted at the same
temperature in the micro thermostatic chamber (Tempera-
ture Applied Sciences Ltd, West Sussex, United Kingdom)
cooled with liquid nitrogen from the XL-120 cylinder (Tay-
lor-Wharton Gas Equipment Sdn. Bhd., Shah Alam, Selan-
gor, Malaysia). The sample was positioned centrally under
a P/6 cylindrical flat probe. Butter firmness (N), consistency
(N'xs), cohesiveness (N), and the viscosity index (Nxs) were
determined in a penetration test (speed: 2 mm/s; distance:
20 mm). Firmness was measured as the maximum force
needed to press the probe into the sample. Cohesiveness was
described as the maximum force needed to overcome the re-
sistance of the sample when the probe returns to its initial
position. Consistency and the viscosity index were expressed
by the area under the force vs time curve when the probe
penetrated the sample and returned to its initial position, re-
spectively. Butter cohesiveness and the viscosity index were
described by negative values, and they were related to the di-
rection of probe movement [Sanchez & Pérez, 2012; Tarapata
etal.,2021].

Sensory evaluation

The sensory profiles of MB and WB were determined
on a descriptive scale according to ISO 13299 [ISO, 2016].
The evaluation was conducted by a panel of eight trained spe-
cialists with confirmed taste sensitivity according to ISO 8586
[ISO, 2014]. The descriptors were selected by the panel. Each
panellist received a product sheet and a score sheet. The fol-
lowing quality descriptors were considered in the evaluation:
appearance (1 descriptor — colour uniformity), aroma (4 de-
scriptors — milky, pasteurisation, nutty and cheesy aroma),
consistency (3 descriptors — firmness, cohesiveness, brittle-
ness), and taste (4 descriptors — milky, pasteurisation, nutty
and cheesy). Sensory attributes were evaluated on a five-point
descriptive scale (1 to 5 points). The intensity of each sensory
attribute was determined (1 — absence of descriptor, 5 — very
intense).

Statistical analysis

The results of fatty acid profile, colour parameters, tex-
ture properties, and sensory attributes for MB and WB were
analysed with the Student’s 7-test (p<0.05). One-way ANO-
VA (normal distribution was verified using the Shapiro-Wilk
test) was performed for the results of thermal properties,
and the significance of differences between means was deter-
mined in Duncan’s test at a=0.05. The relationship between
the percentage content of individual FAs in total FAs in each
sample and parameters of phase transition peaks was deter-
mined by principal component analysis (PCA). Data were
processed statistically in StatSoft Inc. Statistica v. 13.1 soft-
ware (Tulsa, OK, USA).

RESULTS AND DISCUSSION

In MB, the content of total solids was
85.20+0.03 g/100 g, solids-non-fat — 1.41x0.16 g/100 g,
fat — 83.94+0.06 g/100 g, and water — 14.93=0.08 g/100 g.
In WB, the content of total solids was 85.87+0.08 g/100 g,
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solids-non-fat—1.52+0.09 g/100 g, fat— 84.56+0.06 g/100 g,
and water — 14.27+0.09 g/100 g. The obtained results were
consistent with the values of Food and Agriculture Orga-
nization/World Health Organization standard [FAO/WHO,
2018] and the values given in the literature [Kasapcopur
etal.,2021; Nadeem et al., 2014].

Fatty acid profile

An analysis of the FA profile revealed that C14:0, C16:0,
C18:0, and C18:1 Xc FAs dominated and accounted for
75.44 and 78.25 g/100 g of total FAs in WB and MB, respec-
tively ( ). The remaining FAs were detected in smaller
quantities. Samples of MB and WB differed significantly
(p<0.05) in the proportions of most FAs. Whey butter was
significantly (p<0.05) more abundant in C4:0, C15:0 i,
C15:0 ai, C17:1, C18:0, C18:1 Xz, C18:1 ¢, C18:2, CI18:3,
C18:2 ¢9, t11, MUFAs, PUFAs, SCFAs, and LCFAs, but less
abundant in C10:0, C10:1, C12:0, C13:0 i, C13:0 ai, C13:0,
Cl14:0, Cl14:1, C15:0, C16:0 i, C16:0, C16:1, SFAs, and MC
-FAs than MB. The FA profiles of both products were typical
of MB and WB [GOmez-Mascaraque et al., 2020; Nadeem
etal.,2014; Staniewski et al., 2021].

The observed differences in the FA profiles of WB and MB
probably resulted from the whey origin or whey cream pro-
duction technology. The production of whey cream involves
a larger number of processing operations than the produc-
tion of milk cream, which promotes changes in milk fat
globules (MFG) and milk fat globule membrane (MFGM)
components in whey cream [Brighenti ez al., 2021; Jukkola &
Rojas, 2017]. The FA profiles of whey depend on the cheese
from which whey originates. WB was obtained from the whey
of Gouda cheese, which is commonly produced in Europe.
The available literature provides only reports from the stud-
ies of whey butter produced from the whey of regional chees-
es or experimental products; therefore, some differences
could be noticed between the FA profile of WB in the pres-
ent study and the works of other authors. Cetinkaya [2021]
found a higher percentage of unsaturated fatty acids (UFAs)
in whey fat (from Kashar cheese) than in milk fat, but
Kasapcopurer al. [2021] found no differences between whey
fat (a mixture of whey from rennet-coagulated White-brined
and Kashar and acid-coagulated Lor cheeses) and milk
fat in the content of UFAs. Brighenti ef al. [2021] reported
greater differences in the size of MFG and a higher content
of phospholipids in whey cream from soft cheese (Mun-
ster) than in milk cream. They observed that MFGM could
be damaged during cheesemaking and whey processing op-
erations, which can promote the formation of larger MFG
aggregates. The FA profile of the MFG core differs from
the FA profile of MFGM. The FA composition of MFGM
phospholipids is characterised by a higher content of UFAs
than the FA composition of core TAGs [Jhanwar & Ward,
2014]. According to Fauquant et al. [2005], MFGM are
more abundant in UFAs, in particular PUFAs whose con-
tent is approximately six times higher than in the MFG core.
Based on these studies, it can be assumed that the higher
content of UFAs-rich phospholipids in WB compared to MB
was responsible for the different FA profile in MB and WB,
but this requires further studies.

TABLE 1. Fatty acid profile of milk butter and whey butter (g/100 g total
fatty acids).

Fatty acid Milk butter Whey butter
C4:0 2.14+0.07° 2.78+0.12¢
C6:0 1.72+0.08¢ 1.81+0.02¢
C8:0 1.11+0.012 1.13%0.022
C10:0 2.65=0.04 2.56+0.03°
C10:1 0.33+0.02¢ 0.28+0.01°
C11:0 0.02+0.01¢ 0.02+0.012
C12:0 3.31+0.07* 3.06+0.05°
Cl2:1 0.05+0.01¢ 0.02x0.01*
C13:0i 0.11x0.01¢ 0.04+0.01°
C13:0ai 0.10«0.01¢ 0.08+0.01°
C13:0 0.11x0.012 0.09+0.01°
Cl14:0i 0.15%0.022 0.14x0.01*
C14:.0 12.03+0.17 10.79+0.14°
Cl4:1 1.31+0.03* 0.93+0.01°
C15:01i 0.28+0.01° 0.33+0.01*
C15:0ai 0.46+0.01° 0.57+0.022
C15:0 1.36+0.05 1.19£0.02*
C16:0i 0.29+0.01¢ 0.28+0.01°
C16:0 36.20+0.53¢ 30.61x0.92°
Cl16:1 2.11+0.07* 1.67x0.05*
C17:0 0.61x0.06° 0.64+0.022
Cl17:1 0.14=0.02° 0.25+0.022
C18:0 9.71x0.32° 11.33+0.44
C18:1 %t 1.13+0.16° 3.31+0.142
C18:1 2c 20.31+0.34° 22.71+0.69*
C18:2 3t 0.11x0.03* 0.07+0.012
C18:2 1.16+0.03* 1.2320.09*
C18:2¢9, 111 0.38+0.03* 1.08+0.042
C18:3 0.50+0.02° 0.88+0.022
C19:0 0.12+0.02¢ 0.11+0.04*
SFA 72.48+0.45 67.57=0.78°
MUFA 25.37+0.22° 28.18+0.37¢
PUFA 2.27+0.07° 4.38+0.122
SCFA 497x0.21° 5.72+0.08
MCFA 22.26+0.23¢ 20.10=0.11°
LCFA 72.89+0.29° 74.30+0.44
BSFA<C16 1.39+0.022 1.44+0.032

Values are means + standard deviations (n=3); values with different su-
perscripts in row differ significantly at p<0.05. i- iso; ai — anteiso; ¢ - cis;
t —trans; SFA - saturated fatty acids; MUFA — monounsaturated fatty ac-
ids; PUFA - polyunsaturated fatty acids; SCFA — short-chain fatty acids
(C4-C8); MCFA - medium-chain fatty acids (C10-C15); LCFA - long-
-chain fatty acids, (C16-C19); BSFA - branched saturated fatty acids
(C13:04,C13:0ai, C14:04, C15:0 i, C15:0 ai, C16:0§).
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Differential scanning calorimetry (DSC)
The shape of DSC curves differed subject to butter type,
water content, and the sample’s thermal history ( ,
, ). These differences affected the param-
eters of phase transition peaks describing both exothermic
( ) and endothermic ( ) transitions. Butter
samples and the corresponding fat samples were compared
to determine which phase transition peaks correspond to
changes in milk fat and water. MBF and WBF were also
used in the analysis to minimise differences in the fat content
of samples which could have influenced the shape of DSC
curves and the parameters of phase transition peaks.
The DSC curves plotted for MBF and WBF had a simi-
lar shape, but differed from the curves generated for MB
and WB due to the presence of water in the analysed samples

( ). The phase transitions of water in the butter sam-
ples (water freezing, ice melting, evaporation) induced much
greater changes in heat flow than the phase transitions of fat.
Phase transitions of water were visualised by large peaks
in DSC curves ( , , ). These peaks
overlapped the peaks representing the phase transitions
of milk fat, in particular endothermic peaks associated with fat
melting ( ). The parameters of crystallisation and ice
melting peaks are consistent with those given in the literature
[Tomaszewska-Gras, 2012].

Two exothermic peaks were observed in DSC curves
in the range of —40°C to 16.5°C during cooling from 95°C
to —40°C. A first peak (A) occurred in all samples between
around —40°C to around 14°C, and a second peak (B) oc-
curred between around 10°C to around 15°C ( ).

ET a) Butter

Water freezing

200

Heat flow (cW/g)

— Milk
— Whey

-200—

-50 -40 -30 -20 -10 0 10

30 40 50 60 70 80 90 100

Temperature (°C)

FIGURE 1. Differential scanning calorimetry (DSC) curves of milk butter and whey butter (a) and the corresponding fats (b) with an indication
of the phase transitions of water, obtained in both cycles of the DSC analysis.

ET a) Butter

200

150

Heat flow (cW/g)

100

Milk

b) Butter fat

50 4

-25 -15 -5

o
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FIGURE 2. Exothermic peaks of fat crystallisation (A, B) and water freezing (X) in milk butter and whey butter (a) and the corresponding fats (b).



412

Pol. J. Food Nutr. Sci., 2022, 72(4), 407419

Exo
—>

150

MB - cycle |
G MB - cycle Il
% 100
g
=
®
[
o
50
WB - cycle |
WB - cycle I
0 -
T T T T
10 0 10 Temperature (°C) 20 30 40
b) 80

60

cycle |
MBF - cycle I

40+

Heat flow (cW/g)

20

cycle |
WBEF - cycle

20 30 40

Temperature (°C)

FIGURE 3. Melting curves of milk butter (MB), whey butter (WB) (a) and the corresponding fats (MBF and WBE respectively) (b) in cycle I and
cycle II of the differential scanning calorimetry (DSC) analysis. Endothermic peaks represent: C — low-melting point fraction (LMPF) and middle-
-melting point fraction (MMPF) melting; D and G - LMPF melting; E - MMPF melting; F — high-melting point fraction (HMPF) melting. Peaks X

denote ice melting (a).

Peak B was not completely separated from peak A at a cool-
ing rate of 10°C/min, therefore peaks A and B were deter-
mined jointly as a single exothermic peak (undifferentiated
peaks A and B) ( ). Exothermic peaks ( ) had
similar characteristics to those reported by Smet et al. [2010].
In a mentioned study, onset temperature was determined
at 15.35°C in the first crystallisation peak and at 12.07°C
in the second crystallisation peak. Exothermic peaks (A-B)
were associated with crystallisation that occurs within a tem-
perature range of —40°C to 20°C [Brozek et al., 2022a, b;
Hokkanen et al., 2021; Smet et al., 2010]. Truong et al. [2014]
noted two peaks between 0°C to 15°C in hard milk fat frac-
tion. A first peak within the temperature range of 0°C to 10°C
and a second additional smaller peak between 10°C to 15°C.
An analysis of the exothermic peaks of milk fat crystal-
lisation demonstrated that water removal had no significant
(p>0.05) effecton T, valuesin MB samplesor T _and T

max onset
values in WB samples ( ). The remaining parameters

of the exothermic peaks of fat crystallisation differed signif-
icantly (p<0.05) between MB and MBF as well as between
WB and WBE T was the only parameter that did not differ
significantly (p>0.05) between MBF and WBE. Values of pa-
rameters AHand P, were higher in the crystallisation peaks
of MBF and WBF than in the crystallisation peaks of MB
and WB, respectively, due to a higher content of milk fat.
Endothermic peaks were observed in DSC curves
in the range of -40°C to 40°C, especially in the range of —-10°C
to 40°C, during heating within a temperature range of —40°C
to 95°C ( ). The DSC curves presenting fat melting
parameters differed across DSC cycles. Two endothermic
peaks (C and F) were noted in cycle I, whereas four endo-
thermic peaks (D-G) that did not change in successive heat-
ing and cooling treatments were observed in cycle II. The first
peak (C) with an unclear onset temperature and its endset at
16-21°C was observed only in cycle 1. Peak C was associated
with unseparated LMPF and MMPE In cycle II of the DSC
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TABLE 2. Parameters of exothermic phase transition peaks — undifferentiated peaks A and B in cycle II of the differential scanning calorimetry (DSC)
analysis of milk butter (MB), milk butter fat (MBF), whey butter (WB) and whey butter fat (WBF).

Sample T, (C) T,. (0 AH (J/g) AT,, (°C) P (CW/) P (°0) P.(°0)
MB 6.10£0.05  1575+0.12¢  4249+092 13422008  47.82x0.28>  16.24x0.1% *
MBF 6.03£0.04  1402+0.14° 643120270 1533x0.18"  59.04=x0.08  15.68+005  -37.550.49"
WB 49320040 13.89=0.06°  36.11x0.17°  1553x0.19°  36.87x0.07°  14.74=0.21¢ *
WBF 505£0.03° 1370021 59.17+029  17.5420.05  4838=030°  14.12+0.10¢  -38.53%0.18

The values are means =+ standard deviations (n=3); values with different superscripts (a—d) in column differ significantly at p<0.05. T - maximum

peak temperature; T

> Tonset

— phase transition onset temperature; AH — enthalpy; AT

,» — transition temperature range as peak width at half height;

P, ... — peak height at maximum; P_- starting point of the peak; P, - ending point of the peak.

height

*No clear endset temperature (the water crystallisation peak was not considered in the identification of the end of peak A).

analysis, peak C was transformed to peaks D and E. Peak D
was identified as LMPF; it did not have a clear onset tem-
perature, and its endset temperature was determined at
13-15°C. Peak G that was not clearly separated from peak D
was observed only on WBF curves within a temperature range
of 10-13°C. Peaks G and D represented LMPF melting;
therefore, they were considered jointly as a single peak D dur-
ing the determination of endothermic phase transition peaks
( ). Peak E (from 13-14°C to 18-19°C) was identified
as MMPF and peak F (from 18-24°C to 34-42°C) was identi-
fied as HMPE Endothermic peaks (C-F) were identified as
overlapping LMPF and MMPF peaks (C), and as separate
LMPF (D and G), MMPF (E), and HMPF peaks (F) based
on published data [Brozek et al., 2022a; Hokkanen et al., 2021;
Kasapcopur et al., 2021; Smet et al., 2010; Staniewski et al.,
2021]. Our previous study demonstrated that the characteris-
tics of the crystallisation and melting peaks of fat from freeze-
dried milk, cream and buttermilk were affected by the content
of fat and FAs in samples [Brozek et al., 2022a]. Two fat crys-
tallisation peaks in the DSC curves of buttermilk and milk,
and three crystallisation peaks in the DSC curve of cream
were reported due to a higher concentration of SFAs in cream
than in buttermilk and milk. Matkowska ez al. [2021] also ob-
served three crystallisation peaks of the solid fraction of milk
fat with a high content of SFAs.

The presence of water in MB and WB had a greater influ-
ence on the parameters describing the melting peaks of LMPF
and MMPF than HMPF ( ) due to the presence of ice
melting peaks overlapping LMPF and MMPF melting peaks
in DSC curves ( ). Ice melting peaks overlapped milk
fat melting peaks C-E in the DSC curves of MB and WB;
therefore, the corresponding parameters could not be deter-
mined. For this reason, only the parameters of endothermic
peaks denoting HMPF melting (peak F) could be compared
between cycle I and cycle II. The identification of peaks D
and E in DSC curves depended on the size of the ice melting
peak. Due to the higher water content in WB than in MB, ice
melting peaks were larger on the DSC curve of WB, and they
showed greater overlap with peaks C-E than on the DSC
curve of MB ( ). Tomaszewska-Gras [2012] found
that AH of the ice melting peak and the water freezing peak
were dependent on the water content of butter.

The parameters of endothermic peaks (C-F) ( )
are presented in . A comparison of all products and

products within each group (MB and MBF; WB and WBF)
revealed that the parameters of the endothermic peaks (C-F)
of butters and the corresponding fats differed significant-
ly (p<0.05) in most cases. In cycle I of the DSC analysis,
the P, ., of peak C differed between MBF and WBF (p<0.05).
In peak C, lower values of P, . indicate that the phase tran-
sition of MBF components was a less energy-intensive pro-
cess than the phase transition of WBF components. In cycle I
of the DSC analysis, the parameters describing peak F differed
significantly (p<0.05) across products (excluding P). In cycle I,
differences (p<0.05) in T and P_values were noted between
MB and MBF and between WB and WBE whereas no dif-
ferences (p>0.05) in the values of P, were observed between
MB and WB, or in the values of P and P, between MBF
and WBE The above indicates that fat type did not determine
the beginning and end of HMPF melting in cycle I, unlike wa-
ter which influenced the beginning of HMPF melting in cycle I.

Incyclell, peak C was transformed to LMPF (D) and MMPF
peaks (E) ( ). A comparison of MBF and WBF did not
reveal significant (p>0.05) differences in the T and P_val-
ues of peak D ( ), which indicates that the type of but-
ter fat had no effect on the onset of LMPF melting. In turn,
MBF and WBF differed significantly (p<0.05) in all parameters
of peak E, which indicates that the type of butter fat determined
the melting characteristics of MMPE In cycle II of the DSC
analysis, the parameters describing peak F differed (p<0.05)
between MBF and WBF (except for AT, , and P). The differ-
ences (p>0.05) were found between MB and MBF (T, , T
and P) and between WB and WBF (T and T ), which indi-
cates that water content influenced the mentioned parameters
of the HMPF peak in cycle I

The thermal history of butters and the corresponding fats af-
fected DSC curves showing their melting behaviour ( )
and the parameters of endothermic peaks ( ). The great-
est differences were noted between LMPF and MMPE. After
the first stage of heating, cooling and reheating, the over-
lapping melting peaks of LMPF and MMPF (peak C)
split into separate LMPF (peak D) and MMPF (peak E)
peaks. Peak C was completely transformed to peak D (peaks D
and G in WBF) and peak E; therefore, the corresponding
parameters could not be accurately compared between cycle
I'and cycle II, and only a general change trend was confirmed.
The applied thermal processing regime also influenced HMPF
melting parameters (peak F). The endothermic peaks of MBF
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TABLE 3. Parameters of endothermic phase transition peaks in cycle I and cycle II of the differential scanning calorimetry (DSC) analysis of milk butter

(MB), milk butter fat (MBF), whey butter (WB) and whey butter fat (WBF).

Peak | Cycle | Sample | T, €C) T, ,CC) AU | AT,CO | P, W | PO P (C)
MB n.d. n.d. n.d. n.d. n.d. n.d. n.d.
MBF 15.25+0.58¢ 2.88=1.16*  19.66=1.63*  10.97=0.57* -31.01=1.15° * 20.68+0.51¢
¢ : WB n.d. n.d. n.d. n.d. n.d. n.d. n.d.
WBF 15.05£0.65¢ 2432370 1591x2.400 1027=1.34* -27.48+1.52¢ * 20.14x0.14°
MB n.d. n.d. n.d. n.d. n.d. n.d. n.d.
MBF 9.41+0.08° 1.48+0.33° 5.51+0.49 6.33=0.21"  -12.22+0.71° 0.12+0.41*  14.42=0.10°
P . WB n.d. n.d. n.d. n.d. n.d. n.d. n.d.
WBF 7.90+0.28° 1.36=0.34° 4.12+0.68° 771025 -9.93+1.58 0.02+0.32¢  13.82+0.36
MB n.d. n.d. n.d. n.d. n.d. n.d. n.d.
MBF 17.17+0.03* 14.98+0.08* 2.22+0.14* 2.43%0.13*  -16.13+0.90° 14.47x0.11% 19.90+0.07*
: ! WB n.d. n.d. n.d. n.d. n.d. n.d. n.d.
WBF 16.22+0.04>  14.26=0.05" 0.81+0.19° 207=0.16*  -7.02+0.85*  13.91x0.06°  18.46+0.04°
MB 32.46=0.51"  19.71+0.47  15.62+1.044  11.32+£0.45" -2526=1.61"*  19.18+0.13"  4].84+2.32%
MBF 31.64x0.61"  21.66=0.32"  15.76+0.82**  10.85+0.40¢ -25.59=1.37*  21.11=0.81"  41.99+0.91
: WB 30.21+0.80"  18.72x0.09%  12.52+0.91*  [1.81%0.65* -19.54=1.86"*  18.25%0.08*  39.78=1.95%
WBF 30.33+0.37"  20.90+0.32"  12.68+0.79**  11.76x0.42* -19.73+1.59%  20.43+0.52**  39.97=1.07%
g MB 32.67+0.33*  19.96=x0.26"  15.19+0.724  11.52+0.21" -26.48+0.69"*  19.48+0.26"  41.25+0.91
MBF 32.04+0.21"  20.46%0.13®  15.56+0.37*  11.40=0.19" -25.79+0.41**  19.95%0.17  39.960.50"
! WB 31.05+£0.35"  18.78+0.31<*  13.36+0.62**  12.09x£0.30" -21.95+1.18*  18.35x0.24*  38.50x1.29"
WBF 30.49£0.244  19.30x0.20°®  13.57x0.26"*  11.63x0.15* -21.35x0.47*  18.53=0.11%  40.11x0.17:*

The values are means + standard deviations (n=3); values with different lowercase letters (a—d) in superscripts in column separately for each peak
and cycle differ significantly at p<0.05; values with different uppercase letters (A-B) in superscripts for individual product in cycle I and cycle II of peak F

differ significantly at p<0.05. T -~ maximum peak temperature; T — phase transition onset temperature; AH - enthalpy; AT

ture range as peak width at half height; P, ,
(the water freezing peak overlapped fat melting peaks).

and WBF differed in T and P_values, and the endothermic
peak of MBF differed (p<0.05) in the value of P, between cycle
Iand cycle II ( ). In the DSC analysis, the peak param-
eters of all products were less scattered in cycle II than in cy-
cle I, which indicates that the milk fat melting process was
more stable in cycle II. The transition of peak C to peaks D
and E ( ) and the smaller scatter of results in cycle II
than in cycle T ( ) could be explained by the transi-
tion of fat crystals from the polymorphic form o to forms
B’ and B. According to the literature, the hexagonal o form
is irreversibly transformed to the more stable orthorhombic
B’ and triclinic B forms during thermal processing [Fredrick
et al., 2011; Hondoh & Ueno, 2016; Lopez & Ollivon, 2009;
Staniewski et al., 2021; Viriato et al., 2019]. Our previous
study demonstrated that thermal history influenced the pa-
rameters of phase transition peaks and fat melting peaks
of cream, milk, and buttermilk [Brozek et al., 2022b]. In turn,
Staniewski et al. [2020] found that thermal history affected
the melting process of anhydrous milk fat.

The following variables were subjected to PCA to iden-
tify variables that were most highly correlated with MBF

|, — lransition tempera-

- peak height at maximum; P_ - starting point of the peak; P,— ending point of the peak; n.d. - not detected

and WBE as well as variables that were bound by the stron-
gest correlations: the FA profile of samples (g/100 g total FAs)
( ) and the peak parameters ( and ).
The first two principal components, PC1 and PC2, explained
80.50% of total variance in input data, but only PC1 ex-
plained 69.78% of the variance, whereas PC2 explained only
10.72% of the variance ( ). Two clusters of variables
(left and right) were formed at the ends of the PCI axis.
The variables from each cluster were strongly correlated with
each other.

The loading vectors indicate that the variables were corre-
lated. The greater the acute angle, the stronger the correlation
between the variables in a given direction, whereas an obtuse
angle points to an inverse correlation, and a straight angle
indicates an absence of a correlation between variables. To
facilitate the description of variables, peaks were marked with
letters A and C-F, and the symbols I and II in the subscript
denote cycles I and II, respectively. The cluster on the left side
of the PC plot contains points representing variables with
negative loadings on the PCI axis in the range of —-0.99 to
-0.75 ( ). These variables were higher in WBF than
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FIGURE 4. Principal component analysis biplot of milk butter fat (MBF) and whey butter fat (WBF), and the contribution of the parameters of peaks
C and Fin cycle I and peaks A, D, E and F in cycle II of the differential scanning calorimetry (DSC), and the content fatty acids (g/100 g total fatty
acids) to principal component 1 (PC1) and principal component 2 (PC2). The variables were arranged in ascending (cluster left, L) and descending

(cluster right, R) order based on loadings. The L cluster contains C15:0ai, C18:1 ¢, D-AT
C4:0, SCFA, C8:0, D-P
F,-P, F;-aH, C10:0, F-T

s> I

A-P, ET F-T ET AT C1301EAT C1601DAHEP D-P, CP CAHFPandFT

C18:2, C18:1 %, LCFA, E-P, - A-AT,, C18:0, F-P,  C
C16:1, C14:0, F, T C12:0. C13:0 ai, C13:0, SFA, MCFA

oI

hel ht”
hl ht”

max’ max’ onset’ max’ 1/2>

denote cycles I and II of the DSC analytical sequence, respectively.

in MBE The left cluster includes the following variables:
C15:0 ai, C18:1 %1, D-AT, . F;-P, . C18:3, C18:2 ¢9,
11, C15:0 i, MUFA, PUFA, C18 2 C18:1 XZc, LCFA,
E-P e A-AT, ), C18:0, F thght, C-P, e €40, SCFA, C8:0,
D-Pheigm, C6:0, and F-AT, ,, which were arranged in an as-
cending order based on the loadings. The cluster on the right
side of the PC1 axis contains points denoting variables
that were bound by inverse correlations relative to the left
cluster and were characterised by highly positive loadings
in the range of 0.73 t0 0.99. The values of these variables were
higher in MBF than in WBE The right cluster includes fol-
lowing variables: C16:0, C14:1, C16:1, C14:0, F - T, C12:0,
C13:0 ai, C13:0, SFA, MCFA, A P ane FiPy Fy-AH, C10:0,
F, T .. Cl0:1, A-AH, DT C150 E-P, E-AH, F-AH,
A-P,ET FT E-T A—T Cl13:014, EAT C160z

max’ max’ onset’ max’ 1/2°

D- AH E-P, D -P,C-P,C-AH, F-P,and F T, which were
arranged in a descending order based on the loadings.

A higher content of SFAs and MCFAs, especially C12:0,
C14:0 and C16:0, in MBF than in WBF increased the values
of T .. AH and P, and decreased the value of AT, , in cryst-
allisation peak A (which indicates that MBF crystallisation
was characterised by higher enthalpy, occurred at a higher
temperature, and proceeded less rapidly than WBF crystal-
lisation), whereas an increase in the content of MUFAs,
PUFAs, and LCFAs, including C18:1, and, to a much

F,-P C18:3, C18:2¢9, 111, C15:0i, MUFA, PUFA,

1/22 F 1" height?

0, F-AT, ,. The R cluster contains C16:0, C14:1,

height’ 1/2°

ClOl A-AH,D-T_ . Cl15:0, E-P, E-AH, F-AH,
Symbols I, Ilin the subscript of peak F

I “onset®

lesser degree, an increase in the content of SCFAs, includ-
ing C4:0, C6:0 and C8:0, induced a reverse trend (which in-
dicates that WBF crystallisation was characterised by lower
enthalpy, occurred at a lower temperature, and proceeded
more rapidly than MBF crystallisation). In our previous
study, we found that T increased, whereas AT1 ,» decreased
with a rise in the content of SFAs and MCFAs, in particular
C14:0 and C16:0, in freeze-dried milk [Brozek ef al., 2022b].
In turn, Truong et al. [2014] reported that anhydrous milk fat
had a crystallisation peak in the temperature range from —-5°C
to 10°C. The observed peak was smaller and characterised
by higher values of T __and T in the hard fraction com-
pared to soft fraction of milk fat.

The content of SFAs and MCFAs, especially C12:0,
C14:0 and C16:0, influenced the value of P, of the melting peak
correspondingtothe merged LMPFand MMPF peaks (peak C);
the values of T, AH and P of the LMPF peak (peak D);
the valuesof T, T . AH, AT1 » P and P, of the MMPF
peak (peak E); the values of T__, me AH and P in cycle I;
and thevaluesof T , T AHandP incyclell of the HMPF
melting peak (peak F). The above 1mp11es that the maximum
difference in heat flow in all endothermic peaks (based on
the absolute values in cycles I and II), the enthalpy of LMPE
MMPF and HMPF (in cycles I and II), and the melting rate
of MMPF were lower in WBF than MBE, whereas the beginning
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TABLE 4. Colour parameters of milk butter (MB) and whey butter (WB).

Sample L* a* b* c* WI YI AC* AE
MB 89.13£0.43*  -3.41x0.03*  32.08«0.11*  32.26*0.11*  65.96x0.15*  51.42+0.25*

2.25%0.11 2.33x0.27
WB 88.96x0.58*  -3.17x0.06°  29.84x0.23>  30.01x£0.23>  68.02£0.02*  47.92+0.05"

Values are means + standard deviations (n=3); values with different superscripts in column differ significant at p<0.05. L* — lightness; a* — position
between redness and greenness; b* — position between blueness and yellowness; C* — chromaticity; WI — whiteness index; YI — yellowness index;

AE — total colour difference; AC* — difference in saturation.

of MMPF (peak E) and HMPF (cycles I and 11, peak F) melt-
ing and the end of melting in the overlapping peaks of LMPF
and MMPF (peak C), LMPF (peak D) and MMPF (peak E)
occurred at a lower temperature in WBF than MBE The con-
tent of MUFAs, PUFAs, and LCFAs, including C18:0, and to
a much smaller extent, the content of SCFAs, including C4:0,
C6:0 and C8:0, induced a drop in the above parameters, but
increased P, . values of all endothermic peaks, and AT, , val-
ues of LMPF and HMPF (cycle II) melting peaks. The above
implies that LMPF and HMPF (cycle II) melted more rap-
idly in WBF than MBE The presence of peak G can prob-
ably be attributed to a higher content of MUFAs, PUFAs,
and LCFAs, including C18:0, in WBF than in MBE According
to Staniewski e al. [2021], the FA profile of TAGs can affect
the melting behaviour of milk fat, in particular the value of P,
and it can influence the textural properties of butter. Anank-
anblil er al. [2018] demonstrated that the P_value of MMPF
and HMPF crystallisation and melting peaks decreased with
a rise in the content of C18:0, C18:1, C18:2, and C18:3,
and increased with a rise in the content of C14:0 and C16:0.
Larsen et al. [2014] and Smet et al. [2010] made similar obser-
vations also in the P_value of the LMPF peak. The saturated
FA C18:0 decreased the P_ values of milk fat crystallisation
and melting peaks despite the fact that it has a higher melt-
ing temperature than C18:1, C18:2, and C18:3. The above
could be attributed to mammary desaturase activity which
transforms C18:0 into C18:1, thus lowering melting tempera-
ture [Anankanblil ef al., 2018; Larsen et al., 2014]. Buldo et al.
[2013] reported a correlation between the melting temperature
(P) of MMPF and the content of C14:1, C16:0, C18:1 X,
C18:1 ¢, and C18:2 ¢9, r11. In a PCA conducted in our
previous study, the content of many FAs was correlated with
the parameters of crystallisation and melting peaks of fat from
freeze-dried milk, including the values of T of the crystalli-
sation peak, AT, ,of the LMPF melting peak,and T, and T
of the MMPF peak [Brozek er al., 2022b]. These variables
were inversely corelated with the AT, , of the crystallisation
peak and the content of LCFAs, MUFAs, and PUFAs, includ-
ing C18:0, C18:1, C18:2 and C18:3.

TABLE 5. Textural properties of milk butter (MB) and whey butter (WB).

Sample Firmness Consistency | Cohesiveness | Viscosity
P (N) (Nxs) (N) (Nxs)

MB 1.80+0.05 30.90+0.74* -0.86+0.07° -1.54+0.19*

WB 1.68+0.06* 30.67=1.59¢ -0.67+0.08* -1.30+0.03*

Values are means + standard deviation (n=3); values with different su-
perscripts in column differ significantly at p<0.05.

Colour

Samples of MB and WB differed significantly (p<0.05)
in the colour parameters a*, b*, C*, Wl and YI, but not in pa-
rameter L* (p>0.05) ( ). The values of b* and YI were
higher in MB, which indicates that it was more yellow in co-
lour than WB. Colour chroma was also higher in MB, where-
as the values of parameter ¢* and the whiteness index were
higher in WB.

The values of L* a* and b* in MB were similar to those
given in the literature [Gomez-Mascaraque et al., 2020].
In turn, WB was characterised by similar lightness, a higher
contribution of greenness, and a significantly higher contri-
bution of yellowness relative to other studies [Jinjarak ef al.,
2006; Kasapcopur et al., 2021]. The total colour difference
between MB and WB reached 2.33 ( ). The detection
of colour difference could be easily possible even by an inex-
perienced observer if the AE=2.0-3.5 [Dobrzanska & Cais-
-Sokolifiska, 2014].

Texture

The textural properties of MB and WB are presented
in . Milk butter and whey butter differed significantly
(p<0.05) in firmness. Internal stickiness (described by co-
hesiveness values) was significantly (p<0.05) higher in MB
than WB. The examined products did not differ signifi-
cantly (p>0.05) in consistency or viscosity. The obtained
lower values of firmness and cohesiveness for WB com-
pared to MB are in agreement with the fatty acid profiles
of the samples. In turn WB was more abundant in MUFAs
and PUFAs ( ) which contribute to butter softness.
Amal [2009] and Jinjarak et al. [2006] reported lower hard-
ness and cohesiveness in whey butter than in sweet cream
butter. In the work of Staniewski ez al. [2021], the rheologi-
cal properties of butter were correlated with the composi-
tion of TAGs in the fat phase, and butter firmness decreased
with a rise in the content of C18:1, CI8:2, and C18:3
PUFAs in TAGs.

Sensory evaluation

The sensory evaluation revealed that MB and WB differed
significantly (p<0.05) in the values of consistency descriptors:
firmness, brittleness, and cohesiveness ( ) as well as
in the intensity of milky and nutty aroma, and cheesy taste
(p<0.05). The remaining descriptors of taste, aroma, and co-
lour uniformity did not differ significantly (p>0.05) between
the compared butters.

In a study by Mallia et al. [2008], butter enriched with
UFAs was characterised by higher spreadability and a some-
what less intense milky taste and pasteurisation aroma than
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FIGURE 5. Sensory profile of milk butter (MB) and whey butter (WB).

conventional butter after 1 week of storage at 6°C. After
8 weeks of storage at 6°C, these differences, excluding spread-
ability, were levelled out between the samples. Jinjarak et al.
[2006] found that sweet cream butter and whey butter dif-
fered significantly only in yellowness, shininess, porosity,
melting rate, cardboard odour, and nutty flavour.

CONCLUSIONS

Whey butter had comparable sensory attributes to MB,
but it was less yellow in colour. Whey butter was softer than
MB due to a higher content of MUFAs, PUFAs, and LCFAs,
leading to lower crystallisation onset temperature and high-
er melting onset temperature of fat. The thermal properties
of butter were determined by butter type, FA profile, presence
of water, and thermal history. Due to relatively high water
content, the DSC curves of butter differed considerably from
the DSC curves of butter fat. Water freezing and ice melt-
ing peaks overlapped fat crystallisation and melting peaks,
which hindered their observations in DSC curves and af-
fected their parameters. The phase transition peaks of milk
fat and water, peak overlaps, and the extent to which water
affected the parameters of milk fat phase transition peaks
were determined based on an analysis of the DSC curves
of butters and their fats. Thermal history influenced butter
melting behaviour by inducing changes in DSC curves, in-
cluding the number of peaks and peak parameters. The PCA
revealed that a rise in the content of SFAs and MCFAs, espe-
cially C12:0, C14:0 and C16:0; increased the values of T,
AH and P decreased the value of AT, , of the crystallisa-
tion peak; increased the value of P, of the merged melting

pasteurisation aroma

cheesy aroma

cohesiveness

peak of LMPF and MMPF; increased the values of T,
AH and P, of the LMPF peak; increased the values of T,
T, AH, AT, ,, P and P_of the MMPF peak; increased
the values of T, T . AHand P, in cycle I; and increased
the values of T . T ., AH and P_in cycle I of the HMPF
peak. Reverse trends were observed with a rise in the con-
tent of MUFAs, PUFAs, and LCFAs, including C18:0, and to
a smaller extent, with an increase in the content of SCFAs,
in particular C4:0. These results were used to determine
the influence of butter type on the crystallisation and melt-
ing characteristics of WBF and MBE WBF crystallisation
was characterised by lower enthalpy; it occurred at a lower
temperature, and proceeded more rapidly than MBF crystal-
lisation. In turn, LMPF and HMPF (cycle II) melted more
rapidly in WBF than MBE whereas the absolute maximum
difference in heat flow in all fractions (cycles I and II),
the enthalpy of LMPE MMPF and HMPF (cycles I and 11),
the melting rate of MMPE, and the values at the beginning
(MMPF and HMPF in cycles I and II) and the end of melt-
ing (overlapping LMPF and MMPF peaks in cycle I; sepa-
rate LMPF and MMPF peaks in cycle II) were lower in WBF
than MBE. Whey butter and milk butter differed in physi-
cochemical properties and sensory attributes, and their
thermal profiles depended on the FA profile, water content,
and thermal history.
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