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Wprowadzenie

Przemyst mleczarski nalezy do najwazniejszych sektorow gospodarki rolno-spozywcze;j,
jednak jego dalszy rozwoj wiaze si¢ obecnie z koniecznos$cig sprostania licznym wyzwaniom o
charakterze ekonomicznym, technologicznym oraz s$rodowiskowym. Do kluczowych
probleméw nalezg rosngce koszty produkcji, wynikajgce przede wszystkim ze wzrostu cen
energii, surowcoOw Oraz utrzymania infrastruktury, ktorym czesto towarzyszy spadek
optacalno$ci wytwarzania produktéw mleczarskich. Sytuacja ta wymusza poszukiwanie
nowych rozwigzan pozwalajacych zwigkszy¢ wartos¢ dodang produktow, poprawic
efektywnos¢ wykorzystania surowca oraz wzmocni¢ konkurencyjno$¢ przedsigbiorstw na
rynku. Dodatkowym wyzwaniem pozostaje powstawanie duzych ilosci produktow ubocznych,
takich jak serwatka, permeaty czy inne frakcje poprodukcyjne, ktore z jednej strony stanowig
istotne obcigzenie srodowiskowe, a z drugiej sa cennym zrodtem sktadnikoéw bioaktywnych
mozliwych do odzysku i1 dalszego zagospodarowania.

W szerszej perspektywie ekonomicznej wspotczesne mleczarstwo coraz wyrazniej odchodzi od
modelu opartego wylacznie na wolumenie produkcji i sprzedazy standardowych wyrobow
masowych. Prognozy Organizacji Wspodtpracy Gospodarczej i Rozwoju oraz Organizacji
Narodow Zjednoczonych do spraw Wyzywienia i Rolnictwa (ang. Organisation for Economic
Co-operation and Development-Food and Agriculture Organization of the United Nations —
OECD-FAO) wskazuja, ze $Swiatowa produkcja mleka bedzie nadal rosta w perspektywie
dekady, natomiast w Unii Europejskigl (UE) spodziewana jest raczej stagnacja podazy przy
utrzymujacym si¢ popycie na sery oraz inne produkty o wysokiej wartos$ci dodanej. Komisja
Europejska rownolegle podkresla, ze to wilasnie produkty wysokowartosciowe, a nie sam
surowiec, w najwiekszym stopniu wzmacniajg pozycje konkurencyjng unijnego sektora na
rynkach miedzynarodowych. Oznacza to, Ze o przewadze przedsigbiorstw mleczarskich bedzie
w coraz wigkszym stopniu decydowa¢ zdolnos$¢ do frakcjonowania mleka, standaryzacji jego
jakosci i projektowania wyspecjalizowanych ingrediencji funkcjonalnych [1-3].

Znaczenie tego kierunku szczegoélnie dobrze wida¢ na rynku polskim. Utrzymywanie silnej
pozycji eksportowej przez krajowy sektor mleczarski opiera si¢ nie tylko na skali produkcii,
lecz rowniez na strukturze sprzedazy zagranicznej, w ktdrej istotny udziat maja sery, twarogi,
mleko plynne, $mietana oraz ttuszcze mleczne. Dane Krajowego Osrodka Wsparcia Rolnictwa
(KOWR) pokazuja, ze w 2025 roku rosty zaréwno dostawy surowca do skupu, jak i wartos¢
eksportu produktéw mlecznych, co z jednej strony potwierdza potencjal sektora, z drugiej

jednak wzmacnia presje¢ na poszukiwanie segmentéw bardziej odpornych na wahania cen



energii, kosztow logistyki i koniunktury surowcowej. W praktyce oznacza to potrzebe
przechodzenia od sprzedazy produktu standardowego do budowania portfela produktow
premium, specjalistycznych i silniej zréznicowanych funkcjonalnie [4,5].

Z tego wzgledu coraz wigkszego znaczenia nabiera projektowanie produktéw wzbogacanych,
ktorych sktad oraz witasciwosci odpowiadajg aktualnym potrzebom zywieniowym oraz
zdrowotnym spoleczenstwa. Szczegolne znaczenie ma to w odniesieniu do zwigzkéw, ktorych
niedobor stanowi istotny problem zdrowia publicznego, takich jak witamina D. Odpowiednio
dobrane matryce mleczarskie moga sprzyja¢ stabilizacji oraz biodostepnosci zwigzkow
lipofilowych, a zastosowanie biologicznych metod wzbogacania, opartych na przyktad na
aktywno$ci metabolicznej bakterii kwasu mlekowego, pozwala na rozwijanie bardziej
natural nych oraz technol ogicznie atrakcyjnych strategii fortyfikacji zywnosci.

Réwnoczesnie wzrasta znaczenie modelu gospodarki obiegu zamknigtego, w ktérym mleko i
jego frakcje traktowane sa jako surowiec wielostrumieniowy. Najnowsze opracowania
wskazuja, ze serwatka, permeaty, maslanka oraz frakcje uzyskiwane w procesach
membranowych moga stanowi¢ zrédto biatek, peptydéw bioaktywnych, laktozy, substratow
fermentacyjnych, a nawet materiatow do wytwarzania aktywnych opakowan i komponentow
bio-based. W takim ujeciu o atrakcyjnosci technologii decyduje nie tylko wydajno$é
pojedynczej operacji, lecz zdolnos¢ do kaskadowego wykorzystania surowca — od odzysku
sktadnikow odzywczych, przez projektowanie matryc funkcjonalnych, az po wytwarzanie
produktow o zastosowaniach zywieniowych, farmaceutycznych oraz biomaterialowych.
Badania nad biokoloidami pochodzenia mleczarskiego wpisuja si¢ wigc bezposrednio w realne
potrzeby rynku zwigzane z wysoka waloryzacja surowca [6-11].

Na tym tle szczegdlnie wyraznie rysuje si¢ nowos¢ naukowa niniejszej rozprawy. Surowce
mleczne nie s3 tu analizowane wylacznie jako klasyczne sktadniki Zzywnosci, lecz jako
dynamiczne uktady koloidalne, ktorych funkcjonalno§¢ moze by¢ programowana na poziomie
struktury, tadunku powierzchniowego, dostepnosci grup donorowych i zdolnosci do transportu
czasteczek aktywnych. Takie podejscie odpowiada najnowszym trendom badan nad
przebudowanymi micelami kazeinowymi, biomateriatami na bazie kazeiny oraz
wielofunkcyjnymi kompleksami laktoferyny, w ktérych wilasciwosci biologiczne staja sig
bezposrednim skutkiem kontrolowanej organizacji molekularnej. W rezultacie przedstawione
badania tworza pomost pomiedzy analityka, chemig koordynacyjna, technologia mleczarskg 1
projektowaniem materiatdw funkcjonalnych [12-17].

Rownolegle coraz wigksze znaczenie zyskujg badania nad ukierunkowang modyfikacja biatek

mleka w celu nadania im nowych lub ulepszonych wtasciwosci funkcjonalnych. Jednym z
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najbardziej obiecujgcych kierunkéw jest funkcjonalizacja biatek jonami metali, ktora moze
prowadzi¢ do zmian w organizacji strukturalnej bioczasteczek, a jednocze$nie umozliwia¢
projektowanie nowych uktadéw nosnikowych oraz bioaktywnych. W ninigszef pracy do
projektowania tego rodzaju uktadéw wykorzystano dwa biatka mleka, tj. kazein¢ oraz
laktoferyne. W przypadku kazeiny szczegdlne znaczenie ma jej amfifilowy charakter, ktory
stwarza szerokie mozliwos$ci modyfikacji chemicznej oraz wykorzystania tego biatka jako
no$nika w projektowaniu uktadow o nowych wlasciwosciach funkcjonalnych, w tym o
aktywnosci przeciwbakteryjnej oraz ograniczonej cytotoksycznosci wzgledem wolnych jonow
metali. W przypadku laktoferyny jej unikatowe cechy strukturalne, szeroki zakres aktywnosci
biologicznej oraz zdolno$¢ do swoistego oddziatywania z receptorami komoérkowymi
sprawiajg, ze moze ona stanowi¢ obiecujaca platforme¢ do projektowania kompleksow
metalobiatkowych o potencjale biomedycznym. Takie podejécie otwiera nowe mozliwosci
wykorzystania sktadnikow mleka nie tylko jako substancji odzywczych, lecz rowniez jako
funkcjonalnych materiatow do zastosowan zaawansowanych.

Ztozono$¢ uktadow mleczarskich oraz wielokierunkowy charakter ich mozliwych modyfikacji
sprawiaja, ze ich badanie wymaga zastosowania kompleksowego podejs$cia metodologicznego.
Konieczne jest jednoczesne uwzglednienie wlasciwosci strukturalnych, koloidalnych,
fizykochemicznych oraz biologicznych, a takze ocena wptywu kontrolowanej modyfikacji na

funkcjonalnos$¢ badanych uktadow.
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1. Definicja ukladow koloidalnych oraz ich przyklady w mleczarstwie

Koloidami nazywane sa heterogeniczne (niejednorodne) uktady dyspersyjne, stanowiagce stan
posredni pomigdzy roztworem wiasciwym a zawiesing. Wielko$¢ czastek fazy rozproszonej w
uktadach koloidalnych miesci si¢ zazwyczaj w zakresie od 1 nm do 1 um. Jednym z rodzajow
uktadéw koloidalnych sg biokoloidy. Biokoloidy definiuje si¢ jako uktady koloidalne, w
ktorych faze rozproszong stanowig obiekty pochodzenia biologicznego, takie jak biatka,
bakterie, wirusy, algi czy pierwotniaki [18].

Czastki koloidalne posiadajg tadunek, ktory na ogdét pochodzi od zjonizowanych grup
funkcyjnych znajdujacych si¢ na ich powierzchni oraz od jonéw adsorbowanych z roztworu.
Tutaj warto wprowadzi¢ pojecie ,,podwdjnej warstwy elektrycznej”. Podwojna warstwa
elektryczna tworzy si¢ na granicy faz pomiedzy czastka koloidalng a o§rodkiem dyspersyjnym
oraz odgrywa kluczowa role w stabilno$ci uktadu koloidalnego (Rysunek 1). Istniejg kilka
modeli, ktore opisuja budowe podwojnej warstwy elektrycznej, w tym model Helmholtza,
model Gouya-Chapmana oraz model Sterna. Podstawowa koncepcje podwojnej warstwy
elektrycznej po raz pierwszy wprowadzit Hermann von Helmholtz w drugiej potowie XIX
wieku. Wedlug tego modelu podwojna warstwa elektryczna sktada si¢ z warstwy tadunku
czastki oraz przeciwjonow, ktdre tworza nieruchoma, zwarta warstwe przy jej powierzchni.
Model ten mial jednak pewne ograniczenia, poniewaz nie uwzglednial ruchow termicznych ani
dyfuzji jonow w fazie cieklej. Na poczatku XX wieku Gouy i Chapman przedstawili
udoskonalong wersj¢ modelu podwdjnej warstwy elektrycznej, w ktorej uwzgledniono
ruchliwo$¢ jondw. Zgodnie z tym modelem przeciwjony nie s3 unieruchomione przy
powierzchni naladowanej czastki, lecz sa rozproszone w otaczajacym roztworze, tworzac
warstwe rozmyta (dyfuzyjng). Model ten nie uwzglednial jednak zjawiska specyficznej
adsorpcji ani tworzenia si¢ zwartej warstwy jonoOw bezposrednio przy powierzchni czastki.
Laczac zatozenia obu wcezesniejszych modeli, w 1924 roku Stern zaproponowal nowy model
podwdjnej warstwy elektrycznej. Model Sterna zaktada, ze podwojna warstwa elektryczna
sktada si¢ z warstwy przeciwjonoOw przylegajacych do powierzchni czastki (warstwa
adsorpcyjna) oraz z warstwy rozproszonych jondw, czyli warstwy dyfuzyjnej. W oparciu o
wymienione modele, w latach 1940-ch Derjaguin, Landau, Verwey oraz Overbeek przedstawili
teori¢ DLVO w ktorej zostaty omowione sity wptywajace na stabilno$¢ uktadow koloidalnych
w roztworach wodnych [19]. Zgodnie z tg teorig stabilno$¢ koloidalng definiuje wzajemne
oddziatywanie dwoch rodzajow sil: sit przyciggania van der Waalsa oraz sit elektrostatycznego
odpychania podwojnej warstwy elektrycznej. Przewaga sit przyciggania powoduje koagulacje

czastek koloidalnych, natomiast przewaga sit odpychania zapewnia stabilno$¢ danego uktadu.
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Glab roztworu

Plaszczyzna poslizgu

Warstwa dyfuzyjna

Warstwa adsorpcyjna (Sterna)

Ujemnie naladowana
powierzchnia czastki

Potencjal powierzchniowy

Potencjal Sterna

Potencjal zeta ({)

Potencjal elektryczny

Odleglos¢ od powierzchni czastki

Rysunek 1. Micela koloidu.

Jednym z parametrow charakteryzujacych podwoéjng warstwe elektryczng jest potencjat zeta.
Potencjal zeta ({) definiuje si¢ jako potencjat elektrokinetyczny wystepujacy w ptaszczyznie
poslizgu, ktora oddziela warstwe elektrolitu zwigzang z powierzchnig czastki od swobodnie
poruszajacej sie masy cieczy. Uzyskana warto$¢ potencjatu zeta determinuje o stabilno$ci
koloidalnej badanego uktadu. Przyjmuje si¢, ze uktad, ktérego warto$¢ bezwzgledna potencjatu
zeta przekracza 30 mV, jest stabilny; wowczas uzyskany potencjal zeta z poza tego zakresu
informuje o przewadze sit przyciggajacych oraz tendencji danego uktadu do tworzenia
agregatow. Warto$¢ potencjalu zeta moze si¢ zmienia¢ w zaleznosci od warunkow
srodowiskowych, na przyktad, pH, sily jonowej, rodzaju elektrolitu oraz lepkosSci
rozpuszczalnika[20,21]. ZmianapH wptywa na protonacje i deprotonacje grup funkcyjnych na
powierzchni czastek, a tym samym na warto$¢ potencjatu zeta. Wartos¢ pH przy ktdrym suma
tadunkéw dodatnich i ujemnych czasteczki jest rdwna zeru jest zdefiniowana jako punkt
izoelektryczny (pl). Ponizej punktu izoelektrycznego potencjal zeta ma zwykle wartosci
dodatnie, natomiast powyzej pl przyjmuje wartosci ujemne [22]. W zakresie punktu
izoelektrycznego jego warto$¢ zbliza si¢ do zera, co sprzyja agregacji czastek wskutek
ostabienia odpychania elektrostatycznego. Wtasnie dlatego przypadku bialek minimalng
rozpuszczalno$¢ najczesciej obserwuje si¢ w zakresie punktu izoelektrycznego. Poprzednio
zaobserwowano spadek wartosci bezwzglednej potencjalu zeta bioczasteczek wraz ze
wzrostem st¢zenia elektrolitu co moze by¢ zwigzane ze zmniejszeniem grubo$ci warstwy
dyfuzyjng [23]. Analogiczne zjawisko jest obserwowane w obecno$ci jondOw o wyzszej

warto$ciowosci, ktore sg zdolne do Dbardziej efektywnego ekranowania tadunku
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powierzchniowego czastki. Potencjal zeta jest bezposrednio powigzany z ruchliwoscia
elektroforetyczng (u) czastki w polu elektrycznym. Zalezno$¢ ta jest opisana réwnaniem

Smoluchowskiego (1):
g=—1 (1)

g€
gdzie: u— ruchliwo$¢ elektroforetyczna; n — lepko$¢ o$rodka; €0 — przenikalnos¢ dielektryczna
prozni oraz € — przenikalno$¢ dielektryczna osrodka.

Z praktycznego punktu widzenia potencjal zeta stanowi wazny parametr wykorzystywany w
kontroli jakosci produktéw, doborze warunkéw procesowych podczas projektowania roznych
formulacji oraz ocenie przepuszczalnosci, transportu komodrkowego, biodostepnosci i
biozgodnosci badanego uktadu koloidalnego. Warto$¢ potencjatu zeta decyduje o sktonnosci
czastek do agregacji, a tym samym wptywa na strukturg, teksture i trwato$¢ produktow
spozywczych [22]. W przypadku bialek moze by¢ takze wykorzystywany do oceny ich
wiasciwosci funkcjonalnych, takich jak zdolno§¢ do emulgowania, pienienia, Zelowania oraz
oddziatywania z innymi sktadnikami zywno$ci.

Mleko krowie jest znanym przyktadem skomplikowanego uktadu koloidalnego. Jest to bogate
zrédlo réznych sktadnikéw odzywcezych, takich jak biatka, tluszcze, weglowodany, witaminy,
karotenoidy oraz mineraly. Najcenniejsza grupe sktadnikow bioaktywnych znajdujacych si¢ w
mleku krowim stanowig biatka. Zawartos$¢ biatek w mleku stanowi okoto 3-4%, z ktorych 80%
przypada na biatka kazeinowe (os1-, asz-, B- and k-kazeina) natomiast reszta 20% przedstawiajg
biatka serwatkowe, w tym a-laktoalbumina, B-laktoglobulina, albumina surowicy bydlece;,
laktoferyna oraz immunoglobuliny [24]. Sole obecne w mleku odgrywaja znaczaca role w
stabilno$ci biatek. W mleku krowim wystepuja one w postaci uktadu pozostajacego w
rownowadze dynamicznej, obejmujacego zarowno wolne jony w surowicy mleka, jak i
kompleksy zwigzane z r6znymi sktadnikami mleka, takimi jak biatka, peptydy, aminokwasy
oraz we¢glowodany. Kluczowymi jonami wystepujacymi w mleku to sg kationy wapnia,
magnezu, sodu oraz potasu a takze aniony fosforanu, chlorku oraz cytrynianu. Zawarto$¢
sktadnikow mineralnych w mleku nie jest stala, lecz zmienia si¢ pod wpltywem roéznych

warunkdéw, takich jak faza laktacji, sposdb Zywienia oraz czynniki genetyczne.

2. Aktualne problemy przemystlu mleczarskiego

Mleczarstwo jest uwazane jednym z kluczowych sektorow przemystowych w Polsce. Polska
byla pigtym najwickszym producentow mleka w Unii Europejskiej po Niemcach, Francji,
Wiochach oraz Holandii w 2022 roku z udzialem okoto 8.8% [25]. Sposrod produktow

najwiece] byly eksportowane ser, swieze mleko, $mietana oraz masto. Niemniej jednak z
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kazdym rokiem powstaje coraz wigcej wyzwan do utrzymania stabilnej pozycji na europejskim
rynku mleczarskim. Jednym z kluczowych probleméw jest wysoki koszt produkcji
spowodowany rosngcym kosztem energii, ktoremu rownolegle towarzyszy spadek cen
wyrobow mlecznych.

Analiza rynku europejskiego pokazuje, ze przewaga konkurencyjna sektora bedzie w coraz
mnigjszym stopniu zaleze¢ od prostego wzrostu wolumenu surowca, a w coraz wickszym od
produktywnosci, jakosci i elastycznosci zagospodarowania poszczegdlnych frakeji mleka.
OECD-FAO prognozuja dalszy wzrost globalnej produkcji mleka, ale jednocze$nie wskazuja,
ze w Unii Europejskiej dynamika ta bedzie ograniczona przez presj¢ kosztowa, sSrodowiskowa
i demograficzng. Dane Komisji Europejskiej potwierdzaja, ze UE pozostaje jednym z
najwazniejszych $wiatowych eksporterow sera i produktow wysokowartosciowych, co
oznacza, ze maksymalizacja warto$ci z litra mleka staje si¢ strategicznie istotniejsza niz sama
skalajego pozyskania[1,2].

Wspotczesni konsumenci preferuja zywno$¢ naturalng i tradycyjng, mozliwie jak najmniej
przetworzona, o wyraznie okreslonych walorach sensorycznych i potwierdzonej jakosci.
Fortyfikacja produktow mleczarskich stanowi istotne narz¢dzie poprawy konkurencyjnosci na
rynku, poniewaz pozwala zwickszy¢ warto$¢ odzywcza produktu, lepiej dopasowaé go do
oczekiwan konsumentéw oraz wyrdzni¢ oferte przedsigbiorstwa w segmencie ZywnosSci
funkcjonalnej. Badania wskazuja, ze wzbogacone produkty wykazuja wyzszy potencjat
konkurencyjny niz produkt standardowy, a przewaga ta wynikata przede wszystkim z lepszych
wskaznikow funkcjonalnych oraz wigkszej akceptacji konsumenckiej [26]. Fortyfikacja
zywnosci polega na dodawaniu odpowiednich mikrosktadnikow odzywczych w celu
zwigkszenia ich biodostgpnosci w organizmie. Wzbogacanie zZywno$ci w witaminy stanowi
jeden z najbardziej perspektywicznych kierunkéw rozwoju zywnosci funkcjonalnej. Witaminy
sg mikrosktadnikami niezb¢dnymi do prawidtowego funkcjonowania organizmu. Uczestnicza
w procesach metabolicznych, reguluja wzrost 1 rozwo6j, wzmacniaja odpowiedz
immunologiczng oraz pomagaja w utrzymaniu homeostazy organizmu [27]. Warto podkresli¢,
ze wigkszo$¢ witamin nie jest syntetyzowana przez organizm cztowieka, dlatego musi by¢
dostarczana codziennie wraz z dieta.

Zmienno$¢ preferencji konsumenckich dodatkowo wzmacnia te¢ tendencj¢. Coraz wigkszego
znaczenia nabiera segment zywnosci funkcjonalnej, zywno$ci wysokobiatkowej oraz
produktéw typu ,,clean label”, w ktorych warto$¢ rynkowa jest budowana nie tyle przez sam
fakt fortyfikacji, ile przez wiarygodnie udokumentowany efekt biologiczny, bezpieczenstwo i

naturalno$¢ zastosowanego rozwigzania. W konsekwencji przewage uzyskuja te technologie,
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ktore integruja funkcje zdrowotng z samg matrycg produktu, zamiast polega¢ wytacznie na
prostym dodatku sktadnika syntetycznego. Taki kontekst rynkowy wzmacnia znaczenie
biologicznych metod modulowania sktadu produktow mleczarskich oraz projektowania
funkcjonalnych uktadow biatkowych [28-30].

Dodatkowym wyzwaniem przemyshu mleczarskiego jest powstanie duzej ilosci produktow
ubocznych, ktore stanowig powazny problem ekologiczny. Odpady mleczarskie generalnie
mozna podzieli¢ na produkty uboczne przetwodrstwa, ktore zwykle nadaja si¢ do dalszego
zagospodarowania technologicznego (serwatka, permeat serwatkowy, mleko rozlane, mieko
zepsute) oraz odpady eksploatacyjne, zwigzane gldwnie z utrzymaniem linii produkcyjnej
(osady poprodukcyjne, nieoczyszczone Scieki technologiczne) [6]. Produkty uboczne
przemystu mleczarskiego, w szczegdlnosci serwatka, stanowig bogate zrodto biatek, thuszczu i
laktozy, co wigze si¢ z wysokimi warto$ciami chemicznego (ChZT) i biologicznego (BZT)
zapotrzebowania na tlen. Serwatka jest kluczowym odpadem przemystu mleczarskiego ktora
glownie powstaje jako produkt uboczny podczas produkcji sera (okoto 10 litrow serwatki
powstaje w wyniku produkcji 1 kilograma sera) [7]. Utylizacja serwatki wymaga istotnych
naktadéw energii co robwniez wigze si¢ ze stratg cennych sktadnikéw odzywcezych, t.j. biatka
serwatkowe, zawartos¢ ktorych w serwatce wynosi okoto 20% [8]. Biatka serwatkowe moga
by¢ stosowane do produkcji proszkow serwatkowych, w tym izolatow (ang. whey protein
isolate — WPI) oraz koncentratow (ang. whey protein concentrate — WPC) a takze do
formulowania napojow serwatkowych dla sportowcéw. Pomimo tego, proszki serwatkowe sa
czesto wykorzystywane jako dodatki do zywnosci, ktore poprawiaja jej warto$¢ odzywcza,
trwato$¢ a takze pozytywnie wptywaja na wlasciwosci sensoryczne produktu koncowego.
Innym potencjalnym kierunkiem zagospodarowania serwatki moze by¢ produkcja biopaliw
(bioetanol, biogaz, biowodor), kwasoéw organicznych, biopolimeréw, witamin oraz enzymow
w wyniku fermentacji mikrobiologiczng [7]. W zwiazku z tym, dla efektywnego
wykorzystania jej potencjalu odzywczego oraz ograniczenia szkodliwego wplywu na
srodowisko, konieczne jest wdrazanie ekonomicznie uzasadnionych oraz zréwnowazonych
metod zagospodarowania serwatki, ukierunkowanych na produkcje nowych, warto$ciowych
produktow.

W wymiarze gospodarczym produkty uboczne mleczarstwa nie powinny by¢ traktowane jako
odpady o jednolicie negatywnej wartosci, lecz jako strumienie surowcowe o zréoznicowanym
potencjale ekonomicznym. Najnowsze przeglady wskazuja, ze serwatka, kwasny permeat
serwatkowy, maslanka oraz frakcje powstajace po rozdziale membranowym moga stanowic

podstawe produkcji koncentratéw biatkowych, peptydow bioaktywnych, fermentacyjnie
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wytwarzanych zwigzkéw  przeciwbakteryjnych, materialow opakowaniowych oraz
specjalistycznych ingrediencji do zywnosci dla niemowlat. W praktyce oznacza to przesuni¢cie
logiki technologicznej od kosztownej utylizacji do kaskadowej waloryzacji, w ktorej kazdy etap
separacji powinien prowadzi¢ do odzysku sktadnika o mozliwie najwyzszej wartosci
funkcjonalng i rynkowej [9,11].

Jednym z najpowazniejszych probleméw w mleczarstwie jest mastitis albo zapalenie gruczotu
mlekowego. Najczesdciej jest spowodowane przez zakazenie bakteryjne (gldwnie przez
Saphylococcus aureus, Streptococcus agalactiae, Mycoplasma bovis, Escherichia coli,
Klebsiella pneumoniae), warunki utrzymania bydta mleczarskiego, higien¢ doju, urazy
mechaniczne, choroby metaboliczne oraz czynniki genetyczne [31]. Rozwdj mastitis
negatywnie wptywa zaréwno na zdrowie krow, jak i na jako$¢ oraz przydatno$¢ technologiczng
mleka. Stanu zapalnemu towarzyszy wzrost liczby komoérek somatycznych, pogorszenie sktadu
mleka, zmiany smaku, konsystencji oraz barwy. W praktyce oznacza to istotne straty
ekonomiczne zaréwno dla producenta mleka, jak i dla zaktadow mleczarskich, poniewaz
surowiec taki moze nie nadawac si¢ do standardowych procesoOw przemystowych. Wynikiem
tego jest zmniejszenie ilos$ci pozyskiwanego mleka, konieczno$¢ wycofania surowca z obrotu,
a takze wydzielenie dodatkowych kosztow na leczenia zwierzat. Jednocze$nie mleko, ktore nie
spetnia wymagan jakosciowych dla konwencjonalnego przetworstwa mleczarskiego, moze sta¢
si¢ przedmiotem badan nad alternatywnym zagospodarowaniem, na przyktad poprzez odzysk
cennych biologicznie skladnikéw. Dotychczasowe badania wskazuja, Zze w przebiegu stanu
zapalnego wymienia obserwuje si¢ wzrost st¢zenia laktoferyny — biatka o szerokim zakresie
aktywnos$ci biologicznej oraz istotnym potencjale prozdrowotnym, ktérego wlasciwosci
zostang szerzej omowione w kolejnych rozdziatach [32].

Z punktu widzenia waloryzacji surowca istotne jest rdwniez to, ze stany fizjologiczne i
patologiczne zwierzat zmieniaja jako$ciowy profil mleka. Wzrost stezenia laktoferyny w
przebiegu mastitis nie jest wytacznie markerem stanu zapalnego, lecz zarazem potwierdza, ze
mleko stanowi zmienng biologicznie matryce, z ktorej mozna pozyskiwac frakcje o szczegolnej
aktywnosci. Taki sposob myslenia przesuwa punkt ciezkosci z klasycznej oceny ,,przydatnosci
technologicznej” surowca na bardziej ztozona analiz¢ jego potencjatu frakcjonowania,
diagnostycznego oraz biofunkcjonalnego, co ma znaczenie dla nowoczesnych modeli

przetworstwa opartego na selektywnym odzysku sktadnikow [32].
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3. Fortyfikacja produktéw mleczarskich

3.1. Globalny problem niedobor u witaminy D or az sposoby j g dostar czania do organizmu
Niedobdér witaminy D jest uznawany jako za jeden z najbardziej rozpowszechnionych
problemow zdrowia publicznego — okoto 1 miliarda ludzi na calym $wiecie spotyka si¢ z tym
problemem [33]. Generalnie szereg réoznych czynnikow moze powodowaé niewystarczajgcy
poziom witaminy D w organizmie czlowieka, na przyktad niska ekspozycja na promieniowanie
stoneczne zwigzana spowodowane potozeniem geograficznym oraz zmianami sezonowymi, a
takze styl zycia oraz osobliwos$ci diety ograniczajgce spozycie produktow bogatych w witaming
D. Witamina D pelni wiele istotnych funkcji biologicznych w organizmie, obejmujacych
utrzymanie homeostazy wapniowo-fosforanowej w surowicy krwi, a takze dziatanie
immunomodulujace oraz przeciwzapalne. Jej niedobor moze by¢ przyczyng rozwoju cukrzycy,
nowotworow, chorob uktadu oddechowego oraz uktadu krazenia.

Witamina D jest znana jako witamina thuszczorozpuszczalna, ktora moze wystgpowacé w dwoch
formach, jako witamina D2 oraz witamina D3. Witamina D moze by¢ dostarczona do
organizmu nadwasposoby: endogenny (80%) oraz egzogenny (20%). W pierwszym przypadku
biosynteza witaminy D nastgpuje w naskoérku po ekspozycji na fotony promieniowania UVB
(280-310 nm). Podczas tego procesu zachodzi fotoliza 7-dehydrocholesterolu (prowitamina
D3) do prewitaminy D3, ktora nastgpnie ulega izomeryzacji termicznej do witaminy D3
(cholekalcyferol) [34]. Nastepnie witamina D3 ulega hydroksylacji w watrobie do 25-
hydroksywitaminy D3 (25(OH)D3), stanowigcej gtdéwng forme¢ krazaca w organizmie, po czym
w nerkach jest przeksztalcana do Dbiologicznie aktywnej postaci, czyli 1,25
dihydroksywitaminy D3 (1,25(0OH).D3) [35]. Pomimo tego witamina D moze by¢ otrzymana
W sposoOb egzogenny, ktory obejmuje jej dostarczenie wraz z zZywnos$cig czy stosowaniem
odpowiednich suplementéw diety (Rysunek 2). Sposrdéd produktow charakteryzujacych sig
wysoka zawarto$cig witaminy D3 mozna wyrdzni¢ thusta rybe (tunczyk, loso$, makrela,
sardynki, $ledz), produkty mleczarskie (ser, masto), zottko jajka, watrébke oraz migso
(czerwone, drobiowe). Z kolei witamina D2 znajduje si¢ w produktach pochodzenia roslinnego,
glownie grzybach [36].

Z chemicznego punktu widzenia kluczowym etapem biosyntezy witaminy D3 jest
fotochemiczna transformacja 7-dehydrocholesterolu, ktorej wydajno$¢ zalezy od dostepu
promieniowania, mikrosrodowiska lipidowego oraz konkurencyjnych reakcji izomeryzacji. W
matrycach mlecznych szczegdlne znaczenie ma rozmieszczenie prekursora w fazie
tluszczowej, stan utlenienia lipidéw oraz obecno$¢ sktadnikow powierzchniowo czynnych

stabilizujacych emulsje. Oznacza to, ze sama zawarto$¢ thuszczu nie przesadza jeszcze O
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skutecznosci wzbogacania; roOwnie istotna jest organizacja fazy thuszczowej, wielko$¢ kuleczek
thuszczowych i lokalna dostgpno$¢ sterolu dla reakcji fotokonwersji. Produkty takie jak
$mietanka pelnig zatem nie tylko funkcje nosnika lipofilnej witaminy, ale rowniez stanowia
reaktywne §rodowisko, w ktérym wiasciwosci koloidalne mogg w istotny sposoéb wptywac na

efektywnos¢ procesu [29,33-37].
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Rysunek 2. Sposoby dostar czania witaminy D do organizmu.

3.2. Nowe podejscie fortyfikacji zywnos$ci w witamine D

W czasach dzisiejszych stosuje si¢ rézne podej$cia w celu rozwigzania problemu niedoboru
witaminy D, na przyktad wicksze spozycie produktow bogatych w witamine D, stosowanie
odpowiednich suplementéow diety, wzrost ekspozycji na promieniowanie sloneczne oraz
wzbogacanie (fortyfikacja) zywno$ci. Wczesniej juz zostaly przeprowadzone praktyki
fortyfikacji réznych produktéw zywno$ci w witaming D, w tym mleka, serow, jogurtow, masta,
margaryny, ptatkow $niadaniowych oraz soku pomaranczowego [38]. Pomimo Ze najczesciej
stosowang metoda jest bezposredni dodatek syntetycznej witaminy D do produktéw
spozywczych, warto zwroci¢ uwage rowniez na wzbogacanie posrednie, na przyktad poprzez
wspomagang synteze z udziatem bakterii kwasu mlekowego (ang. lactic acid bacteria— LAB).
Do grupy LAB naleza rézne rodzaje bakterii na przyklad, Lactobacillus, Lactococcus,
Leuconostoc, Pediococcus, Streptococcus oraz Bifidibacterium. Bakterie kwasu mlekowego
biorg udzial w procesie fermentacji, podczas ktorego cukry sg przeksztalcane w kwas mlekowy,
czemu zazwyczaj towarzyszy obnizenie pH $rodowiska. Produktami metabolizmu LAB takze
moga by¢ r6ézne zwiazki, na przyklad kwasy organiczne, krétkotancuchowe kwasy ttuszczowe,
egzopolisacharydy, bakteriocyny, peptydy, wolne aminokwasy oraz witaminy [39]. Liczne
bakterie kwasu mlekowego sa zaliczane si¢ do mikroorganizméw probiotycznych. Do

najwazniejszych wilasciwosci prozdrowotnych bakterii kwasu mlekowego nalezg korzystny
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wplyw na przewod pokarmowy, odporno$¢ organizmu oraz dziatanie ochronne przeciwko
wybranym infekcjom i chorobom. Pomimo ulepszenia cech odzywczych oraz funkcjonalnych,
dodatek kultur LAB do Zywno$ci moze poprawi¢ smak, tekstur¢ oraz wydluzy¢ termin
waznosci produktu. Zastosowanie mikroorganizméow produkujacych witaminy jest bardziej
naturalnym i optacalnym sposobem wzbogacania zywnosci niz uzycie syntetycznych form tych
zwigzkow. Pozwala ono zwigkszy¢ zawarto$¢ witamin w produktach bez istotnego wzrostu
kosztow produkcji, przynoszac korzysci zardwno producentom, jak i konsumentom.
Weczesniejsze prace wykazaty, ze bakterii kwasu mlekowego moga uczestniczy¢ w biosyntezie
serii witamin z grupy B (B2, B6, B9), w procesie fermentacji [27]. Wtasciwy dobor szczepow
oraz ich warunkow inkubacji stwarza mozliwos¢ wytwarzania nowej zywnosci o podwyzszone;j
wartosci odzywczej i prozdrowotnej [P4].

Najnowsze analizy systematyczne randomizowanych badan klinicznych wskazuja, ze mleko,
mleko w proszku oraz fermentowane produkty mleczne wzbogacane w witaming D istotnie
zwigkszaja stezenie 25(0OH)D3 w surowicy. Tym samym matryce mleczne nie sg jedynie
wygodnym no$nikiem technologicznym, ale stanowig potwierdzony klinicznie kanat
interwencji zywieniowej. Z punktu widzenia rynku oznacza to, ze rozwigzania rozwijane w
mleczarstwie moga jednoczes$nie poprawia¢ zdrowotng warto$¢ produktu i wzmacnia¢ jego
pozycjonowanie w segmencie zywnosci funkcjonalnej, zwlaszcza wtedy, gdy wzbogacanie
przebiega w sposob zgodny z trendem naturalnos$ci i ograniczonej liczby dodatkow [28-30].
Kultury LAB stosuje si¢ w przemysle w postaci ptynnej, mrozonej, suszonej rozpytowo oraz
liofilizowanegj. Ostatnio coraz wigksza popularnoscig ciesza si¢ liofilizowane kultury LAB,
ktore oferuja liczne zalety technologiczne i funkcjonalne [40]. Przede wszystkim cechujg si¢
wyzszg przezywalnos$cia, wiekszg stabilno$cig oraz dtuzsza trwatoscig przechowalniczg niz
biomasa bakteryjna, co sprzyja zachowaniu ich aktywno$ci biologicznej; takze charakteryzuja
sie¢ wygodno$cia w przechowywaniu oraz dawkowaniu co z kolei ulatwia standaryzacje
produktu. Ich stosowanie utatwia réwniez standaryzacj¢ procesu i precyzyjne dawkowanie
kultur starterowych. Z innej strony ich wykorzystanie wigze si¢ z wigkszymi wymaganiami
technologicznymi, wyzszym zuzyciem energii oraz wydtluzeniem procesu produkcyjnego.
Smietanka jest produktem mleczarskim stanowigcym odpowiednie $rodowisko do wzrostu
bakterii kwasu mlekowego, gdyz zawiera sktadniki odzywcze, takie jak laktoza, biatka, thuszcz
oraz sole mineralne, ktore sprzyjaja namnazaniu 1 aktywno$ci metabolicznej tych
drobnoustrojow. Pomimo tego, $mietanka stanowi odpowiedni surowiec do wzbogacania w
witaming D3, poniewaz jako produkt o wysokiej zawartosci ttuszczu zapewnia korzystna

matryce¢ dla zwiazkow tluszczorozpuszcezalnych, wptywajac na ich stabilno$¢ oraz potencjalng
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biodostepnos¢ [33,37]. W pracy [P4] opracowano nowe podej$cie do wzbogacania $mietanki
w witaming D3 z wykorzystaniem szczepu Lactiplantibacillus plantarum B/00401. Szczep ten
byl dodawany do $mietanki w dwoch réznych formach — jako biomas¢ (§wieza, niesuszong
masa komorek bakteryjnych w postaci zawiesiny) oraz jako liofilizat bakteryjny. Efektywnos¢
biosyntezy witaminy D3 przez dodany szczep oceniano w réznych warunkach inkubacji,
obejmujacych: 1) ekspozycje na swiatlo lub ciemno$¢, 2) mieszanie lub brak mieszania, 3)
rézny stosunek objetoSciowy $mietanki do L. plantarum B/00401 (1:1, 3:1 (v/v)) oraz 4)
zastosowang form¢ szczepu, tj. biomas¢ lub liofilizat. Uwzglednienie ekspozycji na swiatto i
ciemnos$¢ wynikato z kluczowej roli §wiatta w fotoaktywacji 7-dehydrocholesterolu, bedacego
prekursorem witaminy D3, dlatego konieczne bylo sprawdzenie, czy jego obecnos$¢ zwigksza
wydajnos$¢ tego procesu. Pordwnanie warunkow mieszania i braku mieszania miato z kolei
wykaza¢, czy korzystniejsze dla tworzenia witaminy D3 sg warunki statyczne czy dynamiczne.
W uktadzie bez mieszania kuleczki thuszczowe oraz prekursor witaminy D3 moga gromadzié¢
si¢ przy powierzchni $§mietanki, gdzie sg lepiej eksponowane na §wiatlo, natomiast mieszanie
wplywa na rozmieszczenie fazy thuszczowej i homogennos$¢ catego uktadu. Zastosowanie
dwoch réznych stosunkéw $mietanki do bakterii umozliwia ocenge wptywu ilosci dodanego
szczepu na zmiany zawartosci witaminy D3. Z kolei zastosowana forma szczepu moze r6znic¢
si¢ aktywno$cig metaboliczng oraz zdolnoscig do wspomagania biosyntezy witaminy D3.
Zawarto$¢ zsyntezowanej witaminy D3 w probkach $mietanki po 48-godzinng inkubacji w
okreslonych warunkach oznaczono metoda wysokosprawnej chromatografii cieczowej w
odwréconym uktadzie faz (ang. reverse-phase high-performance liquid chromatography — RP-
HPLC).

Na tym tle wykorzystanie L. plantarum jako czynnika biologicznie ksztaltujacego sktad
Smietanki stanowi rozwigzanie jako§ciowo odmienne od klasycznej fortyfikacji addytywnej. W
ujeciu chemicznym 1 technologicznym nie polega ono na prostym zwigkszeniu st¢zenia
gotowego zwiazku, lecz na takiej modyfikacji mikrosrodowiska matrycy, ktéra sprzyja
powstawaniu, ochronie lub akumulacji pozadanego metabolitu. To wtasnie ten element nadaje
badaniom istotng nowos$¢ aplikacyjna: produkt mleczny staje si¢ aktywnym uktadem
biosyntezy i stabilizacji czasteczek bioaktywnych, a nie biernym nos$nikiem dodatku. W
perspektywie przemystowej moze to tworzy¢ podstawe dla nowych produktow funkcjonalnych
0 bardzig naturalnym profilu technologicznym i marketingowym [28-30,37,39].

3.3. Wplyw profilu kwaséw tluszczowych na wlasciwosci funkcjonalne zywnosci

Pomimo udziatu w biosyntezie niezbednych metabolitow, LAB moga zmienia¢ profil kwasow

thuszczowych w produktach mleczarskich. W zalezno$ci od stosowanego szczepu nastgpuje
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zmiana dlugosci tancucha, stopnia nasycenia oraz odpowiednio biodostepnosci kwasow
tluszczowych [41]. Kwasy tluszczowe moga by¢ klasyfikowane ze wzgledu na dlugosé
tancucha weglowego na krotko- (C < 6), $rednio- (C = 6-12) oraz dlugotancuchowe (C > 12).
W zaleznosci od liczby wigzan podwojnych wegiel-wegiel mozna wyr6zni¢ nasycone (ang.
saturated fatty acids — SFA), mononienasycone (ang. monounsaturated fatty acids — MUFA)
oraz wielonienasycone (ang. polyunsaturated fatty acids — PUFA) kwasy tluszczowe. SFA
pelnia przede wszystkim funkcje energetyczng oraz strukturalng. Sa skladnikami bton
komorkowych, ale ich nadmiar, w szczegolnosci dtugotancuchowych SFA, moze sprzyjaé
wzrostowi stezenia cholesterolu LDL (tzw. ,,zty cholesterol”), rozwoju stanu zapalnego oraz
zaburzeniom metabolicznym [42]. Z kolei MUFA zapobiegaja rozwoju chordb sercowo-
naczyniowych. Warto podkresli¢, ze PUFA, zwlaszcza kwas linolowy (C18:2) oraz kwas
linolenowy (C18:3) przedstawiaja najcenniejszg  grupe kwasow  thuszczowych
charakteryzujacych szerokim zakresem wlasciwosci prozdrowotnym. PUFA pelnia w
organizmie istotne funkcje strukturalne, regulacyjne oraz metaboliczne. Uczestniczg one w
modulowaniu proceséw zapalnych oraz odpowiedzi immunologicznej, a takze wptywaja na
regulacje ci$nienia krwi i moga zmniejsza¢ ryzyko rozwoju chordb sercowo-naczyniowych.
Ponadto wspieraja zdrowie jelitowe, poniewaz sprzyjaja utrzymaniu korzystnego sktadu
mikrobioty oraz wzmacniajg bariere jelitowa. Zmiany w profilu kwasow ttuszczowych moga
w istotny sposéb wpltywaé na trwalo$¢ produktow, ich wilasciwosci sensoryczne oraz
funkcjonalno$¢ [43]. W pracy [P4] oceniono zmiany w zawarto$ci SFA, MUFA oraz PUFA w
probkach $mietanki inkubowanych w warunkach analogicznych do wcze$niej opisanych dla
oznaczania witaminy D3, uwzgledniajac dostep Swiatta, mieszanie, form¢ dodanego szczepu
oraz stosunek $mietanki do L. plantarum B/00401. Warto zaznaczy¢, ze stosowane medium
hodowlane moze mie¢ istotny wptyw na aktywnos$¢ metaboliczng bakterii oraz ksztattowanie
profilu kwaséw tluszczowych w badanych probkach [44]. Dlatego dodatkowo przygotowano
warianty eksperymentalne zawierajace wylacznie mieszaning $mietanki i bakterii, bez dodatku
medium, co umozliwito poréwnanie wplywu samej obecnosci drobnoustrojow z efektem
uzyskanym w warunkach suplementacji podtoza. Zmiany zawartos$ci kwasoéw ttuszczowych w
poszczegolnych probkach $mietanki bylo oznaczono metoda chromatografii gazowej
sprzgzonej ze spektrometrig mas (ang. gas chromatography-mass spectrometry — GC-MS).

Z chemicznego punktu widzenia zmiany profilu kwasow tluszczowych wywotlane aktywnoscia
LAB nalezy rozpatrywa¢ réwnolegle w konteks$cie wartosci zywieniowej oraz stabilnosci
oksydacyjnej. Wzrost udziatlu kwaséw nienasyconych moze poprawia¢ profil prozdrowotny

produktu, ale jednocze$nie zwigksza liczbe wigzan podwdjnych podatnych na autooksydacje, a
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tym samym wptywa na trwalo$¢ sensoryczng i konieczno$¢ odpowiedniego doboru warunkow
przechowywania. Oceniajac funkcjonalno$¢ tak zmodyfikowanej $mietanki, nie mozna wigc
ograniczy¢ si¢ do samego oznaczenia skladu lipidowego; konieczne jest rowniez rozumienie
konsekwencji kinetyki utleniania lipidow, tworzenia wtornych produktow oksydacji oraz ich

oddziatywania z biatkami i witaminami rozpuszczalnymi w thuszczach [41-44].

4. Kazeina: struktura, stabilno$¢ oraz rola biologiczna bialka

4.1. Uklad micelarny kazeiny oraz jego stabilno$¢ pod wplywem réznych czynnikéw
Kazeina (CN) jako kluczowe biatko znajdujace si¢ w mleku spelnia role nosnika niezbednych
aminokwasow (fenyloalaniny, leucyny, izoleucyny, lizyny, metioniny, treoniny, waliny,
histydyny), wapnia oraz fosforu, ktére sg sktadnikami budulcowymi kosci i zgbow. W
roztworze wodnym kazeina tworzy uklady micelarne. Micele kazeinowe s3
supramolekularnymi strukturami powstajacymi w wyniku asocjacji czterech rodzajow kazein,
W tym osi-, 0s-, B- oraz k-kazeiny, wystepujacych w przyblizonym stosunku 40:10:35:15
(wW/w), z udzialem fosforanu wapnia (Rysunek 3). Fosforan wapnia tgczy si¢ frakcjami
kazeinowymi przez fosforylowane reszty serynowe tworzac klastry, tak zwany koloidalny
fosforan wapniu (ang. colloidal calcium phosphate — CCP). Sformowany uktad micelarny jest
stabilizowany w wyniku szeregu r6éznych oddziatywan, w tym hydrofobowych,
elektrostatycznych, wigzah wodorowych oraz disiarczkowych. Istotng rol¢ odgrywa takze sktad
aminokwasowy kazein oraz wzajemne rozmieszczenie reszt hydrofilowych i hydrofobowych.
Obecnos¢ zarowno obszaréw hydrofilowych, jak 1 hydrofobowych sprawia, Ze kazeing mozna
zaliczy¢ do biatek amfipatycznych [24]. Kazda z frakcji kazeinowych charakteryzuje
odmiennymi wiasciwosciami fizykochemicznymi, ktore bardziej doktadnie sg przedstawione
w Tabeli 1.

Z chemicznego punktu widzenia o wyjatkowosci kazeiny decyduje obecno$¢ licznych reszt
fosfoserynowych zdolnych do koordynacji jonéw Ca(Il) 1 wspottworzenia nanoklastroéw
fosforanu wapnia. To wlasnie sprzezenie pomigedzy segmentami bogatymi w fosfoseryne,
obszarami hydrofobowymi oraz dynamicznie wymienialng faza mineralng odpowiada za
»miekka”, lecz jednoczes$nie zaskakujaco trwala organizacje miceli. Uktad ten nie ma
charakteru statycznego: zmiana pH, sily jonowej lub rodzaju kationow modyfikuje stopien
ekranowania ladunku, uwodnienie powierzchni oraz roéwnowage pomiedzy repulsja
elektrostatyczng a silami przyciagania. W konsekwencji micela kazeinowa moze by¢
traktowana jako uktad adaptacyjny, ktorego architektura jest podatna na $wiadome

projektowanie chemiczne oraz fizykochemiczne [12,45-47].
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Rysunek 3. Struktura miceli kazeinowsy.

as1-CN, as>-CN, B-CN wykazuja znacznie wyzszy stopien fosforylacji w porownaniu do k-CN,
dlatego znajduja si¢ one w czgSci wewngtrznej miceli kazeinowej formujac tzw. rdzen
hydrofobowy [50]. as-CN zawiera dwie reszty cysteinowe i czgsto wystepuje jako dimer lub
tworzy wewnatrzczasteczkowe wigzania disiarczkowe [45]. B-CN jest znana jako najbardzig
hydrofobowa kazeina sposrod wszystkich ze wzgledu na bogata zawartos¢ proliny (35
aminokwasow) w tancuchu polipeptydowym [51]. Z tego powodu w B-CN nie wystepuja takie
rodzaje struktur drugorzedowych jak a-helisa oraz B-harmonijka, a raczej nabywa strukture
nieuporzgdkowang (tzw. ,,random coil”’) w roztworze wodnym [45]. Podobnie, asi-CN zawiera
okoto 70% nieuporzadkowanej struktury wraz z niewielkim udziatem a-helisy oraz B-struktury.
Natomiast k-CN charakteryzuje najwieksza hydrofilowoscia ze wzgledu na obecnos¢
tancuchow glikanowych w jej strukturze. k-CN jest typowo zlokalizowana na powierzchni
miceli tworzac warstwe o grubosci okoto 5-10 nm (tzw. ,,hairy layer”) i zapeknia jej stabilnos¢
poprzez odpychanie steryczne oraz elektrostatyczne [24]. Na przyktad, zmierzony potencjat
zeta dla x-CN przy pH 7,4 byt -50 mV, wowczas jak dla kazeiny on wyniost -20 mV [52].
Oprodcz stabilizacji sterycznej, k-CN rowniez zapewnia integralno$¢ struktury wewnetrznej
miceli. Micele kazeinowe charakteryzuja si¢ stabilno$cig nawet przy wysokiej temperaturze (>
100 °C) oraz cisnieniu (> 100 MPa), niemniej jednak sa bardzo czute na pH $rodowiska [53].
Na przyktad, zakwaszenie do pH < 5 (punkt izoelektryczny kazeiny wynosi okoto 4,6) prowadzi
do koagulacji biatka, woéwczas koloidalny fosforan wapnia si¢ rozpuszcza. Réwnowaga
mineralna odgrywa istotng rol¢ w stabilnosci uktadu micelarnego kazeiny. Dodatek chlorku

sodu (NaCl) moze powodowac czeSciowe zastgpowanie wapnia przez sod w nanoklastrach, co
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wigze si¢ z rozluznieniem wewngtrznej struktury miceli oraz solubilizacja koloidalnego
fosforanu wapnia (CCP) [46]. Jednoczesnie wzrost stezenia elektrolitu prowadzi do
zmniejszenia grubosci podwojnej warstwy elektrycznej oraz obnizenia potencjatu zeta czastek,
a w konsekwencji do ostabienia odpychania elektrostatycznego i zmniejszenia odleglosci
miedzy micelami.

Tabela 1. Wlasciwosci fizykochemiczne poszczegolnych frakcji kazeiny bydlecej.

Liczba _ Obecnosé¢
' Masa Liczbareszt
Rodzg aminokwasow w fancuchow
. czasteczkowa fosfo- _ Ref.
kazeiny tancuchu glikanowych w
(kDa) _ serynowych
polipeptydowym strukturze
asi-CN | 24,5 214 8 -
as2-CN | 26 222 11 -
[47-49]
B-CN 25,1 224 5 -
k-CN 21,3 190 1 +

Srednica hydrodynamiczna miceli kazeinowa moze si¢ waha¢ od 20 do 600 nm i $rednio wynosi
okoto 200 nm. Rozmiar miceli moze by¢ uzalezniony od réznych czynnikow, takich jak sktad
poszczegolnych frakcji kazeinowych, pH $rodowiska, temperatury oraz cisnienia. Wykazano
ze wzrost zawartosci K-CN wraz ze spadkiem zawartosci B-CN, sprzyjaja tworzeniu miceli
kazeinowych o mniejszych rozmiarach; wowczas i1lo$¢ obecnej as-CN nie ma istotnego wptywu
na jej wielko$¢ [54]. Ponadto, istotny wptyw réwniez miat wariant genetyczny obecnej k-CN
[55]. Procesy wysokoci$nieniowe (> 200 MPa), na przyklad homogenizacja, réwniez
negatywnie wplywaja na stabilno$¢ miceli kazeinowych powodujac ich dysocjacje [56].

Ta podatno$¢ na reorganizacj¢ stata si¢ podstawa najnowszych badan nad sztucznymi i
reformowanymi micelami kazeinowymi. Wspotczesne strategie obejmujg kontrolowang
remineralizacje, cykliczne zmiany pH, wysokoci$nieniowe przebudowywanie uktadu oraz
projektowanie miceli zdolnych do inkorporacji zwiazkoéw hydrofobowych oraz jonowych.
Kierunek ten ma zasadnicze znaczenie dla przemystu mleczarskiego, poniewaz pozwala przejs¢
od klasycznego wykorzystania kazeiny jako sktadnika receptury do jej sSwiadomego uzycia jako
projektowanego nos$nika o zaprogramowanej pojemnosci wigzania, okreslonej stabilnosci oraz
sterowalng kinetyce uwalniania[12].

4.2. Metody izolacji kazeiny

Jak wczesniej byto wspomniano, kazeina reprezentuje dominujaca frakcje biatek mleka, ktorej

udzial jest zakresie od 50 do 85%. Dotychczas sa stosowane trzy metody ekstrakcji kazeiny:

26



fizykochemiczng, biologiczng oraz fizyczng [57]. Najstarszg z nich jest metoda
fizykochemiczna, ktora polega na straceniu kwasowym kazeiny w warunkach pH, ktore
odpowiada jej punktu izoelektrycznemu (pH 4.6). Zakwaszenie przeprowadza si¢ najczescie]
poprzez dodanie kwasu solnego, siarkowego lub octowego, po czym uzyskany osad si¢ oddziela
poprzez sgczenie lub wirowanie a nastepnie biatko jest poddawane kilkakrotnemu przemyciu
wodg oraz suszeniu. Metoda ta rowniez si¢ stosuje do otrzymywania kazeinatow. Kazeitaty to
sg rozpuszczalnymi solami kazeiny, otrzymywanymi w wyniku jej neutralizacji zasadami,
takimi jak wodorotlenek sodu, potasu lub wapnia. Charakteryzuja si¢ one lepsza
rozpuszczalnoscig w wodzie w porownaniu do kazeiny, dlatego sa powszechnie uzytkowane
w przemysle spozywczym jako dodatki poprawiajace wlasciwosci emulgujace, pianotworcze i
stabilizujace [58]. Biologiczna metoda ekstrakcji kazeiny polega na enzymatycznej koagulagji
biatka wywotanej dodatkiem enzymu podpuszczkowego. Po dodaniu chymozyny k-kazeina,
znajdujaca si¢ na powierzchni miceli, ulega hydrolizie, czemu towarzyszy uwolnienie
glikomakropeptydu kazeinowego (GMP), co prowadzi do utraty stabilnosci miceli, ich
agregacji z udzialem jondw wapnia oraz utworzenia skrzepu biatkowego stanowigcego
podstawe produkcji sera. Fizyczny sposob separacji kazeiny generalnie obejmuje stosowanie
technik membranowych, takich jak mikto- oraz ultrafiltracja. Jest to perspektywne podejscie
ktore jednak wymaga istotnego postepu technologicznego. Wykazano ze micele kazeinowe
ulegaja wytraceniu jedynie przy stosowaniu wysokiej sity osrodkowej (>50000xg) co z
praktycznego punktu widzenia jest stabo osiggalne w przypadku masowej produkcji
przemystowej [59]. Aby pokonac¢ ten problem sa pozyskiwane nowe materiaty porowate lub
kompozyty charakteryzujace wysoka wytrzymaloscig mechaniczng. Niedawno komercjalizacja
ceramicznych membran mikrofiltracyjnych o jednorodnych porach na bazie ZrOz umozliwia
przemystowe rozdzielanie kazeiny i biatek serwatkowych metodami fizycznymi [60]. Badania
laboratoryjne pokazaly ze modyfikacja rownowagi mineralnej mleka moze wyraznie zmieniaé
skuteczno$¢ rozdziatu kazeiny i biatek serwatkowych. Na przyktad, dodanie chlorku wapnia
(CaCl2) mialo najlepszy efekt na retencj¢ kazeiny podczas mikrofiltracji z przeptywem
stycznym (tangencjalna), ale jednak nie pozwolito to na catkowite oddzielenie kazeiny od
biatek serwatkowych. To wynika ze zdolno$ci biatek serwatkowych wigzaé si¢ z wapniem co
z kolei utrudnia ich efektywne wyptukanie. Z innej strony, stosowanie wodorofosforanu sodu
(NaHPO4) pozwolito na najlepsze oddzielenie kazeiny od biatek serwatkowych, lecz kosztem
niskiego uzysku. Niski odzysk kazeiny byt zwigzany z cze$ciowa utratg integralnosci miceli,
co sprzyjalo przechodzeniu kazeiny do fazy serum i zmniejszalo jej retencje podczas

mikrofiltracji, co sugeruje o koniecznos$ci dalszych badan w celu poprawy odzysku
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otrzymywanego izolatu biatka o odpowiednim stopniu czystosci [61]. Warto roéwniez
podkresli¢ ze sktad zaréwno jak i funkcjonalnos¢ kazeiny bedzie si¢ r6zni¢ w zaleznosci od
stosowanel metody ekstrakcji.

4.3. Problem zasolenia bialek

Stosowanie licznych buforow podczas izolacji moze prowadzi¢ do istotnego zasolenia produktu
koncowego. Jak pokazano wcze$niej, dodatek soli, takich jak cytrynian sodu, fosforan sodu czy
chlorek sodu, moze w okreslonych warunkach poprawia¢ rozpuszczalnos$¢ i rehydratacje
proszkow kazeinowych, co wigze si¢ z efektem salting-in [62]. Jednocze$nie zbyt wysokie
stezenie elektrolitéw moze prowadzi¢ do spadku rozpuszczalno$ci biatka i1 jego wytracania,
czyli efektu salting-out. Wysoka zawarto$¢ soli moze rowniez indukowaé¢ zmiany strukturalne
biatka, a w konsekwencji wptywac na jego wiasciwosci funkcjonalne i biologiczne, co moze
obniza¢ powtarzalno$¢ wynikow, zwlaszcza w testach biologicznych. Ponadto jony pochodzace
z soli moga zajmowac potencjalne miejsca wigzania w czasteczce biatka, utrudniajac jego
dalszg modyfikacje innymi zwigzkami [46]. Nadmierne zasolenie probek moze rowniez
zakloca¢  wyniki analiz, szczegdlnie spektroskopowych (UV-Vis, spektroskopia
fluorescencyjna), spektrometrii mas (MS) oraz elektroforezy (SDS-PAGE) [63]. Dlatego w
celu uzyskania produktu o wyzszym stopniu czysto$ci konieczne jest zastosowanie
odpowiednich metod odsalaniai oczyszczania, takich jak ultrafiltracja [P, P3].

4.4, Kazeina — idealny no$nik czasteczek bioaktywnych

Unikatowa struktura miceli kazeinowej oraz wlasciwosci fizykochemiczne znacznie zwigksza
jej aplikacyjno$¢ szczegolnie w uktadach dostarczenia lekéw oraz sktadnikow odzywcezych.
Kazeina moze si¢ wigza¢ z innymi czasteczkami tworzac kompleksy lub koniugaty o
ulepszonych wtasciwosciach biologicznych [58]. Stosowania kazeiny jako no$nika w uktadach
dostarczania zwiazkoéw bioaktywnych jest bardzo atrakcyjne ze wzglgedu na szereg zalet tego
materialu. Z innej strony, warto wzig¢ pod uwage ze szerokie stosowanie kazeiny w medycynie
moze by¢ ograniczone ze wzgledu na jej immunogenne oraz alergenne wlasciwosci. Kazeina
jest biatkiem nietoksycznym, biodegradowalnym oraz biokompatybilnym o wysokiej
dostepnos$ci oraz niskiej cenie produkcji [49]. Charakteryzuje si¢ ona wysoka odpornoscia na
denaturacje¢ termiczng a takze posiada doskonate wlasciwosci zelujace oraz powierzchniowo
czynne. Biatko to jest atrakcyjnym materialem do funkcjonalizacji, poniewaz jej struktura
zawiera liczne reaktywne grupy funkcyjne, takie jak grupy aminowe, karboksylowe i
fosforanowe, ktore moga by¢ wykorzystywane do modyfikacji chemicznej. Kazeina znana jako
bioczasteczka amfipatyczna moze oddzialywaé ze zwigzkami hydrofobowymi zaréwno jak i

hydrofilowymi w istotny sposob zwigkszajac ich biodostgpnos¢ w organizmie. Wczesnigjsze
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pracy pokazaly ze kazeina moze by¢ stosowana do wspomagania transportu jonow metali
(Ca(IT), Mg(1I), Cu(Il), Zn(II), Cr(III)), witamin (A, B12, D3, E), zwigzkow polifenolowych,
polisacharydéw oraz wielonienasyconych kwasow thuszczowych [49,64]. Modyfikacjakazeiny
roznymi czasteczkami moze prowadzi¢ do istotnych zmian strukturalnych biatka co w
konsekwencji wpltywa na jego aktywnos¢ biologiczng. Badanie mechanizmu oddzialywan w
utworzonym ukladzie jest koniecznym etapem podczas opracowania kompleksow kazeiny o
ulepszonej stabilnosci i funkcjonalnos$ci do dalszego zastosowania w przemysle spozywczym
oraz medycynie.

Z praktycznego punktu widzenia taka interpretacja otwiera dla kazeiny zupelnie nowy obszar
zastosowan. Najnowsze prace wskazuja na rozwoj kazeinowych hydrozeli, witdkien, filmow i
opatrunkdéw, w ktorych biatko to peini jednoczesnie funkcje strukturalng, sorpcyjnag i
biologiczng. Warto$¢ tych materialdow wynika z potaczenia cech istotnych dla przemyshu:
szerokiej dostepnosci surowca, biodegradowalnos$ci, tatwosci przetwarzania i mozliwoS$ci
funkcjonalizacji metalami lub innymi czgsteczkami aktywnymi. W tym sensie kazeina jawi si¢
nie tylko jako komponent zywno$ciowy, lecz jako mleczarski biopolimer o rosngcym znaczeniu
w technologiach biomateriatowych i aktywnych materiatdéw kontaktowych [13,14].

4.5. Rola jonéw metali w funkcjonalnosci bialek

Jony metali odgrywaja wazng rolg¢ w réznych procesach biologicznych, petnig w organizmach
funkcje katalityczne, strukturalne i1 regulacyjne. Uczestnicza w dziataniu enzymow, transporcie
tlenu, przewodzeniu impulséw nerwowych, skurczu miesni, krzepnieciu krwi oraz utrzymaniu
homeostazy organizmu. Okolo 30% bialek naleza do kategorii metaloprotein, wiec wymagaja
kofaktora, na przyktad, Mg(Il), Zn(II), Fe(II/IIT), Cu(Il), do prawidtowego faldowania oraz
spetnienia odpowiednich funkcji biologicznych. Sposrdd metali warto wyr6zni¢ grupe metali
szlachetnych do ktérych naleza, na przyktad srebro (Ag), platyna (Pt), pallad (Pd), ruten (Ru),
srebro (Ag), ztoto (Au), osm (Os) oraz iryd (Ir) [65]. Chociaz metale te nie nalezg do
pierwiastkow niezbednych dla prawidiowego funkcjonowania organizmu, s3 powszechnie
stosowane w farmakologii jako S$rodki o wlasciwoséciach przeciwbakteryjnych,
przeciwwirusowych, przeciwzapanych oraz przeciwnowotworowych.

4.5.1. ZwiazKki srebra: aktywnos$¢ biologiczna, zastosowanie w medycynie oraz problem
cytotoksycznosci

Leczniczy potencjat srebra zostal wykryty jeszcze w starozytnosci. Zwiazki srebra, w
szczegolnosci azotan srebra mial zastosowanie w roéznych gateziach medycyny, takich jak
dermatologia, oftalmologia, ginekologia oraz urologia. Srebro bylo powszechnie stosowano

jako efektywny $rodek antybakteryjny az do lat 1930-ch przed odkryciem antybiotykow.
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Dotychczas wykazano ze jony srebra Ag(I) posiadajg dziatanie antyseptyczne, bakteriobdjcze,
przeciwzapalne oraz cytotoksyczne. Mechanizm bakteriobdjczy zwigzkéw srebra nie jest do
konca wyjasniony. Generalnie, naukowcy wyrdzniajg nastepujace etapy: 1) uszkodzenie $ciany
oraz btony komorkowej bakterii; 2) oddzialywanie Ag(I) z czasteczkami wewnatrz komorki
oraz 3) wywolanie stresu oksydacyjnego [66]. Jony srebra wigzg si¢ z wysokim
powinowactwem ze sktadnikami powierzchni bakterii, szczegdlnie z grupami tiolowymi biatek
1 enzymoOw, zaburzajac integralno$¢ blony komoérkowej oraz zwigkszajac jej przepuszczalnoseé.
W efekcie komorka traci kontrole nad transportem substancji i tatwiej ulega uszkodzeniu. Jony
srebra szybko przenikaja do wnetrza komorki bakteryjnej, gdzie bezposrednio wigza si¢ z
aminokwasami, rybosomami i DNA. W ten sposob inaktywuja enzymy, hamuja synteze bialek
oraz replikacj¢ materialu genetycznego, co prowadzi do zahamowania podzialu i namnazania
bakterii. Ostatecznie jony srebra hamuja dziatanie bialek tancucha oddechowego bakterii,
prowadzac do zwigkszonego wytwarzania reaktywnych form tlenu (ang. reactive oxygen
species — ROS), co w konsekwencji wywotuje stres oksydacyjny, uszkodzenia biatek i DNA
oraz ostatecznie prowadzi do zahamowania wzrostu i $mierci bakterii. Obecno$¢ licznych
celéw molekularnych (ang. molecular targets) w komodrkach bakteryjnych, w tym bialek,
enzymow, nukleozydow, nukleotydéw, RNA, DNA, sprawia, ze zwiazki srebra stosowane w
leczeniu ran moga mie¢ przewage nad antybiotykoterapig, poniewaz ryzyko rozwoju opornosci
na ich dziatanie jest mniejsze.

W ninigjszych czasach srebro jest wykorzystane w medycynie do leczenia ran, dezynfekcji
wody, powlekania sprzetu medycznego a takze produktach higienicznych, domowych,
rolniczych i przemystowych [67]. Srebro jest stosowane do pokrycia implantow, igiet,
cewnikow naczyniowych, stentow naczyniowych, a takze niektorych powierzchni uzytkowych.
W preparatach miejscowych 1 opatrunkach srebro jest najczgsciej stosowano w postaci azotanu
srebra, sulfatiazolu srebra oraz sulfadiazyny srebra preparatach do leczenia ran oraz oparzen
[68]. Mimo ze zwigzki srebra wykazujg silne dziatanie bakteriobojcze, ich stosowanie moze
prowadzi¢ do dziatan toksycznych o charakterze ogdlnoustrojowym lub miejscowym. Czesciej
obserwowana jest toksyczno$¢ miejscowa, zwigzana z cytotoksycznym wptywem jondw srebra
na komorki naskorka (keratynocyty) oraz skory wlasciwej (fibroblasty). Skuteczne dziatanie
przeciwdrobnoustrojowe osiggane jest przy stezeniu 30-40 ppm, podczas gdy dziatanie
toksyczne wobec keratynocytow i fibroblastow odnotowano odpowiednio przy stezeniach
powyzej 33 ppm i 50 ppm [69]. Ze wzgledu na ograniczenia bezpieczenstwa oraz ryzyko

dziatah niepozadanych, zwigzki srebra sa obecnie stosowane przede wszystkim zewnetrznie.
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Jednak ich aktywno$¢ biologiczna i1 cytotoksyczno$¢ w duzym stopniu zalezg od postaci
chemicznej, st¢zenia oraz rodzaju zastosowanego ligandu.

Azotan srebra jest najbardziej stosowanym prekursorem do otrzymywania komplekséw Ag(I)
z réznorodnymi ligandami. Nalezy podkresli¢, ze warunki syntezy kompleksow Ag(l) z
udziatlem AgNOs wymagajg precyzyjnego doboru. Zwiazki srebra(I) wykazuja wysoka
fotoczutos¢ 1 w obecnosci swiatta mogg ulegac redukcji do srebra metalicznego [70], dlatego
roztwory przygotowywano i przechowywano w ciemnych butelkach, aby ograniczy¢ dostep
Swiatla 1 zwiekszy¢ ich stabilno$¢. Dodatkowo azotan srebra(I) w srodowisku zasadowym moze
wytrgca¢ si¢ w postaci tlenku srebra(l) (Age0), szczeg6lnie przy pH > 7 [71]. W celu
wyeliminowania tego problemu w ninigjszeg pracy zastosowano jako prekursor srebra(l)
kompleks diaminasrebra(l) [Ag(NH3)2]*, czyli odczynnik Tollensa [P1], ktérego trwatosé
wynika z wyzszego powinowactwa amoniaku jako zasady Lewisa do jonu Ag(I) niz wody.

W przypadku kompleksu [Ag(NHs)2]* kluczowe znaczenie ma mechanizm substytucji
ligandowej. Amoniak stabilizuje Ag(l) w roztworze akalicznym, jednak w kontakcie z
biatkiem moze zosta¢ wyparty przez donorowe atomy tlenu, azotu i siarki obecne w
karboksylanach Asp/Glu, grupach fosforanowych fosfoseryny oraz wybranych resztach
histydyny 1 metioniny. Powstale wigzania koordynacyjne nie maja wylacznie charakteru
statycznego; lokalne mikrosrodowisko biatka moze sprzyjac¢ redystrybucji tadunku i czgsciowej
redukceji Ag(I) do Ag(0), co inicjuje nukleacje nanoczastek. Z punktu widzenia chemii koloidow
kazeina pelni wigc potrdjng role: ligandu wigzacego metal, matrycy ograniczajacej wzrost
nanoczastek oraz stabilizatora powstajacego uktadu hybrydowego [72,73].

4.5.2. Modyfikacja bialek srebrem jako sposob otrzymywania biokompatybilnych
srodkow antyseptycznych

Wiazanie srebra do innych biomolekut, na przyktad bialek, moze znacznie zredukowac jego
dziatanie cytotoksyczne. Do klasycznych przyktadow takich preparatow, wprowadzonych do
praktyki medycznej pod koniec XIX 1 na poczatku XX wieku, naleza Collargol, Protargol oraz
Argyrol [74]. Stosowano je jako $rodki przeciwbakteryjne i antyseptyczne, zwlaszcza w
leczeniu ran, zakazen blon §luzowych oraz zapalenia spojowek, poniewaz mialy ograniczaé
draznigce  dziatanie = wolnych  jonéw  srebra  przy  zachowaniu  aktywnosci
przeciwdrobnoustrojowej. Wspolczesnie idea wigzania srebra z nosnikami biatkowymi jest
nadal rozwijana w biomedycynie, gdzie biatka peinig funkcje stabilizatorow, nos$nikow i
modulatoréw uwalniania srebra, co znajduje zastosowanie w projektowaniu materiatow
przeciwbakteryjnych, opatrunkow 1 innych wyrobow medycznych o poprawionej

biokompatybilnosci. Zaprojektowanie kompleksu opartego na kazeinie i srebrze wykazuje
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istotny potencjal aplikacyjny w medycynie, zwlaszcza jako srodek antyseptyczny o wysokiej
skutecznos$ci przeciwdrobnoustrojowej oraz jednoczesnie obnizonej cytotoksycznosci. W pracy
P1 przeprowadzono modyfikacj¢ kazeiny jonami Ag(I), wykorzystujac dwie formy biatka:
kazeine¢ poddang oraz niepoddang procesowi odsalania metoda ultrafiltracji. Usunigcie jonow
towarzyszacych prowadzito do zaburzenia rownowagi mineralnej uktadu, co moglo sprzyjac
zwolnieniu dodatkowych miejsc w ukladnie micelarnym zdolnych do wigzania srebra.
Weryfikacje¢ tej hipotezy przeprowadzono na podstawie analizy sorpcyjnej, ktora umozliwita
wyznaczenie maksymalnej pojemnos$ci sorpcyjng (QOmax) oraz efektywnosci wigzania jonow
Ag(I) przez kazeine przed i po odsalaniu. Zgodnie z teorig twardych 1 migkkich kwasow i1 zasad
(ang. Hard and Soft Acids and Bases — HSAB), jony Ag(]) zaliczane sg do kwasow migkkich,
dlatego wykazuja najwieksze powinowactwo do zasad migkkich, czyli ligandow zawierajacych
atomy siarki, azotu oraz w mnigjszym stopniu — tlenu. W kontekscie biatek istotng role w
oddziatywaniu z Ag(I) moga odgrywac¢ takie aminokwasy, jak cysteina, histydyna, metionina,
kwas asparaginowy oraz kwas glutaminowy [72]. Warto zaznaczy¢, ze wigzanie srebra moze
towarzyszy¢ redukcja Ag(l) oraz tworzeniu nanoczastek metalicznych. Wcze$niejsze badania
wykazaty, ze niektore aminokwasy obecne w strukturze bialek, takie jak lizyna, kwas
asparaginowy, kwas glutaminowy, tyrozyna, tryptofan oraz cysteina, moga uczestniczy¢ w
redukcji prekursoréw metali do postaci nanoczgstek [73]. Zjawisko to ma szczegolne znaczenie
w przypadku srebra, poniewaz nanostruktury srebra odgrywaja wazng rol¢ w opracowywaniu
nowoczesnych preparatow przeciwbakteryjnych. Nanoczastki srebra (AgNPs), o rozmiarach w
zakresie 1-100 nm, charakteryzujg si¢ duzym stosunkiem powierzchni do objetosci, a wiec
wysoka powierzchnig witasciwg, co przektada si¢ na ich wysoka reaktywnos$¢ 1 znaczacy
potencjat terapeutyczny w zwalczaniu drobnoustrojéw, w tym szczepow opornych na
antybiotyki [65]. W konsekwencji otrzymane nanokompleksy kazeina-srebro moga wykazywac
korzystne wlasciwosci biologiczne i stanowi¢ obiecujaca platforme do projektowania nowych
materiatlow biomedycznych o dzialaniu przeciwdrobnoustrojowym. Stosowanie szeregu
odpowiednich technik instrumentalnych jest niezbedne do wiarygodnej charakterystyki
otrzymanych komplekséw, gdyz pozwala precyzyjnie okresli¢ ich wlasciwosci
fizykochemiczne, strukturalne i funkcjonalne. Analiza dynamicznego rozpraszania $wiatta
(ang. dynamic light scattering — DLS), spektroskopii ostabionego catkowitego odbicia w
podczerwieni z transformacjg Fouriera (ang. attenuated total reflectance Fourier transform
infrared spectroscopy — ATR-FTIR) oraz spektrofluorymetrii dostarcza informagji, czy
zwigzanie srebra prowadzi do zmian w organizacji miceli, konformacji biatka oraz udziale

okreslonych grup funkcyjnych w wigzaniu Ag(I). Techniki mikroskopowe, takie jak

32



skaningowa mikroskopia elektronowa z dyspersjg energii promieniowania rentgenowskiego
(ang. scanning electron microscopy with energy-dispersive X-ray spectroscopy — SEM-EDYS)
oraz skaningowa transmisyjna mikroskopia elektronowa (ang. scanning transmission electron
microscopy — STEM) pozwalajg na charakterystyke zmian morfologii powierzchni oraz
potwierdzenie obecno$ci nanostruktur, a tym samym formowania nanokompozytow
biatkowych. Elektroforeza SDS-PAGE oraz analiza trawienia pepsyng zostaty zastosowane w
celu sprawdzenia, czy modyfikacja wptywa na integralnos¢ frakcji biatkowych, oraz okreslenia
podatnosci uktadu Ag-CN na proteoliz¢. Badania desorpcji srebra sg natomiast kluczowe dla
okreslenia trwalosci kompleksu w réznych warunkach pH. Charakterystyke aktywnosci
biologiczng wybranych kompleksow kazeina-srebro przeprowadzono poprzez ocen¢ ich
wlhasciwosci  przeciwbakteryjnych oraz  cytotoksycznych. Do badan aktywnosci
przeciwbakteryjnej zostaly wybrane bakterie Gram-dodatnie (Staphylococcus aureus) oraz
Gram-ujemne (Klebsiella pneumoniae), w tym szczepy o istotnym znaczeniu klinicznym.
Badano Staphylococcus aureus B38, szczep lekowrazliwy wyizolowany z rany stopy
cukrzycowej, a takze trzy szczepy Klebsiella pneumoniae: KP66 wrazliwy na karbapenemy
oraz KP1 1 KP2 posiadajace geny NDM-1, odpowiadajace za opornos¢ karbapenemazowa.
Takie podejScie pozwolitlo oceni¢, czy zsyntetyzowany kompleks zachowuje aktywno$é
rowniez wobec bakterii wielolekoopornych. Z kolei oceng¢ zywotnosci komorek
przeprowadzono metoda kolorymetryczng MTT na mysich fibroblastach linii L929,
powszechnie stosowanych do wstepnej oceny cytotoksyczno$ci materiatow przeznaczonych do
kontaktu ze skora.

Takie rozumienie mechanizmu tworzenia ukladu Ag-CN dobrze wpisuje si¢ w najnowsze
badania nad mlecznymi biomateriatami przeciwbakteryjnymi. W literaturze pojawiajg si¢ juz
kazeinowe hydrozele i materiaty opatrunkowe, w ktorych biomineralizacja srebra zachodzi in
situ, a uzyskany materiat faczy dzialanie przeciwdrobnoustrojowe z dobra biozgodnoscia.
Wyniki uzyskane w ninigjszej rozprawie majg wobec tego znaczenie wykraczajgce poza sam
opis ukladu modelowego, gdyz wskazuja droge do projektowania wyrobow medycznych,
powtok i aktywnych materiatow opakowaniowych opartych na surowcach mlecznych, w
ktorych funkcja antyseptyczna wynika z kontrolowang chemii koordynacyjng i

nanostrukturyzacji biatka [13,14].

5. Laktoferyna— bialko o unikatowej strukturze oraz funkcjonalnosci
Laktoferyna bydlgca (ang. bovine lactoferrin — bLF) jest szeroko znana jako globularna

glikoproteina wykazujaca wysokie powinowactwo do wiazania jonéw zelaza(IIl) (Kp = 10%°
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M) [75]. Warto podkres$li¢, ze LF wyraznie rozni si¢ od innych biatek rodziny transferyn, przede
wszystkim wigkszg stabilno$cig strukturalng, szczegdlnie w warunkach kwasnych. W
porownaniu z TF uwalnianie zelaza z LF rozpoczyna si¢ przy nizszym pH, a sam proces
przebiega okoto 100 razy wolniej [76,77]. LF zwykle wystepuje w granulach neutrofili oraz
wydzielinach gruczotow zewnetrznych, t.j. mleko, siara, $lina, $luz oraz lzy. Najbogatszymi
zrédtami LF sg siara oraz mleko dojrzale, w ktorych stezenie tego biatka jest odpowiednio w
zakresie 1-5 mg/mL oraz 0.02-0.2 mg/mL. bLF po raz pierwszy zidentyfikowano w 1939 roku,
natomiast jg izolacji dokonano w 1960 roku [78]. Dotychczas okreslono sekwencje LF dla
dziewieciu gatunkoéw, w tym czlowieka, bydta, bawotu, konia, kozy, owcy, wielbtada, swini
oraz myszy. Warto podkresli¢, ze struktura pierwszorzgdowa LF jest wysoko konserwowana
migdzygatunkowo; na przyktad, sekwencja laktoferyny bydlecej jest w 69% identyczna z
sekwencjg laktoferyny ludzkiej. LF jest biatkiem o duzej masie czasteczkowej, mieszczacej si¢
w zakresie od 77 do 88 kDa, zaleznej od zrodta pochodzenia, stopnia glikozylacji oraz
zastosowangl metody izolacji [79]. Spektrometria mas z desorpcja/jonizacja laserowa
wspomagang matrycg z analizatorem czasu przelotu (ang. matrix-assisted laser
desorption/ionization with time-of-tlight anal yzer mass spectrometry — MALDI-TOF/MS) jest
zaawansowang technikg analityczng szeroko stosowang w proteomice, szczegdlnie do analizy
zarowno biatek natywnych, jak iich peptydéw [80]. W metodzie tej matryca odgrywa kluczowa
role w procesie jonizacji analitu, poniewaz absorbuje energi¢ impulsu laserowego 1 przekazuje
ja do prébki, umozliwiajac jej desorpcje oraz jonizacj¢. Potaczenie elektroforezy SDS-PAGE z
analiza MALDI-TOF/MS stanowi uzyteczne narzedzie do charakterystyki struktury
pierwszorzedowej bialek oraz identyfikacji modyfikacji potranslacyjnych (ang. post-
trand ational modifications— PTM), w szczegolnosci glikozylacji.

LF charakteryzuje si¢ szerokim spektrum aktywnosci biologicznych, sposréd ktorych kluczowa
role odgrywa transport oraz regulacja wchtaniania Zelaza. Oprocz tego wykazuje wtasciwosci
przeciwbakteryjne, przeciwwirusowe, przeciwgrzybicze, przeciwzapalne, immunomodulujace,
antyoksydacyjne, prebiotyczne oraz przeciwnowotworowe [81]. W zwigzku z tym, bLF jest
uznawana za warto$ciowy sktadnik bioaktywny oraz jest szeroko wykorzystywana w produkcji
preparatow dla niemowlat, suplementéw diety, Zywnos$ci funkcjonalnej oraz formulacjach
terapeutycznych.

Z chemicznego punktu widzenia LF jest wyjatkowym biatkiem koordynacyjnym, poniewaz
taczy wysoka selektywnos$¢ miejsc wigzacych Fe(Ill) z duza zdolnosciag do adaptacji
konformacyjnej. Koordynacja zelaza przez dwie fenolanowe grupy tyrozyny, karboksylan

asparaginianu, atom azotu imidazolowego histydyny oraz anion weglanowy tworzy uktad, w
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ktorym zamknigcie domen biatka stabilizuje kompleks i jednocze$nie ogranicza przedwczesne
uwalnianie metalu. Wiasnie ta sprz¢zona zalezno§¢ miedzy koordynacja, ruchem domen a
tadunkiem powierzchniowym sprawia, ze LF moze by¢ traktowana jako naturalne rusztowanie
koordynacyjne dla innych jonéw metali. Znaczenie maja tu nie tylko klasyczne centra wigzace
Fe(III), ale rowniez powierzchniowe reszty donorowe oraz warstwa hydratacyjna modulowana
przez glikany [15,82-88].

5.1. Struktura trojwymiarowa bLF

bLF posiada unikatowg strukturg trojwymiarows. Jej tancuch polipeptydowy sktada si¢ z 689
aminokwasow, ktore sg przestrzennie zwinigte w dwa homologiczne ptaty: N (1-341) oraz C
(342-689), potaczone krotka a-helisg (333-344). Stabilizacja wzajemnego utozenia obu ptatow
bialka jest zapewniana przez oddzialywania niekowalencyjne, gtownie hydrofobowe [82].
Kazdy z platow dzieli si¢ na dwie domeny, odpowiednio N1/N2 oraz C1/C2, i zawiera jedno
specyficzne miejsce wigzace jon Fe(Ill). W zwigzku z tym jedna czasteczka LF jest zdolna do
zwigzania dwoch jonoéw zelaza, co odpowiada okoto 1,4 mg Fe na 1 g LF. Koordynacja zelaza
zachodzi z udziatem czterech reszt aminokwasowych, w tym jednej reszty histydyny (His),
dwoch reszt tyrozyny (Tyr) oraz jednej reszty kwasu asparaginowego (Asp), a takze anionu
weglanowego (CO3z%), w wyniku czego miejsce wigzania Fe(Ill) przyjmuje geometrie
oktaedryczng [83]. W zaleznosci od stopnia nasycenia zelazem LF moze by¢ klasyfikowana
jako apo-LF (nienasycona zelazem: %Fe < 5%), holo-LF (nasycona zelazem: %Fe > 85%) oraz
LF natywna (mieszanina form apo oraz holo: %Fe ~ 15-20% ) [84].

5.2. Wlasciwosci fizykochemiczne LF o réZznym stopniu nasyceniu Fe(III)

Nalezy podkresli¢, ze poszczegdlne formy LF mogg rdzni¢ si¢ stabilnoscig konformacyjna,
wlasciwosciami fizykochemicznymi, takimi jak wtasciwosci elektrostatyczne powierzchni 1
odpornos¢ termiczna, oraz zdolnoscig do oddziatywania z innymi czasteczkami [85]. Zgodnie
z wynikami spektroskopii dichroizmu kotowego (CD), udzial a-helisy, B-struktury oraz
struktury nieuporzadkowanej (random coil) w apo-LF wynosit odpowiednio 20,0/59,0/21,0,
natomiast w holo-LF 11,5/70,0/18,5 [86]. Ponadto holo-LF wykazuje wigkszg stabilno$¢
termiczng niz forma nienasycona, poniewaz jej denaturacja zachodzi dopiero w temperaturze
okoto 90 °C, podczas gdy dla apo-LF nastepuje ona juz przy 66 °C [85]. Réznice te wynikaja
bezposrednio z odmienno$ci konformacyjnych obu form biatka. Badania krystalograficzne
wykazaty, ze apo-LF przyjmuje bardzig otwartg strukture, podczas gdy holo-LF charakteryzuje
si¢ konformacjg bardziej zwartg i $cislej upakowang [87]. Istotne jest rowniez to, ze bLF
zachowuje stabilno$¢ strukturalng nawet po uwolnieniu jonow zelaza, co wigze si¢ ze

swoistymi wlasciwos$ciami konformacyjnymi miejsc wigzacych ten pierwiastek. Po odtaczeniu
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zelaza plat N staje si¢ bardziej elastyczny, podczas gdy ptat C pozostaje w konformacji
,zamknigtej”, co sprzyja utrzymaniu ogoélnej stabilnosci apo-LF, nawet w warunkach
kwasnych, przy pH 4 [88]. Dodatkowo wtasciwosci tadunku powierzchniowego bLF, zalezne
od dostepnosci jonizujgcych grup aminokwasowych, mogg zmieniaé si¢ wraz ze stopniem
nasycenia biatka zelazem. Wartosci punktu izoelektrycznego dla apo-LF, holo-LF oraz LF
natywnej wynosza odpowiednio 6,4, 8,6 i 8,8, co moze determinowac¢ zdolno$¢ tych form do
wigzania oraz charakter ich oddziatywan z innymi czasteczkami [84].

5.3. Rola glikozylacji w LF: aspekt strukturalny oraz biologiczny

Glikozylacja jest jednym rodzajow modyfikacji postranslacyjnych wystepujacych u biatek,
ktéra odgrywa wazna rolg w stabilizacji ich struktury oraz moze determinowaé witasciwosci
biologiczne makroczasteczki [89]. Glikozylacja biatka polega ona na kowalencyjnym
przytaczeniu reszt cukrowych do okreslonych aminokwasow; proces ten zwykle zachodzi w
obrebie retikulum endoplazmatycznego oraz aparatu Golgiego. W przypadku bLF wystepuje
przede wszystkim glikozylacja typu N, obejmujaca przytaczanie tancuchéw cukrowych do reszt
asparaginy (Asn). W strukturze bLF obecne sg N-glikany typu wysokomannozowego,
hybrydowego oraz zlozonego. Biatko to zawiera cztery stale miejsca N-glikozylagji
zlokalizowane przy resztach Asn233, Asn368, Asn476 i Asn545. Ponadto zaobserwowano, ze
dodatkowe miejsce glikozylacji moze wystepowaé przy Asn281, szczegdlnie w bLF
pochodzacej z siary [86]. Chociaz petna rola glikozylacji bLF nie zostata jeszcze ostatecznie
poznana, poprzednie prace wskazuja na jej udziat w ochronie biatka przed proteoliza, modulacji
aktywnos$ci przeciwbakteryjnej oraz przeciwwirusowej, a takze wplywie na wilasciwosci
przeciwnowotworowe, w tym na zdolno$¢ wigzania oraz internalizacj¢ przez komorki
nowotworowe [89-92]. Profil glikozylacji bLF moze =zaleze¢ od wielu czynnikow
biologicznych i srodowiskowych, t.j. rasa, wiek, stadium laktacji, sposdb Zywienia, czynniki
genetyczne organizmu oraz sezonowo$¢ [86]. Warto jednak zaznaczy¢, ze glikozylacja LF
moze ulega¢ zmianom réwniez pod wplywem warunkéw technologicznych zwigzanych z
izolacja, oczyszczaniem oraz dalszym przetwarzaniem biatka, cho¢ aspekt ten nadat pozostaje
stabo rozpoznany.

Z punktu widzenia zastosowan przemystowych heterogeniczno$¢ glikozylacji nie jest jedynie
ciekawostkg strukturalng, lecz jednym z kluczowych atrybutéw jako$ciowych preparatu LF.
Profil N-glikanow wplywa na hydratacje powierzchni, ekranowanie tadunku dodatniego,
odpornos$¢ na proteolize, sktonnos¢ do agregacji oraz oddziatywanie z receptorami. Oznacza
to, ze proces izolacji, oczyszczania oraz przechowywania LF musi by¢ postrzegany jako

element kontroli jakosci produktu o wysokiej warto$ci dodanej, a nie wylacznie jako operacja
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techniczna. Rosnaca komercjalizacja laktoferyny w zywnosci dla niemowlat, nutraceutykach i
specjalistycznych formulacjach wymusza wiec stosowanie metod, ktore zachowujg
integralnos¢ zarowno cze¢sci peptydowej, jak i glikanowej biatka [10,86,89-92].

5.4. Metody izolacji oraz oczyszczania L F

Zawartos¢ LF w mleku krowim wynosi <1% catkowitej zawarto$ci biatek mleka, dlatego
izolacja tego bialka jest procesem ztozonym i wieloetapowym [93]. Ekstrakcje LF z réznych
surowcOw standardowo prowadzi si¢ z zastosowaniem technik chromatograficznych, takich jak
chromatografia jonowymienna i chromatografia powinowactwa, a takze szeregu technik
membranowych [86]. Dotychczas LF odzyskiwano z roéznych surowcow, m.in. z mleka
petnego, mleka odthuszczonego, serwatki stodkiej i kwasnej oraz z siary. Chromatografia
jonowymienna nalezy do najbardziej efektywnych oraz najczesciej stosowanych technik do
produkcji LF na duza skalg [94]. Mechanizm rozdziatu opiera si¢ na istotnych réznicach w
punktach izoelektrycznych pomigdzy LF a innymi bialkami serwatkowymi. W warunkach
procesu LF wykazuje silne powinowactwo do fazy stacjonarnej, natomiast pozostate biatka
serwatkowe ulegaja tatwiejszej elucji z kolumny. Izolacja LF metoda chromatografii
powinowactwa polega na specyficznym wigzaniu biatka z ligandem (t.j. heparyna, jony metali,
oligonukleotydy, inne biatka serwatkowe) unieruchomionym na ztozu, co umozliwia jego
selektywne zatrzymanie i pozniejszg elucje [95]. Z kolei techniki membranowe opierajg si¢ na
rozdziale sktadnikow przez membrang wedlug wielko$ci czasteczek lub wilasciwosci
elektrostatycznych i1 sa wykorzystywane gtéwnie do wstgpnego oczyszczania, zat¢zania oraz
odsalania frakcji zawierajacej LF . Nalezy podkresli¢, ze proces izolacji powinien by¢ $cisle
monitorowany pod wzgledem stosowanych warunkow, takich jak pH, sita jonowa buforu,
temperatura 1 ci$nienie, poniewaz parametry te mogg w istotny sposéb wptywac zaro6wno na
skuteczno$¢ rozdzielania i czysto$¢ produktu, jak i na integralno$¢ struktury biatka docelowego
[86]. Jak pokazano w pracy [P3], wtasciwosci elektrokinetyczne bLF sg silnie uzaleznione od
warunkow Srodowiska, zwlaszcza od stezenia elektrolitu, co wptywa na charakter fadunku
powierzchniowego biatka. Z kolei badania stabilnosci strukturalnej prowadzone w szerokim
zakresie pH umozliwity okreslenie warunkow, w ktorych LF jest najbardziej podatna na
degradacje.

Ultrafiltracja (UF) jest powszechnie stosowang technika membranowa w mleczarstwie do
zatezania oraz frakcjonowania bialek serwatkowych o masie czasteczkowej od 1 do 100 kDa.
Po raz pierwszy UF byta uzyta w mleczarstwie w 1971 roku do oddzielenia frakcji biatek
serwatkowych od frakcji laktozy [96]. W przypadku laktoferyny bydlgcej pozwala ona uzyskac

produkt o wyzszym stopniu czystosci dzigki usunieciu mniejszych czastek, takich jak sole i
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peptydy, zaadsorbowanych na powierzchni biatka podczas kolejnych etapow izolacji.
Wieloetapowemu procesowi izolacji LF zwykle towarzyszy stosowanie roztworow
buforowych o wysokim stezeniu elektrolitow, w wyniku czego uzyskany produkt koncowy
moze zawiera¢ znaczne ilosci soli. Stopien zasolenia biatka moze by¢ jednak uzalezniony od
rodzaju zastosowanego surowca. Przyktadowo, zawarto$¢ sktadnikow mineralnych w mleku,
serwatce stodkiej i serwatce kwasnej wynosi odpowiednio 0,6-0,9%, 0,2-0,5% oraz 0,4-0,7%
[97]. Chociaz niewielkie ilosci soli moga stabilizowac struktur¢ biatka, wyzsze stgzenia
elektrolitow ostabiaja oddziatywania elektrostatyczne odpowiedzialne za stabilno$¢ uktadu, co
moze prowadzi¢ do agregacji i precypitacji biatka. Ponadto w [P3] pokazano, ze réznego
rodzaju zanieczyszczenia probki, w tym sole, mogg mie¢ negatywny wplyw podczas analizy
spektrometrycznej powodujgc supresj¢ sygnalu biatka [63]. Nalezy rowniez podkresli¢, ze
dlugotrwate przechowywanie biatka w nieodpowiednich warunkach moze prowadzi¢ do jego
czgsciowe]j degradacji, a powstale w wyniku tego procesu peptydy moga stanowié istotne
zanieczyszczenie probki. Dotychczasowe badania wskazuja, ze przechowywanie LF w
temperaturze -20 °C przez ponad 6 miesiecy moze negatywnie wplyna¢ na integralnosc
strukturalng biatka, a w konsekwencji znaczaco ograniczy¢ jego potencjat biologiczny [98].
Oczyszczenie probki po ultrafiltracji ma kluczowe znaczenie nie tylko dla poprawy jakosci
analizy spektrometrycznej, lecz takze dla zapewnienia wysokiej odtwarzalnosci wynikow oraz
wiarygodno$ci badan biologicznych. Eliminacja soli oraz innych niskoczasteczkowych
zanieczyszczen zmniejsza zmienno$¢ wiasciwosci fizykochemicznych probki, co sprzyja
uzyskiwaniu bardziej spdjnych oraz poréwnywalnych wynikow. Jest to szczeg6lnie istotne w
badaniach aktywnosci biologicznej, zwlaszcza w testach komodrkowych, gdzie obecnos¢
sktadnikow towarzyszacych moze posrednio wptywac na konformacje biatka, jego wlasciwosci
powierzchniowe oraz zdolno$¢ do wigzania ze specyficznymi receptorami [99]. W pracy [P3]
zostala przeprowadzona ocena wplywu dodatkowego etapu ultrafiltracji na witasciwosci
fizykochemiczne bydlecej laktoferyny, w szczegdlnosci na jej mase czasteczkows, strukture
pierwszorzedowsa, morfologi¢ powierzchni oraz sktad pierwiastkowy.

Zagadnienie to ma wyrazny wymiar rynkowy, poniewaz laktoferyna nalezy obecnie do
najbardziej wartosciowych sktadnikow bioaktywnych pozyskiwanych z mleka oraz serwatki.
Im wyzszy stopien czystosci preparatu, lepsze zachowanie natywnej struktury biatka oraz
wicksza powtarzalno$¢ jego wilasciwosci, tym szersze sg mozliwosci jego wykorzystania w
recepturach o wysokim stopniu specjalizacji. Z tego powodu procesy membranowe,
chromatograficzne i analityczne nie pelnig tu jedynie funkcji pomocniczej, lecz wspotdecyduja

o ekonomicznej oplacalnosci wytwarzania LF jako ingrediencji premium oraz o mozliwosci jej
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wdrozenia do produktow, w ktorych deklarowana aktywno$¢ biologiczna musi by¢ $cisle

zwigzana z jakos$cig molekularng preparatu [10,93].

5.5. Oddzialywanie LF z jonami metali

Cho¢ LF wykazuje najwicksze powinowactwo do jonéw Fe(Ill), liczne pracy wskazujg, ze
biatko to moze roéwniez tworzy¢ kompleksy z innymi metalami, w tym Cu(Il), Ca(II), Zn(II),
Co(l11), Mn(111), Cr(111), AI(I11), Ag(l) oraz Au(l) [100]. Jony te moga by¢ wigzane zarowno w
obrebie miejsc koordynacyjnych charakterystycznych dla Fe(Ill), jak i poprzez niespecyficzne
oddziatywania z powierzchnig biatka. Mechanizm ich wigzania zalezy jednak od wlasciwosci
chemicznych danego metalu. Na przyktad, w przypadku Mn(IIl) wykazano koordynacj¢ w
specyficznym miejscu wigzacym apo-LF z udzialem dwoch reszt tyrozyny, jednej reszty kwasu
asparaginowego, jednej reszty histydyny oraz anionu weglanowego [101]. Natomiast wigzanie
Zn(Il) przez natywna LF ma charakter bardziej niespecyficzny oraz zachodzi z udziatem
powierzchniowych grup funkcyjnych biatka [102]. Oddziatywania LF z jonami metali maja
istotne znaczenie w projektowaniu nowych zwigzkéw bioaktywnych. Koordynacja jonow
metali przez LF moze prowadzi¢ do zmian konformacyjnych, modyfikacji stabilno$ci oraz
nadania biatku nowych wlasciwosci biologicznych lub wzmocnienia juz istniejacych funkcji.
Weczesniej wykazano, ze kompleksy LF-Fe, LF-Mn oraz LF-Zn charakteryzuja sie wyzsza
aktywnoscig przeciw ludzkiemu wirusu niedoboru odpornosci (HIV) w poréwnaniu z apo-LF
[103]. Sugeruje to mozliwo$¢ wykorzystania tego typu uktadéow w projektowaniu nowych
preparatow o wlasciwos$ciach przeciwwirusowych.

Z chemicznego punktu widzenia wielometaliczna reaktywno$¢ LF wynika z obecnosci kilku
klas donorow elektronowych: fenolanowych grup tyrozyny, karboksylanéw Asp/Glu, donorow
azotowych histydyny 1 lizyny oraz, posrednio, z aniondéw synergicznych stabilizujacych
okreslone geometrie koordynacyjne. O tym, czy metal zajmie klasyczne miejsce wigzace
Fe(Ill), czy tez utworzy bardziej powierzchniowy kompleks, decyduja promien jonowy,
preferowany stopien utlenienia, twardos¢ lub migkkos¢ zgodnie z teorig HSAB oraz podatno$¢
kompleksu prekursorowego na hydrolize 1 akwapodstawienie. Wtasnie dlatego LF moze
tworzy¢ zarowno kompleksy o wyraznie zdefiniowanej koordynacji, jak 1 uktady o charakterze
mieszanym, w ktorych wigzanie metalu sprzega si¢ ze zmianami tadunku powierzchniowego,
agregacji 1 aktywnosci biologicznej [15,100-102,104,105].

5.5.1. Wiasciwosci biologiczne kompleksow rutenu

Kompleksy rutenu (Ru) w ostatnich latach zyskujg coraz wieksze znaczenie w projektowaniu

nowych zwigzkow terapeutycznych ze wzgledu na swoje zréznicowane wlasciwosci chemiczne
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oraz biologiczne. Ruten posiada szeroki zakres stopni utlenienia (od —I1 do +VIII), niemnig
jednak w badaniach najczgsciej sg wykorzystywane zwigzki Ru(Il) oraz Ru(IIl) ze wzgledu ich
najwigksza stabilno$¢ chemiczng [106]. Zwiazki Ru(IVIIl) posiadaja szeroki spektrum
aktywnosci biologicznej, wykazuja przede wszystkim maja dziatanie przeciwnowotworowe,
przeciwbakteryjne oraz antyoksydacyjne. Mechanizm przeciwbakteryjny komplekséw rutenu
polega gléwnie na uszkodzeniu blony komorkowej bakterii oraz oddzialywaniu z
wewnatrzkomérkowymi celami, zwlaszcza RNA, co prowadzi do zahamowania translacji i
syntezy biatka [107]. Obecnie kompleksy rutenu sg coraz czeSciej rozpatrywane jako
korzystnigjsza aternatywa dla platynowych lekéw przeciwnowotworowych. Kompleksy
rutenu wykazuja aktywnos$¢ przeciwnowotworowa poprzez uszkodzenie DNA, wywotywanie
apoptozy za posrednictwem ROS oraz dziatanie przeciwprzerzutowe. Wérdd zwigzkoéw Ru(I1D)
0 potencjale przeciwnowotworowym szczegdlne miejsce zajmuja NAMI-A i KP1019,
wykazujace mniejszg toksycznos¢ wzgledem komorek zdrowych oraz mniejsza sktonnos¢ do
indukowania oporno$ci na leczeniec [108]. Niemnigj jednak, nie wykazai one
satysfakcjonujacej efektywnosci w badaniach klinicznych. Wynikalo to gléwnie z istotnych
efektow ubocznych oraz ograniczonej biodostepno$ci, co wymusza dalsze poszukiwanie
bardziej optymalnych rozwigzan terapeutycznych.

Dla uktadow Ru(Ill) szczegdlne znaczenie ma labilno$¢ sfery koordynacyjnej 1 mozliwosé
przechodzenia pomigdzy formami Ru(IIl) 1 Ru(Il) w srodowisku biologicznym. Proces aquacji
prekursorow chlorkowych zwigksza reaktywnos$¢ kompleksu wobec donoréow biatkowych,
natomiast lokalne warunki redoks moga modulowa¢ trwato§¢ utworzonego potaczenia i jego
aktywnos$¢ biologiczng. W konsekwencji LF nie dziata tutaj wylacznie jako bierny nosnik, lecz
jako aktywne rusztowanie koordynacyjne, ktére moze wplywa¢ na kinetyke wigzania,
dystrybucje¢ metalu i profil odpowiedzi komodrkowej. Ujecie to ma istotne znaczenie dla
interpretacji otrzymanych kompleksow, poniewaz przesuwa analiz¢ z poziomu prostego
,,zaladunku” jonu na poziom projektowania funkcji catego uktadu metalobiatkowego [15,104—
109].

5.5.2. Projektowanie kompleksow LF-Ru jako potencjalne podejscie w terapii celowanej
Jedng z kluczowych funkcji biologicznych biatek z rodziny transferryn, w tym i LF, jest
utrzymanie homeostazy zelaza. Mechanizm komodrkowego pobierania Zelaza przebiega na
drodze endocytozy receptorowej [110]. W pierwszym etapie dochodzi do zwigzania bialka z
odpowiednimi receptorami zlokalizowanymi na powierzchni komorki, po czym kompleks
receptor-ligand ulega internalizacji w wyniku endocytozy. Po wnikni¢ciu do wngtrza komorki

zelazo zostaje uwolnione w obrebie endosomu, natomiast forma niezwigzana z zelazem jest
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ponownie jest uwalhiana do krwiobiegu. Wykazano, ze LF rowniez moze ulega¢ internalizacji
przez komorki za posrednictwem receptorow [111]. Receptory LF (ang. lactoferrin receptors —
LFR) wystgpuja na powierzchni wielu typéw komorek, miedzy innymi komoérek nablonka
jelitowego, hepatocytow, fibroblastow, neutrofili, limfocytow oraz makrofagow [99].
Szczegodlnie wysoka ekspresja LFR obserwowana jest w nabtonku jelitowym, gdzie receptory
te odgrywaja istotng role w procesach transportu i absorpcji zelaza. Wykazano, ze zardwno apo-
LF, jak i holo-LF charakteryzuja si¢ porownywalnym powinowactwem do receptorow LFR
obecnych w enterocytach Caco-2, przy czym warto$ci statych asocjacji wynosity odpowiednio
7x10* M oraz 6x10* M [111]. Uktad LF-LFR moze byé réwniez wykorzystywany jako
narzedzie do celowanego transportu lekow do komoérek nowotworowych, ktore zwykle
charakteryzujg si¢ podwyzszong ekspresja LFR na powierzchni [112]. Warto zauwazy¢, ze
ruten moze nasladowac¢ zelazo w oddziatywaniach z biatkami nalezagcymi do rodziny
transferyn, dlatego mozna przypuszczaé, ze jego pobieranie przez komorki odbywa sig
analogiczng droga, tj. poprzez endocytoze receptorowa [109]. Projektowanie kompleksow na
bazie LF oraz zwigzkéw Ru(Ill) moze stanowi¢ obiecujgcg strategie w terapii celowanej,
pozwalajaca na selektywne dostarczanie substancji aktywnej do komoérek nowotworowych,
zwigkszenie efektywnosci leczenia oraz ograniczenie zjawiska lekoopornosci.

W pracy [P5] przedstawiono poznanie molekularnych mechanizméw koordynacji Ru(IIl) w
obrgbie bLF, a takze okreslenie konsekwencji tego wigzania dla struktury, stabilno$ci oraz
aktywnos$ci  biologicznej  biatka. Jako prekursor Ru(Ill) wybrano kompleks
akwapentachlororutenianu(lll)  potasu  (K2[RuCls(H20)]), ktory  wykazuje  dobra
rozpuszczalnoscia w wodzie. W poréwnaniu z powszechnie uzywanym hydratem chlorku
rutenu(l11) (RuCls-xH20), zwiazek ten cechuje si¢ okreslong struktura koordynacyjna, wigksza
odporno$cia na hydroliz¢ oraz mniejsza sktonnosciag do niekontrolowanej polimeryzacji
[104,105]. W konsekwencji wykorzystanie tego kompleksu do modyfikacji LF sprzyja
uzyskaniu wigkszej kontroli nad procesem oraz lepszej powtarzalnosci zarowno w badaniach
mechanizmu wigzania, jak 1 podczas otrzymywania uktadow LF-Ru. Z kolei, obecnos$¢ labilnej
czasteczki wody w sferze koordynacyjnej sprzyja jej wymianie na grupy funkcyjne LF, a zwarta
budowa kompleksu wskazuje, ze moze on by¢ efektywnie wigzany w obrgbie biomolekuty.
Praca obejmowata zaré6wno charakterystyke fizykochemiczng kompleksow LF-Ru,
wykorzystanie metod obliczeniowych jak oraz okreslenie ich potencjatu biologicznego
oceniajac wlasciwosci antybakteryjne oraz cytotoksyczne. W pracy zostaty przeprowadzone
badania izotermiczne oraz kinetyczne w celu scharakteryzowania mechanizmu wigzania

Ru(IIl) przez bLF. Do analizy izotermicznej najczesciej si¢ stosuja dwa klasyczne modele
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adsorpcji: model Langmuira oraz model Freundlicha. Model Langmuira opisuje sorpcje
monowarstwowg na jednorodnych centrach wigzacych o jednakowym powinowactwie,
natomiast model Freundlicha odnosi si¢ do adsorpcji na powierzchni heterogenicznej oraz
dopuszcza mozliwos$¢ tworzenia wielowarstw [113]. Na podstawie tych modeli mozna okresli¢
charakter oddzialywan, pojemnos$¢ sorpcyjng, efektywnos$¢ wigzania oraz spontaniczno$c
tworzeniakompleksu LF-Ru. Badania kinetyczne przeprowadzono w celu okreslenia szybkoS$ci
tworzenia kompleksu LF-Ru oraz identyfikacji etapéw kontrolujgcych przebieg tego procesu.
Do analizy danych zastosowano model kinetyki zerowego rzedu, zaktadajacy stalg szybkos¢
reakcji niezalezng od stezenia substratow, co pozwolilo opisa¢ zmiany stezenia Ru(Ill) w
czasie. Dodatkowo wykorzystano model Webera-Morrisa, stuzacy do oceny wplywu dyfuzji
wewnatrzczasteczkowej na przebieg wigzania [114]. W celu kompleksowej charakterystyki
uktadow byto wykorzystano techniki spektroskopowe, spektrometryczne, mikroskopowe,
rozpraszania promieniowania, elektroforetyczne, metody modelowania molekularnego oraz
testy biologiczne [86]. Wykorzystanie spektrofluorymetrii 3D stuzy do badania zmian w
mikrosrodowisku reszt aromatycznych biatka, zwlaszcza tryptofanu i tyrozyny. W praktyce
pozwala wykry¢, czy po zwigzaniu metalu zmienia si¢ konformacja biatka, dostepnosé
fluoroforéw oraz lokalna polarno$¢ otoczenia. Analiza wygaszania fluorescencji poprzez
sporzadzenie krzywej Sterna-Volmera jest stosowana do oceny sity oraz mechanizmu
oddziatywania migdzy biatkiem a ligandem/metalem. Pozwala wyznaczy¢ stata wygaszania,
Stala wigzania oraz oszacowac, czy dominuje mechanizm statyczny, dynamiczny lub mieszany.
Analiz¢ dynamicznego rozpraszania $wiatta (ang. dynamic light scattering — DLS) stosuje si¢
do pomiaru rozmiaru hydrodynamicznego czastek/agregatow w roztworze. Technika ta
pozwala oceni¢, czy po zwigzaniu Ru(Ill) biatko tworzy wigksze agregaty lub uktad staje si¢
bardziej stabilny. Pomiar potencjatu zeta stosuje si¢ do oceny stabilno$ci koloidalnej czastek.
Technika ta pomaga okresli¢, czy kompleks LF-Ru jest bardziej podatny na agregacj¢ oraz jak
zmienil si¢ tadunek powierzchniowy biatka po zwigzaniu metalu. Wykorzystanie analizy
spektroskopii ostabionego catkowitego odbicia w podczerwieni z transformacjg Fouriera (ang.
attenuated total reflectance Fourier transform infrared spectroscopy — ATR-FTIR) pozwaana
identyfikacj¢ grup funkcyjnych uczestniczacych w wigzaniu metalu a takze do oceny zmian w
strukturze drugorzedowej LF. Zwlaszcza dokonanie dekonwolucji pasma Amidowego I
pozwala monitorowa¢ zmiany w zawarto$ci poszczegolnych rodzajow  struktur
drugorzedowych, t.j. a-helisy, B-struktur oraz struktury nieuporzadkowanej. Spektroskopia
dichroizmu kotowego z wykorzystaniem promieniowania synchrotronowego (ang. synchrotron

radiation circular dichroism — SRCD) jest metoda komplementarng do analizy zmian
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zachodzacych w strukturze drugorzgdowej LF w wyniku modyfikacji Ru(Ill). Warto
podkresli¢ ze FTIR i SRCD maja r6zna czuto$¢ na poszczegdlne elementy struktury wtdrnej,
dlatego niewielkie rozbiezno$ci migdzy metodami sg oczekiwane. Z kole andiza
malokgtowego rozpraszania promieniowania rentgenowskiego (ang. small-angle X-ray
scattering — SAXS) dostarczyl informacji o organizacji przestrzennej LF-Ru w roztworze, w
tym o promieniu bezwladno$ci (Rg), maksymalnym wymiarze czastki (Dmax) Oraz stopniu
oligomeryzacji. Stosowanie kompleksowej analizy mikroskopowej, w tym mikroskopii
swietlnej (light microscopy — LM), skaningowej mikroskopii elektronowej z dyspersjg energii
promieniowania rentgenowskiego (ang. scanning electron microscopy with energy-dispersive
X-ray spectroscopy — SEM-EDS) oraz transmisyjnej mikroskopii elektronowej z dyspersja
energii promieniowania rentgenowskiego (transmission electron microscopy with energy-
dispersive X-ray spectroscopy — TEM-EDS) pozwolity scharakteryzowaé morfologie
powierzchni kompleksow LF-Ru oraz potwierdzi¢ akumulacje oraz dystrybucje rutenu w
matryce biatkowej. Elektroforeza SDS-PAGE dostarczyta informacj¢ o masie czasteczkowej,
zachowaniu integralno$ci struktury oraz mozliwej degradacji. Przeprowadzenie trawienia
kompleksow LF-Ru pepsyng umozliwia oceni¢ opornos¢ kompleksu w warunkach zblizonych
do przewodu pokarmowego. Badanie desorpcji stosuje si¢ do okreslenia stabilnosci kompleksu
LF-Ru oraz stopnia uwalniania metalu z no$nika w symulowanym ptynie zotagdkowym oraz
jelitowym. Uzyskane wyniki desorpcji oraz trawienia pepsyng moga determinowac o
potencjalnej biodostepnosci zwiazku. Zastosowanie metod obliczeniowych byto niezbgdne do
uzupehlienia danych eksperymentalnych, poniewaz umozliwito pelniejsze wyjasnienie
mechanizmow molekularnych odpowiedzialnych za wigzanie Ru(Ill) przez laktoferyng w
uktadzie LF-Ru. Analiza dokowania molekularnego (ang. molecular docking) byla stosowana
do przewidywania najbardziej prawdopodobnych miejsc wigzania Ru(l1l) w strukturze LF, ze
szczegolnym uwzglednieniem specyficznych reszt aminokwasowych wigzacych zelazo.
Symulacje dynamiki molekularng (ang. molecular dynamics — MD) pozwolitly na analize
stabilnosci kompleksu LF-Ru oraz ocen¢ zmian jego struktury konformacyjnej w czasie. Z kolei
teoria funkcjonatu gestosci (ang. Density Functional Theory — DFT) byla wykorzystana do
analizy natury elektronowej oddzialywan miedzy Ru(Ill) a grupami donorowymi
aminokwasow oraz do oceny ich preferencji koordynacyjnych. Badania przeciwbakteryjne z
wykorzystaniem wybranych bakterii Gram-dodatnich (Enterococcus faecalis) oraz Gram-
ujemnych (Escherichia coli, Klebsiella pneumoniae) pozwolito oszacowaé wpltyw zwigzanego
Ru(IIT) na pierwotne wiasciwosci przeciwdrobnoustrojowe LF. Wptyw kompleksow LF-Ru na

liniach komorkowych fibroblastow mysich (L929), nowotworu watrobowokomodrkowego
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(HepG2) oraz gruczolakoraka jelita grubego (Caco-2) pozwolito okresli¢ ich wplyw na
aktywnos$¢ metaboliczng, zywotno$¢, cytotoksycznosé oraz morfologie komorek.

W szerszej perspektywie badania te wpisuja si¢ w najnowszy nurt wykorzystania LF jako
ligandu makromolekularnego i wektora ukierunkowanego transportu. Aktualne prace
przegladowe wskazuja, ze kompleksy oraz nanoformulacje oparte na LF sg rozpatrywane nie
tylko w kontek$cie zywnosci funkcjonalnej, lecz réwniez precyzyjnej onkologii, systemow
przekraczajacych bariery biologiczne 1 wielofunkcyjnych platform terapeutycznych.
Oryginalno$¢ niniejszej rozprawy polega na tym, ze punkt wyjscia dla takiej strategii stanowi
surowiec mleczarski, a nie syntetyczny polimer czy no$nik niebiologiczny. Tym samym
laktoferyna zostaje tutaj ukazana jako sktadnik, ktory moze taczy¢ logike technologii
mleczarskiej z logikg chemii koordynacyjnej i nowoczesnych systemow dostarczaniasubstancji
aktywnych [15-17].
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Cele badawcze pracy

Glownym celem rozprawy bylo opracowanie kompleksowej metodologii badawczej
przeznaczonej do wieloaspektowej analizy biokoloidow pochodzenia mleczarskiego, z
uwzglednieniem ich wilasciwosci fizykochemicznych, strukturalnych oraz funkcjonalnych.
Istotnym elementem pracy byta rowniez ocena mozliwo$ci ukierunkowanej modyfikacji tych
uktadow w celu poprawy lub rozwinigcia ich cech uzytkowych oraz okreslenie potencjatu ich
wykorzystania w projektowaniu rozwigzan o znaczeniu aplikacyjnym i wdrozeniowym dla

przemystu mleczarskiego.
Cel byl zrealizowany poprzez:

e przeprowadzenie wstepnej charakterystyki fizykochemicznej bLF, obejmujacej oceng jej
stabilno$ci koloidalnej w zaleznosci od sily jonowej oraz okreslenie podatnosci na
degradacj¢ w szerokim zakresie pH;

e zbadanie wptywu dodatkowego etapu oczyszczania biatka metoda ultrafiltracji, majacego
na celu eliminacj¢ zanieczyszczen niskoczasteczkowych (soli, peptydow), na wtasciwosci
fizykochemiczne bLF, a takze oceng przydatnosci tego procesu w poprawie jakosci analiz
oraz reprezentatywnosci probek na podstawie wynikow identyfikacji bialka metoda
MALDI-TOF/MS;

e przeprowadzenie modyfikacji kazeiny jonami srebraw warunkach alkalicznych (pH 8) po
raz pierwszy stosujac kompleks diaminasrebra(l) (JAg(NHz3)2]") jako prekursor Ag(l);
opracowanie metodologii do przygotowania kompleksoOw na bazie laktoferyny oraz rutenu
z wykorzystaniem kompleksu akwapentachlororutenianu(lll) potasu (K2[RuCls(H20)])
jako prekursora Ru(l11);

e poddanie kazeiny ultrafiltracji oraz oszacowanie wptywu soli micelarnych na mechanizm
oddziatywania kazeiny z jonami srebra oraz poréwnanie maksymalnej pojemnosci
sorpcyjnej biatka do wigzania Ag(I) przed i po odsalaniu;

e okre$lenie przebiegu wigzania Ru(Ill) przez LF na podstawie badan izotermicznych oraz
kinetycznych;

e wykorzystanie szeregu komplementarnych technik instrumentalnych do okreslenia
stabilnosci oraz zmian strukturalnych zachodzacych w wyniku wigzania kazeiny z Ag(l)
oraz laktoferyny z Ru(ll1);

e zastosowanie metod obliczeniowych, w tym modelowania molekularnego oraz badan

kwantowo-mechanicznych, w celu scharakteryzowania molekularnego mechanizmu
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oddziatywan w ukladzie LF-Ru oraz pordéwnania uzyskanych wynikéw z danymi
eksperymentalnymi;

e okres$leniec wiasciwosci antybakteryjnych oraz dziatania cytotoksycznego uzyskanych
kompleksow Ag-CN oraz LF-Ru;

e Zzbadanie mozliwosci wykorzystania bakterii kwasu mlekowego (Lactiplantibacillus
plantarum) do ksztattowania sktadu $mietanki w roznych warunkach inkubacyjnych
uwzgledniajgc dostep/brak $wiatla, mieszanie/brak mieszania, stosunek objetosciowy
$mietanka/bakteria oraz forma dodanego szczepu (biomasa, liofilizat) ze szczegdlnym

uwzglednieniem zawartos$ci witaminy D3 oraz zmian profilu kwaséw tluszczowych.

Do realizacji tych zadan wykorzystano nastepujace techniki:

- wysokosprawng chromatografi¢ cieczowa w odwroconym uktadzie faz;

- chromatografi¢ gazowa sprzezong ze spektrometrig mas;

- spektrometri¢ mas z laserowa jonizacja/desorpcja probki wspomagang matrycg z analizatorem
Czasu przelotu;

- spektrometrie mas z plazmg wzbudzang indukcyjnie oraz optyczng spektrometri¢ emisyjng z
plazma wzbudzang indukcyjnie;

- spektroskopie w zakresie podczerwieni z transformacja Fouriera, spektroskopi¢ w zakresie
ultrafioletu 1 $wiatla widzialnego, spektroskopi¢ fluorescencyjng oraz spektroskopieg
dichroizmu kotowego z wykorzystaniem promieniowania synchrotronowego;

- technik¢ dynamicznego rozpraszania §wiatla oraz pomiary potencjatu zeta;

- malokatowe rozpraszanie promieniowania rentgenowskiego;

- elektroforez¢ w zelu poliakrylamidowym w warunkach denaturacyjnych;

- mikroskopi¢ $wietlng, skaningowa mikroskopi¢ elektronowa z analiza dyspersji energii
promieniowania rentgenowskiego, skaningowg transmisyjng mikroskopi¢ elektronowa oraz
transmisyjng mikroskopi¢ elektronowa =z analiza dyspersji energii promieniowania
rentgenowskiego;

- metody obliczeniowe, obejmujace dokowanie molekularne, symulacje dynamiki molekularne;j

oraz obliczenia kwantowo-mechaniczne.

Metodyki badan zostaly szczegdétowo opisane w pracach [P1l], [P3], [P4] oraz [P5]

stanowigcych zwartg catos¢ przektadanej dysertacji.
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ABSTRACT

In this study, the physicochemical and biological properties of silver-casein complexes were investigated. The
casein modification was carried out by a novel method, i.e., at basic conditions (pH 8) using silver precursor in a
form of ammonia complex [Ag(NH3)2]+. The selected experimental conditions allowed us to obtain high
colloidal stability of protein suspension and also minimized the risk of metal secondary reduction. Subsequently,
the mechanism of silver immobilization was evaluated by using a batch sorption study (Freundlich, Langmuir
isotherm modeling). Moreover, the influence of accompanying the protein ions on the silver binding process was
studied (using ultrafiltration). Results revealed, that casein after the desalting step has much higher silver-
binding capacity (258.2 mg/g) compared to untreated protein (157.1 mg/g). The nature of casein-silver in-
teractions was comprehensively studied by multiple instrumental techniques, namely, spectrometric (ICP-MS),
spectroscopic (DLS, ATR-FTIR, Fluorescence Spectroscopy), electron microscopy (STEM, SEM-EDX), and sepa-
ration (SDS-PAGE). Results indicated, that silver sorption had a complex character. The heterogeneous character
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of metal binding processes was discovered. The DLS studies pointed out the great role of phosphoserine residues
in silver-casein interactions and underlined their impact on the micelle size and structure. Moreover, STEM
images confirmed the growth of silver nanoparticles upon metal binding to casein. According to FTIR analysis,
carboxylic groups of aspartic and glutamic acid were identified as potential metal-binding sites which also could
participate in silver reduction. Peptic digestion studies showed a relevant influence of silver incorporation on the
structural stability of caseins. Finally, the biological activity of the 600Ag-CN complex was evaluated. Results
indicated that the complex effectively inhibited the growth of both Gram-positive (S. aureus) and Gram-negative
(K. pneumoniae) bacteria. Still, the treatment of mouse fibroblast cell line L929 with analyzed complex (0.32 mg/
mL of 600Ag-CN corresponding to 7.5 pg/mL of silver) decrease cell viability up to 60 %. The toxic activity of the
complex may be connected to the Ag" release. The silver desorption study showed that 600Ag-CN complex
released 21.5 %, 49.3 %, and 68.7 % in pH 6.8, 4.5, and 1.2 respectively.

1. Introduction

Milk products represent a rich source of essential nutrients,
including, proteins, peptides, fats, carbohydrates, vitamins, and min-
erals [1]. Among these components, proteins isolated from milk possess
unique sets of health-beneficial effects, particularly antibacterial, anti-
viral, immunomodulatory, and anticancer properties [2]. Such a wide
variety of biological activities induces an expanding trend in their sup-
plementation [3]. Milk proteins are generally divided into two major
groups: casein proteins (80 %) and whey proteins (20 %). Casein
together with fat globules represents a non-soluble heterogenous phase
of milk emulsion. The biological importance of casein is ensured by the
great content of nine dietary essential amino acids that promote muscle
protein synthesis [4]. Casein calcium phosphate binding capacity plays
an important role in the transport and bioavailability of these elements
which are responsible for bone mineralization [5]. Besides, the tech-
nological process of casein isolation usually accompanies the distribu-
tion of milk minerals (in particular, calcium, magnesium, sodium,
potassium, and zinc) between casein micelles and milk serum fractions
[6]. For this reason, casein can act as a natural carrier of metal ions. The
complex nature of the casein structure enables the distribution of mul-
tiple biologically active compounds, i.e. polysaccharides, fatty acids,
polyphenols, vitamins, and drugs [7]. Hence, casein’s
multi-functionality and great delivery potential allow it to become a
successful candidate for widespread implementation in the pharma-
ceutical, food, and cosmetic industries [8].

The exact structure of the casein protein remains undefined and
sparks a huge interest among researchers since it doesn’t consist of a
single polypeptide chain but occurs as a heterogeneous supramolecular
assembly. It is composed of four individual proteins, including og;-
casein, ogy-casein, B-casein, and k-casein in the following mass ratio (w/
w): 0.40:0.10:0.35:0.15 [7]. Phosphorylated serine residues of caseins
are capable to bind calcium ions and associate forming globular aggre-
gates that are commonly known as casein micelles. Each casein varies in
its molecular and physicochemical properties, e.g. molecular weight,
amino acids composition, the value of isoelectric point, hydrophilicity,
surface potential, and degree of post-translation modifications. The
number of phosphoserine residues reflects the information about the
surface hydrophobicity of casein. Plenty of models of casein micelle
have been previously described [9]. Nowadays, a submicelle model is
considered the most accepted one. According to this model, casein
micelle is built of 400-500 self-assembled structural subunits (sub-
micelles) that are linked by colloidal calcium phosphate (CCP) [10]. The
diameter of the submicelle is relatively small and is ranging 10-30 nm,
while dispersed calcium phosphate clusters are approximately 2-3 nm in
size [11]. Based on composition, submicelles are mainly divided into
two groups: as-f, and og-k type of submicelle. Submicelles of highly
phosphorylated og;-casein, ogp-casein, and f-casein reveal a great
sensitivity towards calcium ions and tend to bury in the micelle core.
However, submicelles rich in k-caseins containing hydrophilic C-termi-
nal chains form a hairy outer layer which contributes to maintaining and
stabilization of casein micelle through electrostatic and steric repulsion
[12]. The dual bonding model proposed by Horne in 1998 is known as
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another progressive theory that describes the structure of the casein
protein [13]. Based on this model, the micelle formation is driven by two
major forces: hydrophobic interactions and electrostatic repulsion. The
first one is responsible for the nucleation, cross-linking between hy-
drophobic regions (as- and f-casein), and further growth of polymers,
while the negatively-charged moieties of «k-caseins inhibit casein
self-association [12].

The size of casein micelles is highly dependent upon environmental
factors, e.g. pH, temperature, and ionic strength. Extreme conditions
lead to significant disruption in casein structural organization, e.g.
dissociation, denaturation, and aggregation which provides to loss of
protein functionality. Apart from physicochemical parameters, the size
of casein micelle is affected by cow breed, lactation stage, feeding type,
and season [14]. Some genetic factors, such as the presence of casein
variants and posttranslational modifications of k-casein play a signifi-
cant role in casein particle size. It was found, that the non-homogeneity
of p-casein and k-casein as well as a higher number of glycosylated
residues in k-casein promote the formation of smaller micelles [15].
Typically, the diameter of casein particles is found in the wide range of
50-500 nm, and, the average size was reported at 200 nm [7]. pH is
considered one of the most substantial parameters which allow con-
trolling the size of dispersed proteins. Many studies have mentioned the
instability of casein micelles at the pH of 5-6 and their tendency to
create larger aggregates since this range is found close to the casein
isoelectric point (pI 4.6) [16]. It was reported, that the hydrodynamic
diameter of the micelle becomes smaller at pH > 8. In turn, casein dis-
persions prepared at slightly alkaline conditions are characterized by
less turbidity and higher colloidal stability. Heat treatment may have a
significant effect on protein primary functionality. Casein heating at the
relatively low ranges of temperatures from 6 °C to 50 °C showed the
prevalence of hydrophobic interactions which induced the decrease in
micelle size [17]. However, the application of extremely high temper-
atures (up to 150°C) enhances casein susceptibility to aggregation and
coagulation [18]. In addition, M. Glantz et. al. pointed out the great
influence of mineral content in milk (in particular, Mg and Ca) on casein
size [19]. Negatively charged carboxylic groups of aspartic and glutamic
acids together with phosphoseryl residues are mentioned as major
functional groups involved in such type of casein-metal interaction. The
excess of bounded metal is capable to reduce the net negative charge of
individual caseins. Such effects cause the prevalence of hydrophobic
interactions over electrostatic repulsions and facilitate protein precipi-
tation [20]. Moreover, M. Grewal et. al. has revealed a notable modifi-
cation in the secondary structure of individual caseins after the addition
of metal ions, which emphasizes the need for the study of the metal
impact on casein conformation as a preliminary step of synthesized
complexes characterization [21].

Some transition metals belong to essential micronutrients. They act
as essential mediators during many enzymatic and also play an impor-
tant role in the functionality of the majority of membrane proteins [22].
Silver is a noble metal that is typically found in trace amounts (2.3 pg/L)
in the human organism. Three possible ways of exposure to metallic
silver are distinguished, e,g. absorption through the respiratory tract,
skin contact, and ingestion (food, beverages, medicines) [23]. Due to its
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strong antibacterial effect even at low concentrations, silver has a
long-time history of successful utilization in antimicrobial therapy. Be-
sides, the synthesis of silver nanoparticles became one of the
fast-growing trends in nanotechnology because of their great range of
biological activities, including, antibacterial, antiviral, antioxidant,
immunomodulatory, and anticancer properties [24]. One of the leading
trends is the production of nanoparticles and nanocomposites with the
utilization of biological systems such as bacteria, plant extracts, pro-
teins, etc. Previous studies have reported that silver ions are capable to
interact with various proteins forming stable complexes. The extremely
high binding affinity of silver ions is observed towards cysteine-rich
proteins, such as metallothioneins. This class of proteins ensures the
protection of human cells against high doses of absorbed metallic silver
[25]. The trends of the last decades have been directed at searching for
novel ingredients with diverse functionality based on natural com-
pounds. Protein modification with small target molecules (ligands)
provides changes in the structure and biological activity of the macro-
molecule. In the last few years, protein functionalization with metal ions
is considered one of the modern approaches to modulate the primary
properties of biomolecules [26,27]. It is worthy to mention, that deep
characterization of silver-casein complexes is required to evaluate the
potential application of novel complexes in different branches, partic-
ularly in biomedicine as an effective antiseptic agent.

The important step in the preparation of silver-modified casein
protein is based on the selection of the appropriate form of silver (I)
complex. Silver nitrate is the most commonly used reagent in nano-
composites synthesis. Our previous study on casein-silver interaction
also was performed with the use of silver nitrate [27]. However, the
aqua complex of silver nitrate exhibits a great tendency to photo-
degradation upon explosion to UV-VIS radiation [24]. Moreover, the
complex is characterized by a pH-sensitivity and undergoes precipita-
tion to silver (I) oxide Ag>0O at pH 7-8 [28]. Ammonia is known as a
much stronger Lewis base than aqua molecules, thus ammonia water
added in the excess to the aqua solution of silver nitrate promotes ligand
substitution and formation of a more stable silver form [Ag(NHg,)g]+
(Tollens’ reagent) [29]. Tollens reagent is rarely utilized for bio-
molecules modification with silver. In turn, it should ensure more
effective sorption onto protein since such an approach could minimize
the risk of metal secondary reduction [30].

The present work is focused on the studying of interactions between
casein and silver ions. The casein modification was carried out by a
novel method, i.e., at basic conditions (pH 8) using silver precursor in a
form of ammonia complex [Ag(NH3),]t. The utilized conditions pro-
vided greater colloidal stability of protein dispersion and higher effi-
ciency of the silver sorption process. It should be highlighted that the
biological and physicochemical properties of the nanoparticles and
nanocomposites are strictly dependent on the synthesis conditions.
Thus, one of the aspects which were undertaken during the study was
the investigation of the influence of different factors on the silver
binding process, among others, silver ion concentration and protein
purity. The respective factors usually are omitted by the researchers in
their investigations. Utilization of batch sorption study, including
Freundlich and Langmuir isotherm modeling provided comprehensive
information about individual steps of silver sorption onto casein. The
physicochemical characterization of casein-silver complexes was
completed by using a series of spectrometric (ICP-MS), spectroscopic
(DLS, ATR-FTIR, Spectrofluorimetry), electron microscopy (STEM, SEM-
EDX) and separation (SDS-PAGE) techniques. Finally, the biological
activity of complexes, e.g. antibacterial and cytotoxic properties, was
studied.

2. Materials and methods
2.1. Materials

All chemicals used in this work were at the highest available purity.
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Casein protein powder (99 % purity), silver nitrate, ammonia solution
25 % (w/w), nitric acid 65 % (w/w) were purchased from Sigma-Aldrich
(Poland), Milli-Q water was prepared using a system from Millipore
(Bedford, MA, USA).

2.2. Preparation of casein solution

Casein solution (pH 8) with a concentration of 10 mg/mL was pre-
pared in a 50 mL Eppendorf tube. The appropriate amount of protein
was suspended in 30 mL of deionized water. Casein suspension was
dissolved by the gradual addition of 5 % ammonia solution. Then, the
solution pH was dropped to 8 by acidification with 1-5 % nitric acid.
Finally, casein solution was made up to 50 mL with water.

2.3. Casein desalination procedure

The initial desalination treatment allowed to evaluate the influence
of salts on casein sorption capacity. Depletion of salts was performed by
using Amicon® Ultra Centrifugal Filters cut-off 3 kDa. Firstly, casein
dispersed in the water medium was centrifugated (8000 rpm; 15 min; 4
°C). Subsequently, the concentrated casein was washed two times with
distilled water. The desalinated protein concentrate was transferred to
Eppendorf tubes and freeze-dried for 24 h (Labconco FreeZone, Kansas
City, MO, USA). The changes in salts concentration of casein, including
sodium, calcium, and magnesium ions were determined in the first and
in the last filtrate using Inductively Coupled Plasma-Mass Spectrometry
ICP-MS (7900 ICP-MS, Agilent Technologies, Warsaw, Poland) analysis.

2.4. Preparation of silver solutions

The solution of silver ions (1200 mg/L) was prepared in a 50 mL
flask at the basic conditions. For this purpose, the appropriate amount of
silver nitrate salt was dissolved in 30 mL of deionized water. In the next
step, the pH was lowered by adding 5 % ammonia solution till the
complete dissolving of appeared black silver oxide Ag20. The obtained
clear solution was adjusted to pH 8 by adding 1-5 % of nitric acid. The
rest of the volume was filled up with water. Subsequent dilutions of
silver solution were performed: 900, 600, 460 300, 120, 60, 45, 30, 15,
and 6 mg/L. The accurate initial concentration of silver ions was
determined by ICP-MS analysis.

2.5. Isotherm study of silver-casein interactions

Casein sorption capacity was examined by using silver solutions at
particular metal ion concentrations. The reaction mixture was prepared
in the following way: protein solution (0.25 mL) was mixed with silver
ammonium solution (0.25 mL) in the black Eppendorf tube. Sample
incubation (20°C, 600 rpm) was carried out for 24 h on a thermomixer
(Eppendorf Comfort, Hamburg, Germany). After the set time passed,
analyzed solutions were transferred to Amicon® Ultra Centrifugal Filters
cut-off 3 kDa and centrifugated (14,000 rpm; 10 min). Appropriate di-
lutions of supernatant were prepared in 1 % nitric acid. Silver concen-
tration in the filtrate was determined by ICP-MS analysis. The same
procedure was conducted for both, salted as well as desalted casein.

The sorption capacity of silver ions onto casein was calculated by the
following equation:

(Co —Ce)V
m

qe = (€]
where q. — is the amount of bounded metal ions by protein (mg/g), Co —
initial concentration of Ag" (mg/L), C — concentration of unbounded
Ag" in the filtrate (mg/L), V — is the total volume of the protein-metal
reaction mixture (L), m — the protein mass in the mixture (g).

Experimental data were fitted by using Freundlich (2) and Langmuir
(3) adsorption models [27]:
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Qe = KFCé/n (€2

where Ky — Freundlich constant (L/mg), 1/n - adsorption intensity
which implies the heterogeneity of binding sites on the protein surface.
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where Kp, — Langmuir constant (L/mg), qm — is the maximum amount of
bounded silver ions as a monolayer (mg/g).
The efficiency of metal sorption (%E) onto casein is calculated:

(C—C.)

%E = x 100 (&)
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Thermodynamic characteristic of the silver-casein binding process
will be expressed by calculation of the change of Gibbs free energy
AGyjing, which allows us to determine the spontaneity of each step during
the binding process [31]:

AGbind = -RT*II’IKD (5)

where AGpinq — Gibbs free energy of silver-casein binding (kJ/mol), R —
gas constant, which is equal to 8.314 J/mol*K, T — the adsorption ab-
solute temperature (294.15 K), Kp — distribution coefficient.

The distribution coefficient is an important parameter that informs
about the metal binding affinity to protein:

G

KD
Ce

(6)

where qc — is the amount of silver ions bounded by casein (mg/kg), Ce —
the metal concentration in the remaining filtrate (mg/L).

2.6. Casein buffer capacity

Change in protein pH profile after the addition of silver ammonia
complex was tested at the three different metal concentrations (6 mg/L,
120 mg/L, 600 mg/L). Casein (10 mg/mL) was mixed with a silver so-
lution at the 1:1 (v/v) ratio. The pH of the prepared mixture was
measured with a pH-meter (Mettler Toledo, Greifensee, Switzerland) at
20 °C, in the following time intervals: 1, 5, 10, 30, 60, 90, 120, 180, 240,
300, 360 min

2.7. Synthesis of casein-silver complexes

For the casein-silver complexes synthesis salinated CN was utilized.
Synthesis was performed the same as in Section 2.5 with the utilization
of initial silver solution concentrations of 6, 120, and 600 mg/L. After
complexes separation from the reaction mixture with Amicon® Ultra
Centrifugal Filters cut-off 3 kDa, they were washed twice with deionized
water to remove excess silver ions. Finally, the casein-silver complexes
concentrates were transferred to Eppendorf tubes and freeze-dried
(Labconco FreeZone, Kansas City, MO, USA).

2.8. Determination of the casein micelles size by dynamic light scattering
(DLS)

Particle size distribution of casein micelles was determined by DLS
using a Zetasizer Nano-ZS (Malvern Instruments, UK). Firstly, freeze-
dried powders of casein and 6Ag-CN, 120Ag-CN, and 600Ag-CN com-
plexes were suspended in basic conditions (pH 8) and diluted to 0.5 mg/
mL. Then, solutions were sonicated for 5 min and transferred to a sample
cuvette for analysis. Casein micellar size was measured at a scattering
angle of 90 °C and a wavelength of 633 nm.

2.9. Fluorescence spectroscopy

Changes in the molecular environment around protein fluorophores
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were monitored by the application of fluorescence spectroscopy. Solu-
tions of desalted casein and 600-AgCN complex at the concentration of
0.5 mg/mL (pH 8) were analyzed. Measurements were performed with
FP-8300 Spectrofluorometer (Jasco, Pfungstadt, Germany) using a
quartz cuvette with a 1-cm path length. Three-dimensional fluorescence
spectra were recorded with 2 nm intervals at the following excitation
and emission wavelength ranges: Aoy =200-736nm and Aey
= 210-750 nm.

2.10. Attenuated total reflectance-fourier transform infrared spectroscopy

Utilization of Fourier Transform Infrared Spectroscopy (FTIR)
enabled to distinguish functional groups which participate in metal
complexation. Spectra of casein and Ag-CN complexes were collected in
the MIR range (4000-900 cm ™) by using an Alpha FTIR spectrometer
(Bruker, Billerica, MA, USA) with diamond ATR (attenuated total
reflection) crystal. Normalization and baseline correction of plotted
spectra were performed by OriginPro 2016 software.

2.11. Electron microscopy analysis

Topology, surface morphology, and elemental distribution were
analyzed in powdered samples of casein and silver-casein complex
(600Ag-CN) by using of Scanning Electron Microscope (Hitachi S5500,
Japan) combined with Energy Dispersive X-ray (EDX) detector. STEM
imagine was made in bright-field (BF) mode on FEI Tecnai F20 X-Twin
(Hillsboro, OR, USA). Firstly, casein and silver-casein powders were
dispersed in distilled water and sonicated. Subsequently, solutions were
dropped on the carbon-coated copper grid and dried until the solvent
was removed.

2.12. SDS-PAGE analysis

SDS-PAGE electropherogram reflects the information about casein
mass profiles under silver modification. Powders of CN and 600Ag-CN
were dispersed in the distilled water in order to get the final protein
concentration of 0.5 mg/mL. Sample separation was conducted in non-
reduced and reduced modes by using 4-12 % Bis-Tris Plus poly-
acrylamide gel (Thermo Scientific, Waltham, MA, USA) and MES
Running Buffer. Pattern visualization was carried out by gel staining in
Coomassie Brilliant Blue (1 h) which was followed by destaining in
deionized water (24 h).

2.13. Silver desorption study

The 600Ag-CN complex was subjected to the study. For the study
HNOj solution pH 1.2, acetic buffer pH 4.5, and 0.1 M MOPS buffer pH
6.8 were utilized. The suspension of the 600Ag-CN complex with a
concentration of 5 mg/mL was prepared in deionized water. 50 pL of as
prepared suspension was added to 200 uL of buffers and transferred to
Eppendorf tubes. The incubation was performed for 2 h at 37 °C with
mixing at 300 rpm on a thermomixer (Eppendorf Comfort, Hamburg,
Germany). Subsequently, the protein was separated with Amicon® Ultra
Centrifugal Filters cut-off 3 kDa and the filtrate was subjected to silver
quantification by ICP-MS. The dilutions for analysis were performed
with 1 % HNOg solution.

The initial silver content in the complex was determined. For this
purpose, 25 pL of 600Ag-CN suspension was mineralized with 100 pL of
concentrated MS-Grade HNOg for 3 h at 80 °C. Before ICP-MS quanti-
fication first dilution was performed with deionized water and subse-
quent dilutions were made with 1 % HNOj3 solution.

2.14. Peptic digestion kinetics

The peptic digestion kinetics was performed according to the pro-
tocol described by O. Pryshchepa et al. with slight modifications [32].
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Briefly, the digestion was performed in simulated gastric fluid free of
pepsin. The 600Ag-CN and desalinated casein were subjected to the
study. The pepsin and studied protein working solutions were 10 U/mL
and 5mg/mL respectively. The final reaction mixture comprised
1 mg/mL of protein and had the enzyme-to-substrate ratio of
0.2 U:100 pg. The digestion was performed at 37 °C for 5, 10, 20, and
30 min. The reaction was terminated by adding 35 % of the reaction
volume of 0.7 M NayCOs. The as-obtained samples were directly sub-
jected to SDS-PAGE analysis in reduced mode. The shortened time
(17 min) of electrophoretic separation was utilized in comparison to the
standard procedure (22 min).

2.15. Study on antimicrobial properties

The antimicrobial activity was evaluated as minimum inhibitory
concentration (MIC) against selected bacterial strains by broth micro-
dilution method. The analysis was performed in 96-well plates and with
the use of Mueller—-Hinton broth (MHB) as a culture medium. The so-
lutions of 600Ag-CN and CN with a concentration of ~ 0.08, 0.16, 0.32,
0.63, 1.25, 2.5, and 5.0 mg/mL were prepared in MHB. At the same
time, the solutions with silver ions concentration of 1.88, 3.75, 7.5, 15.0,
30.0, 60.0, and 120 pg/mL were utilized. 24 h bacterial culture in MHB
was diluted with the same culture media to the concentration of 0.5
McFarland and further diluted 100-fold to obtain working bacterial
suspension. The working bacterial suspension was mixed with the so-
lutions containing antibacterial agent at a ratio of 1:1. The incubation
was performed at 37 °C for 18 h with mixing. The bacterial growth
detection was evaluated based on the fluorescence measurement with
the utilization of a microplate reader (Multiskan, ThermoFisher) and in
vitro Toxicology Assay Kit, resazurin-based (Sigma-Aldrich, Poland)
according to the protocol provided by the kit supplier. The study was
performed on drug-sensitive S. aureus B38 strain from the deposit of
Centre for Modern Interdisciplinary Technologies Nicolaus Copernicus
University in Torun isolated from a diabetic foot wound (permission of
Ethic Committee of NCU in Torud KB 68/20019). Moreover, it was
tested the sensitivity to the as-synthesized complex of carbapenemase-
sensitive K. pneumoniae strain KP66 and strains K. pneumoniae KP1
and KP2 which have NDM-1 coding genes. The K. pneumoniae strains
were isolated from patients of the Dr. Witadystaw Bieganski Regional
Specialized Hospital in Grudziadz during the epidemiological survey.
The presence of the resistance mechanisms was confirmed using PCR
methods.

2.16. MTT cell viability test

For the MTT test cells were cultured on 96-well plates at 2 x 10°
cells/mL and incubated under 5 % CO, at 37 °C for 24 h. When cells
were adherent, Ag", casein, and casein-Ag" were added and incubated
for another 24 h. The L929 cells without additional stressors were used
as controls in all experiments. Then, 10 pL of Thiazolyl Blue Tetrazolium
Bromide (MTT) solution (5 mg/mL in PBS) was added and incubated for
4 h at 37 °C. After incubation, the medium from the wells was discarded
and the crystalline formazan was dissolved in DMSO. Absorbance was
measured at A =570nm and 650 nm using a Varioskan TM LUX
multimode microplate reader (Thermo Fisher Scientific, Waltham, MA,
USA). The results were expressed as percentages relative to the negative
control—cells in a standard medium without stressors that are consid-
ered 100 % viable. All experiments were performed in six independent
replicates.

3. Results and discussion
3.1. Batch sorption study

A batch sorption study is an essential experimental tool widely
applied to study sorption processes in water solutions. Our group is one

64

Colloids and Surfaces A: Physicochemical and Engineering Aspects 667 (2023) 131390

of the few that utilize the approach to study the interactions of metals
with proteins. It is worth mentioning, that utilization of such an
approach for lactoferrin showed the correlation between the shape of
isotherm as well as derived sorption parameters with the properties of
synthesized complexes [26,32,33]. The experimental data were fitted to
popular and relatively simple Langmuir and Freundlich adsorption
isotherm models which allowed us to describe processes that take place
[34]. Langmuir model assumes the formation of an adsorbate mono-
layer, where all adsorbed particles interact with the same binding en-
ergies. In the Freundlich model, the adsorbent surface is characterized
by heterogeneity of binding sites and the possibility of the creation of
adsorbate multilayers [35]. The mechanism of casein-silver complex
formation was investigated. Moreover, the influence of accompanying
ions on the casein sorption capacity was evaluated. For this purpose, the
preliminary purification of native casein was performed. To remove the
excess micellar ions the ultrafiltration was utilized [36]. The concen-
tration of the most abundant caseins cations, e.g., Ca2*, Mg?*, Na* was
determined by ICP-MS analysis in the first and last filtrate (Table 1).

Analyzed cations tend to interact with casein micelle. They pre-
dominantly bind to their phosphate and carboxylic groups at the
following affinity order Mg?* > Ca®* > Na* [37]. It is shown that after
the second washing, cations are less willingly released from the micelle
into the solution, which indicates that equilibrium concentration has
been established.

It is worthwhile to mention, that selection of medium pH plays an
important role in the protein’s sorption properties, affecting their sur-
face charge and affinity to the particular ligands. Zeta potential mea-
surements over the pH range of 2-11 performed by A. Post et. al.
indicated a relatively high stability of casein micelle at pH > 7 (¢ ~
—30 mV) [38]. Highly negative casein surface at respective pH should
facilitate the binding of silver ions to protein. The sorption properties of
casein are poorly studied at alkaline conditions, thus pH 8 was chosen to
conduct a batch sorption experiment of silver ions onto casein. However,
the most popular silver precursor, i.e., silver nitrate undergoes hydro-
lysis in alkaline pH with subsequent formation of insoluble oxide. Thus,
the novel method of casein modification with silver was evaluated
which implies the utilization of [Ag(NH3)2]+. The respective sorption
isotherms of silver onto salted casein and casein after desalting at pH 8
were compared in Fig. 1A and Fig. 1B respectively. In turn, Table 2
comprises the calculated sorption parameters.

Based on calculated values of determination coefficient R2, experi-
mental results of both analyzed caseins show a better fit to the
Freundlich model which indicates the heterogeneous character of metal
sorption and possible multi-layer formation [26]. The formation of
multiple layers could be easily determined by a modified BET model in
which equilibrium sorption qe is expressed as a function of the C¢/Co
ratio. Based on this model, we can distinguish three stages in the
silver-casein sorption process (Fig. 1C and Fig. 1D). In the first step, the
monolayer of silver ions is formed on the protein surface, which ends up
at a silver initial concentration of 60 mg/L in the case of non-purified
casein and at 120 mg/L for casein after purification. The second stage
of metal adsorption begins with the application of silver with the initial
concentration of 120 mg/L and 300 mg/L in the case of salted and
desalted casein, respectively. Metal ions undergo adsorption to the
previously created silver monolayer. The strength of protein-metal in-
teractions decreases in second step [39]. Development of a third
adsorption layer of silver ions on purified casein was favored at a metal

Table 1
Effect of casein preliminary purification on the cation concentrations in the
remaining filtrate.

Ton concentration [pg/L] First filtrate Last filtrate

Ca®* 58.4 22.3
Mg?* 88.3 38.5
Na® 696.0 428.0
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Fig. 1. Batch sorption approach on studying Ag-CN interactions: isotherm of silver ions sorption onto (A) salinated CN, and desalinated CN (B); modified BET
isotherms reflect silver ions multilayer formation on the (C) salinated CN and (D) desalinated CN; the comparison of silver ions sorption efficiency on salinated and

desalinated CN (E).

Table 2
Calculated parameters from Freundlich and Langmuir isotherm models.

Casein Freundlich Isotherm Langmuir Isotherm

n Kg [mg/g] R? Qm [mg/g] Ky, [L/mg] R?
Salted 2.47 10.18 0.997 157.1 0.0074 0.978
Desalted 1.79 5.57 0.985 258.2 0.0038 0.973

concentration of 600 mg/L while in the case of salinated protein it starts
after utilization of silver initial concentration of 900 mg/L.

It was observed significant growth of metal sorption capacity after
protein purification. The determined maximum sorption capacity (qm)
was 157.1 mg/g and 258.2 mg/g in the case of salted and desalted
casein, respectively. The previous study on silver-casein interactions
conducted in aqueous conditions by O. Pryshchepa et. al. showed that
the calculated qp, value was 77.5 mg/g, indicating the significant role of
metal precursor and reaction conditions on the sorption efficiency [27].
Still, the basic properties of utilized protein apparently have higher
impact on the silver ion sorption capacity. The maximum sorption ca-
pacity of silver ions onto p-lactoglobulin in acidic conditions was 2.0-
and 1.2-times higher compared to the sorption of salted and desalted
casein in alkaline environment, respectively. The respective qn for
B-lactoglobulin was estimated as 317.26 mg/g [40]. In contrast, the qn,
of bovine lactoferrin in acidic conditions was only 1.55 mg/g [32]. It
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might be related to the difference in adsorbent surface nature and the
presence of a higher number of potential binding sites. The sorption
efficiency in dependence of silver initial concentration for both caseins is
shown in the Fig. 1E. The chart reflects, that protein remained not fully
saturated with metal (E > 99 %) until the addition of silver solutions at
the concentration of 60 mg/L and 120 mg/L to salted and desalted
casein, respectively. The following increase of initial concentrations
accompanies by saturation of casein and reduction of sorption effi-
ciency. The sorption efficiency of native casein was equal to 57.99 % at
the highest silver initial concentration and it increased to 67.98 % after
protein purification, indicating the relevant effect of the desalting pro-
cedure on the casein sorption capacity. The modification of salt content,
probably, enabled the release of potential binding sites, thus, the higher
amount of silver ions adsorbed by casein. Therefore, we can assume that
an increase in casein sorption capacity is related to the ion-exchange
mechanism in which Ca", Mg?', and Na' ions were initially des-
orbed and replaced by silver ions [41]. It is worth noting, that associa-
tion of these metals to casein micelle is mainly driven by phosphoseryl
residues, and the possible silver integration into protein internal struc-
ture also shouldn’t be excluded [21]. In turn, the concept of Hard Soft
Acid Base (HSAB) theory is helpful in the prediction of amino acids
which will exhibit the strongest affinity to analyzed metal. According to
the HSAB principle, silver ions belong to the group of soft acids while the
coordinated ammonia ligand is known as a hard base. Thus, the for-
mation of a more stable silver complex accompanies by an acid-base
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exchange reaction and the creation of homogeneous pair of soft acid/-
soft base [42]. Based on this, the sorption of silver ions onto casein is
mainly preferred by interactions with ligands containing S, N, and O
atoms [43]. Silver ions reveal the highest binding affinity toward the
deprotonated thiol group of cysteine or imidazole nitrogen of histidine
at pH 8. In addition, a probability of complexation with the carboxylic
group of glutamic and aspartic acid also exists [44]. Importantly, the
binding-site geometry in silver complexes is highly influenced by the
side-chain structure of chelating amino acids. The calculation studies
performed by T. Shoeib et. al. indicated the predominance of silver
bidentate complexes with aliphatic amino acids, while tri-coordinated
complexes are abundant in the case of the rest amino acids [45].

Furthermore, the change of Gibbs free energy AGyppq of silver-casein
binding was calculated for every sorption stage. The first step begins
with AGpinqg of —28.07 kJ/mol and —24.42 kJ/mol and ends up with
AGyping of —18.91 kJ/mol and —22.91 kJ/mol in the case of salted and
desalted protein, respectively. Negative values of Gibbs free energy
indicate that the sorption of silver ions onto casein occurs spontane-
ously [26]. The higher negativity of AGping informs us about stronger
metal-protein interactions. Interestingly, the greatest metal binding af-
finity was noticed with the application of silver concentrations of
6 mg/L and 45 mg/L for salted and desalted protein, respectively. The
difference might be caused by the potential barrier that silver ions
should pass after micelle purification from salts [46]. In contrast, L.
Canabady-Rochelle reported, that the calculated AGpi,q of calcium
binding to casein was equal to —17.32 kJ/mol, which in turn, is
compatible with the suggested ion-exchange mechanism of silver sorp-
tion [47]. In the second step, AGping was ranging from —16.54 to
—14.08 kJ/mol (casein salted) and —17.03 to —15.52 kJ/mol (casein
desalted). The calculated values of AGpipq in the final step were equal to
—13.75 kJ/mol in the case of salted casein, and —14.80 kJ/mol for
desalted casein. The sharp decrease in silver binding affinity is directly
associated with the multi-layer character of sorption and electrostatic
repulsion between individual metal layers. Another possible reason for
AGypipg rise might be the beginning of AgNP formation, which is
considered a thermodynamically unfavored process [24].

3.2. Casein pH kinetics

Fig. 2 represents the pH kinetics of casein after the addition of the
silver ammonia complex. It also demonstrated the protein buffer ca-
pacity upon the addition of a complexing agent at the different metal
concentrations. The protein solution exhibited relative pH stability,
varying from 7.7. to 8.3.

Gradual acidification was observed in the casein and casein mixture
with 6 mg/L [Ag(NH3)»]" might be a result of carbon dioxide absorp-
tion. The pH of casein with 120 mg/L [Ag(NHz3),]" initially increased to

Fig. 2. pH kinetics of native CN (black), and mixtures of CN with silver ions
(1:1 (v/v)) at the following metal concentrations: 6 mg/L (red), 120 mg/L
(blue), 600 mg/L (yellow).
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8.14, however, it started to reduce after 5 min of incubation. The pH
profile of casein mixed with 600 mg/L [Ag(NH3),]" was ranging be-
tween 8.17 and 8.24 during the whole time of incubation. Such pH rise
might be explained by casein-silver interactions which led to the release
of ammonia from the complex into solution as a proof of binding based
on an ion-exchange mechanism.

3.3. Spectroscopic approaches

3.3.1. Dynamic light scattering analysis

Dynamic Light Scattering is an excellent technique that allows for
rapid determination of the hydrodynamic diameter of the particles in
dispersions. The modification of micelle size upon variable conditions, e.
g. pH change, salt effect, heat treatment, and addition of other whey
proteins, were comprehensively analyzed in the previous works
[48-51]. Nevertheless, the study of the direct influence of silver on the
casein micelle size hasn’t been conducted yet. Instead, the metal ions has
direct impact on the structure of casein micelles. Mean values of the
hydrodynamic diameter obtained after triplicate measurements are fil-
led in Table 3.

The obtained graph demonstrates a wide range of size distribution in
the case of native casein as well as silver-modified micelles (Fig. 3). Each
analyzed sample was characterized by polydispersity of casein micelles.
The highest micellar size distribution was found at around 200-500 nm,
which is in agreement with data from previous works [19]. Results
indicated, that the lowest silver concentration does not cause significant
changes in micelle size in this range. The gradual increase of hydrody-
namic diameter begins with the application of silver concentration at
120 mg/L. Casein micelle growth observed in the 600Ag-CN complex
might be a result of non-specific metal-protein interactions that caused
some conformational changes, particularly in the protein’s external
structure. Such size modification could be associated with the multilayer
metal sorption onto the protein surface [52]. Silver ions are capable to
neutralize the protein surface charge, by interaction with negatively
charged side-chains (Asp, Glu) of amino acids. In turn, such interactions
provide to decrease in the electrostatic repulsions between micelles and
increase their susceptibility to aggregate [53]. Apart from this, metal
ions are capable to modify casein internal structure, in particular by
interactions with hydrophobic regions of the micelle. Many studies
mentioned, that divalent cations of calcium, magnesium, zinc, iron, and
copper have a strong tendency to link with phosphoserine residues of
casein at the basic pH [54,55]. Silver ions reveal a lower binding affinity
toward phosphate groups in comparison to the above-mentioned metals
since it is classified as soft acid according to HSAB principles (phosphate
group PO%’ is known as hard base) [56]. Nevertheless, the formation of
silver phosphate clusters AgP could lead to the disruption of protein
structure and the following growth of micelle size. A similar effect was
observed by Z. Zhao et. al. upon addition the high concentration of so-
dium chloride to milk. Authors concluded that the loosening of casein
micelle structure was accompanied by replacement of calcium by so-
dium in nanoclusters [50]. In turn, micelles with lower size distribution
were found at around 10-80 nm. These peaks could be assigned to
smaller structural units (submicelles) that appeared as a result of partial
casein micelle decomposition after salt removal [57].

Based on our results, a significant impact of silver concentration on
the size of casein micelles was indicated. Application of higher metal
concentrations (>120 mg/L) accompanied by a gradual increase of
protein hydrodynamic diameter. The modification of casein size might

Table 3
Size distribution of native casein and silver-casein complexes.
Casein micelle size Peak CN 6Ag- 120Ag- 600Ag-
[nm] number CN CN CN
I 220 220 255 396
I 24 21 24 79
111 - - - 16
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Fig. 3. Measured by DLS hydrodynamic radius distribution of native CN (red)
and silver-casein complexes: 6Ag-CN (black), 120Ag-CN (yellow), 600Ag-
CN (blue).

occur by metal-induced neutralization of protein surface charge as well
as by silver integration into internal micelle structure.

3.3.2. Fluorescence spectroscopy

The conformational changes in casein structure upon binding with
silver ions were monitored by using spectrofluorimetry. Fig. 4 shows
three-dimensional spectra gained for CN and 600Ag-CN samples. Native
casein exhibited a single emission peak at Aex/Aem = 278/342 charac-
teristic for aromatic amino acids, mainly, tryptophan and tyrosine res-
idues [58]. After silver immobilization it was observed a blue shift of
maximum fluorescence to 338 nm which implies that metal incorpora-
tion provides rearrangements of protein structure that ensure a less
polar local microenvironment around protein fluorophores (in partic-
ular tryptophan) [59]. Remarkably, A. Sahu et. al. related a blue shift
upon casein-curcumin formation to hydrophobic interactions between
ligand and biomolecule [57]. The casein regions with the highest hy-
drophobicity are located in og;-, and f-casein. The sequence of indi-
vidual caseins includes two (Trpl164, Trpl99) and one tryptophan
(Trp143), respectively, which potentially could mediate in interactions
with silver ions [60]. The fluorescence intensity of casein was sensitive
to the presence of silver ions and sharply decreased from 5219 a.u. to
4650 a.u. The reduction of fluorescence intensity with an increase of the
metal/ligand concentration is widely named fluorescence quenching.
The quenching is a complicated process that might be caused by
different factors, e.g. energy transfer, collision, or formation of
non-fluorescent ground-state complex [61]. In our case, the quenching
phenomena was induced by interactions of silver ions with a more hy-
drophobic interior of casein micelle, probably by binding to
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phosphoserine residues, which in turn, is in accordance in with our DLS
results [62]. Therefore, we could assume, that silver ions are capable to
penetrate to casein core, where they are complexed in the close acces-
sibility to buried tryptophan residues.

3.3.3. ATR-FTIR spectral analysis

ATR-FTIR analysis was used for the identification of caseins’ func-
tional groups involved in interactions with metal ions. Derived spectra
of native casein before and after desalting as well as silver-casein com-
plexes at different metal concentrations are shown in Fig. 5. Casein
modification with silver caused strong changes in the regions of amide
bands which are highly sensitive to changes in protein secondary
structure [63].

Both regions of the amide A band (3300-3250 cm_l) and amide B
(3070-3040 cm ™) are assigned to N-H stretching vibrations in the
polypeptide backbone [64]. Downshift of amide B band for AgCN
complexes towards lower frequencies: 3075 cm™! (non-purified CN),
3075 cm™!  (purified CN), 3057 cm™! (6Ag-CN), 3049 cm !
(120Ag-CN), 3067 cm ™! (600Ag-CN) indicate the strengthening of -NH
intramolecular hydrogen bonding [64]. Peaks in the range
2965-2955 cm ! and 2935-2920 cm ™! are related to —CHs and —CH,
asymmetric stretching vibrations, respectively [65]. Amide I band
(1700-1600 cm 1) arises mostly from stretching vibrations of carbonyl

Fig. 5. ATR-FTIR spectra of native casein: salted CN (black), desalted CN (red),
and silver-casein complexes: 6Ag-CN (blue), 120Ag-CN (pink), 600Ag-
CN (green).

Fig. 4. Three-dimensional fluorescence spectra of: (A) native CN, (B) 600Ag-CN complex.
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group C=0 weakly coupled with N-H bending and C-N stretching vi-
brations [66]. Band assignment in this region allowed for the identifi-
cation of the type of secondary structure present in the protein.
Characteristic peaks at 1636 cm! (purified CN), 1638 cm! (6Ag-CN),
1638 cm™! (120Ag-CN), and 1641 cm™! (600Ag-CN) indicate the pres-
ence of parallel p-sheets in the secondary structure [64]. Interestingly, in
the case of non-purified casein, the band corresponding to 1623 cm™?
may be attributed to cross-p-sheet which are typically found in amyloid
fibers [67,68]. D. Thorn et. al. reported that agp- and k-casein were
highly susceptible to fibril formation under physiological conditions
[69]. Nevertheless, our studies showed that protein desalting prevents
this unfavorable process. In addition, S. Wu et. al. related a red shift of
the Amide I band to possible interactions between the protein poly-
peptide chain and metal ions [70]. The Amide II band
(1600-1500 cm ™) originates from N-H bending and C-N stretching
vibrations [71]. The region of the amide II band includes signals at
1513 cm™! (non-purified CN), 1515 cm ! (purified CN), 1530 cm !
(6Ag-CN), 1528 cm ! (120Ag-CN) which are characteristic of antipar-
allel p-sheet structure, while the peak at 1532 em™! (600Ag-CN) belongs
to parallel B-sheet structure [72]. Shifting of the Amide II band towards
higher frequencies is corresponding to the strengthening of hydrogen
bonding within protein structure [73]. Signals around 1450-1440 cm ™!
related to —CHy deformation vibrations. While, the range of
1400-1380 cm ! could be assigned to COO™ symmetric stretching vi-
brations of aspartic and glutamic acids side chains [64]. Upon metal
addition, the band shifting was noticed: 1387 em! (non-purified CN),
1389 cm™!  (purified CN), 1383 cm™! (6Ag-CN), 1387 cm*
(120Ag-CN), 1391 em™! (600Ag-CN) which proves silver coordination
by Asp and Glu residues [74,75]. The peak shifting towards greater
frequencies observed in the complex with the highest metal concentra-
tion could be a result of silver nanoparticle formation. J. Li et. al. have
noticed the a similar effect during the synthesis of golden nanoparticles
by protein extracts where carboxylic groups were involved in metal
bioreduction [76]. The Amide III band (1350-1200 cm™}) is charac-
terized by N-H in-plane bending coupled with C-N stretching vibrations
[77]. Two peaks were noticed for purified casein and casein complexes
in the Amide III band region which indicate the presence of two indi-
vidual secondary structures of o-helix at 1313 em! (purified CN),
1313 cm™! (6Ag-CN), 1318 cm™! (120Ag-CN), 1315 cm™! (600Ag-CN)
and f-sheet at 1238 cm! (purified CN), 1240 cm! (6Ag-CN),
1236 cm ™' (120Ag-CN), 1238 cm ™! (600Ag-CN) [78]. Nevertheless, the
spectra of non-purified casein showed only one band in this region at
1238 cm ™! which originates from the p-sheet structure. Weak signals
around 1180-1170 cm ™! arise from C-OH in-plane bending vibrations
of the serine side chain [64]. Characteristic bands at 1113 cm™! (non--
purified CN), 1126 cm™! (purified CN), 1132cm™! (6Ag-CN),
1126 cm™! (120Ag-CN), 1126 em! (600Ag-CN) arise from —CNHY
rocking and —~CHy wagging vibrations in protein polypeptide chain [79].
Changes in the peak position are probably induced by conformation
changes in the casein polypeptide backbone structure. Signals at
1071 cm™ ! (non-purified CN), 1073 cm ! (purified CN), 1071 cm !
(6Ag-CN), 1071 em™! (120Ag-CN), 1075 em! (600Ag-CN) are corre-
sponding to phosphate group O—P-O- stretching vibrations which
traditionally occur in phosphorylated serine residues [80]. In turn, peak
shifting in this region proves the interactions between silver ions and
phosphoserine residues. Additional bands appeared in the range of
1040-1010 cm ™! at the spectra of purified CN and 6-AgCN complex.
Peaks in this region arise from C-O stretching vibrations of serine and
C-C stretching vibrations coupled with C-H in-plane bending vibrations
of tryptophan [64]. Weak bands around 980-950 cm ™! characteristic
for PO3 stretching vibration allow to confirm casein phosphorylation
[81].

FTIR spectroscopy has been extensively used for characterization of
structural transformations in biomolecules. In our case, ATR-FTIR was
an essential instrumental tool, which allowed to evaluate the impor-
tance of the casein desalting step on the protein stability. Thus, based on
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the FTIR spectra, we can suppose that the preliminary procedure of
casein desalting led to relevant conformational changes in the casein
structure. The obvious shift of the Amide I band after the removal of
micellar salts indicates the protein stabilization and conformational
transition in secondary structure from less structural order of cross-
B-sheet (fibril aggregates) to more organized p-sheet. Besides, it was
observed the appearance of an additional peak attributed to the o-helix
structure which implies the rearrangement in the secondary structure
and strengthening of intramolecular hydrogen bonding. The position of
amide bands has changed upon casein modification with silver. The
greater peak shifting might be associated with pH changes which tend to
increase at higher metal concentrations. Remarkably, H. Salaheldin et.
al. have reported that the shifting of Amide bands towards higher fre-
quencies was directly related to the formation of silver nanoparticles
[82]. In addition, the peak assigned to Asp and Glu side chains was
shifted after the metal binding. Based on this, we can assume, that these
residues play a significant role in silver coordination and, probably,
participate in the bioreduction and growth of AgNPs. In many previous
works, glutamic and aspartic acids also have been mentioned as one of
the most abundant mediators in the protein-induced synthesis of metal
nanoparticles [83,84]. The characteristic peak shift in the range of
1080-1070 cm™! also confirmed our suggestion on the participation of
phosphoserine residues in the silver-casein interactions.

3.4. Electron microscopy imaging

Electron microscopy imaging is an important imaging tool used in
our study for monitoring structural modification in casein micelles upon
the binding with silver ions. STEM images of CN and 600Ag-CN complex
are demonstrated in Fig. 6A, and B, respectively. The presence of dark
regions after silver addition which indicates the formation of AgNPs.
The size distribution of nanoparticles was found in the range of
6-16 nm. As shown, AgNPs undergo the agglomeration process creating
dendritic nanostructures (Fig. 6B) [85]. Silver ammonia complex is
known as a silver precursor used in the one-step synthesis of high-quality
AgNPs [30,86]. The selection of proper pH is important criterium that
ensures the long-time stability of nanoparticles. Previous works reported
a high susceptibility of AgNPs to agglomerate at the pH range of 3-7
[87]. S. Ashraf et. al. has noticed, that AgNPs coated onto casein protein
undergo a reversible aggregation at acidic conditions, starting from the
pH of 7-8 [88]. In addition, N. Wangoo underlined that protein con-
centration has a great impact on the monodispersity of AgNPs [89].
According to FTIR results, we can assume, that carboxylic groups of Asp
and Glu mediate the bioreduction of silver ions. Casein is characterized
by a heterogenic distribution of carboxylic groups. The majority of them
are located in the internal micelle structure (ag2-CN > ag;-CN > -CN >
k-CN), nevertheless, some of Glu and Asp residues are also present in the
C-terminal part of k-casein [20,90]. Carboxylic groups found on the
protein surface reveal a higher accessibility to metal ions compared to
those buried inside amino acids. However, such type of interactions will
induce destabilization of casein structure by neutralization of negative
surface charge and will increase susceptibility to aggregation [91]. L.
Dickson et. al. have studied interactions of alkaline-earth metals with
bovine caseins [92]. It was demonstrated that carboxyl and phospho-
serine groups represent the potential metal binding sites. Thus, caseins
with the highest number of Asp, Glu, and SerP moieties will be char-
acterized with the greatest metal binding affinity. In our case immobi-
lized silver ions might be distributed between the protein outer layer and
internal structure. This mechanism could be described by Weber-Morris
model which includes two steps: 1) initial sorption of metal ions to the
protein external surface, 2) intra-particle diffusion of silver to the
micellar interior binding sites [93].

SEM imaging enables monitoring the changes in the surface
morphology of protein structure. It was reported a crystalline structure
of casein before complexation with silver ions (Fig. 6C). Instead, silver
treatment induced significant modifications in the caseins structure. It
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Fig. 6. Microscopy analysis: STEM images of (A) native CN, (B) 600Ag-CN complex; SEM micrographs of (C) native CN, (D) 600Ag-CN complex; SEM mapping of
elemental distribution (E) native CN, (F) 600Ag-CN complex; EDX spectra of (G) native CN, (H) 600Ag-CN complex.

became fibrous and smoother, which also might be an effect of ultra-
filtration (Fig. 6D). Results of SEM mapping analysis informed about
silver integration into protein micelle and heterogeneous distribution of
metal on the casein surface (Fig. 6E, F). EDX spectra reflected the
chemical composition of pure casein and silver-casein complex (Fig. 5G,
H). Obtained results were transferred into Table 4. Carbon, oxygen,
nitrogen, and sulfur are known as key elements of each protein-based
sample. The presence of phosphorus is attributed to casein post-
translation modifications and derives from phosphate groups attached
to serine residues [94]. Trace amounts of calcium and chloride found on
the CN surface were removed upon protein modification. Chlorides
might appear resulting in casein precipitation from milk by treatment
with hydrochloric acid [95]. Slight impurities with aluminum probably
derive from a spatula or aluminum foil which were used for sample
preparation before microscopic analysis. According to the results, we
can suppose that the lack of identified calcium in the formed Ag-CN
complex might indicate its possible exchange by silver. The fact can
be evidence for the previously predicted ion-exchange mechanism of
complex formation.

3.5. SDS-PAGE study

Detection of casein fractions and their molecular mass distribution
after protein modification by silver ions was investigated by SDS-PAGE
analysis in both, reduced and non-reduced modes. Hence, in this study
electrophoretic patterns of native casein and 600Ag-CN complex were
examined, since we expect to observe the drastic conformational
changes at the highest metal concentration (Fig. 7).

Sharp single bands between 25 and 35 kDa are related to as-, f-casein
monomers, which constitute the major fractions of casein. Meanwhile,
the characteristic pattern assigned to the k-casein fraction was poorly
visible on the electropherogram, except for native casein upon non-
reducing conditions. The rare occurrence of monomeric k-casein also
has been reported by L. Rasmussen et. al. [96]. Electrophoretic patterns
of casein oligomers were observed in the range of 50-140 kDa. Among
all caseins, disulfide bridges are present exclusively in agy- and k-casein
[97]. This feature indicates their ability to inter- and intramolecular
interactions which are followed by aggregation processes. Patterns

Fig. 7. SDS-PAGE profile of Ag-CN interactions: (1) native CN, (2) Ag-CN
(reduced mode), (3) native CN, (4) Ag-CN (non-reduced mode), (5) pro-
tein marker.

observed in the range of 50-70 kDa for casein and silver-casein complex
in both modes might be attributed to the intermolecularly linked dimer
of agp-casein which in turn, is in good agreement with results demon-
strated by D. Thorn et. al. [98]. High-molecular weight complexes
assigned to native casein appeared at non-reduced mode at 70-100 kDa
and 100-140 kDa resulting in cross-linking of x-casein and multimer
formation [99]. The «k-casein exhibits the highest susceptibility to
aggregate among the rest casein fractions. Multimerization of k-casein is
regulated by thiol groups of cysteine residues that might be bounded in
three different combinations as Cys11-Cysll, Cys-11-Cys88, and
Cys88-Cys88 [96]. Notably, J. Carver et. al. also mentioned the partic-
ular significance of proline and glycine residues in such type of
casein-casein interaction [100]. Moreover, it was reported, that the
presence of casein oligomers is highly affected by the applied method of
protein isolation [101]. It was observed, that the addition of silver ions
induced the cleavage of disulfide covalent bridges, thus high molecular
patterns disappeared [75]. The k-casein constitutes the outer side of the

Table 4

Elemental composition of native CN and 600Ag-CN complex according to EDX spectra.
m% C N (o] P S Al Ca Cl Ag
CN 37.93 20.32 39.42 0.84 0.76 0.52 0.11 0.11 -
Ag-CN 33.89 22.29 36.85 0.76 0.75 1.28 - - 4.18
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casein micelle which prevents protein agglomeration through electro-
static repulsion. The functional role of k-casein oligomers remains un-
known. Some authors pointed out that the formation of disulfide-linked
multimers contributes to the stabilization of casein micelle [99]. Ac-
cording to results, the high sensitivity of disulfide-linked multimers of
k-casein was observed in the presence of the reducing agent as well as
silver ions, thus they dissociated into smaller monomers.

3.6. Silver ions desorption

Desorption study was performed to determine the strength of
protein-metal interactions in the Ag-CN complex under different pH
conditions. ICP-MS quantification revealed that the synthesized complex
has 24.1 mg/g of silver. The gy, calculated from the Langmuir model was
6.5 times higher and accounts 157.1 mg/g. However, the complex
preparation procedure includes the purification steps comprised of two
ultrafiltration steps with deionized water. The respective treatment
should be a reason for the elimination of less strong bonded silver ions
from casein micelles. The fact also confirms the heterogeneous character
of silver adsorption onto CN described with isotherm study. However, in
our previous studies, the amount of remaining silver and iron in the
complexes with bovine lactoferrin were much closer to the determined
from Langmuir model qy, [26,32]. Such differences may be connected
with the much more complicated structure of the CN which has a
micellar structure.

It is well known that silver ions exhibit antibacterial properties.
Plenty of studies point out that the ability of AgNPs to release silver ions
is one of the most probable mechanisms of their antibacterial action
which get the name “Trojan Horse” mechanism [24]. Thus, the knowl-
edge about complex stability in different conditions is important for the
prediction of its action in wound-healing preparations. Moreover, the
issue is also important for the assessment of the complex safety in case of
an undesirable entrance to the intestinal tract. The silver secondary
oxidation from AgNPs with subsequent silver ions release to the solution
is the subject of numerous research. It is shown to be dependent on
different factors, i.e., the presence of oxygen and other oxidants as well
as chelating agents in the reaction mixture, light irradiation, tempera-
ture, and pH. In the present study, three different buffers were utilized
which imitate pH in different parts of the intestinal tract. Buffer’s se-
lection was performed considering the “Dissolution test for solid dosage
form” of European Pharmacopoeia [102]. Moreover, the particular
buffers were utilized taking into account that silver ions form insoluble
salts with chlorides and phosphates. The ICP-MS quantification indicates
that after 2 h of the desorption process the amount of released silver ions
accounts 21.5 %, 49.3 %, and 68.7 % in pH 6.8, 4.5, and 1.2 respectively.
The obtained results are constituent with previous works, where
decreased pH has been shown to promote silver dissolution from AgNPs
and their nanocomposites [32,103]. The respective concentrations of
silver in solutions were 16.5, 11.8, and 5.2 ppm which indicates that
utilization of the synthesized complexes should be strictly controlled as
it was shown previously that silver even in the concentration of 0.5 ppm
induces negative toxic effects in human cells [104].

3.7. Peptic digestion kinetics

Peptic digestion kinetics was conducted to evaluate the metal effect
on the protein susceptibility to enzymatic hydrolysis. It was reported
previously that protein digestion susceptibility is dependent on the
structure of the protein, i.e., on the acceptability of the cleavage sites for
the enzyme [105]. Moreover, the technique enables tracking changes in
the protein structure upon metal binding [32,106]. Fig. 8 shows the
resulting SDS-PAGE of casein peptic digest depending on the time of the
reaction.

It can be seen slightly more intense bands of peptides at the time 5
and 10 min and the slightly less intense band of intact protein at the time
of 20 min in digests of CN in comparison to digests of 600Ag-CN. The
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Fig. 8. SDS-PAGE of peptic digests
CN (2,4,6,8,10).

of CN (1,3,5,7,9) and 600Ag-

results indicate that CN digestion appears faster in comparison to the
600Ag-CN. In turn, in the case of 30 min of the reaction, it can be seen
faster lysis of peptides of 600Ag-CN. The same pattern was observed for
the complex of silver with bovine lactoferrin [32,106]. It was suggested
that silver ions could influence the activity of the pepsin which leads to a
decrease in the reaction rate. Moreover, the AgNPs’ presence in the
protein structure could impede access of pepsin to possible cleavage
sites. Instead, the incorporation of silver in protein with subsequent
changes in structure should be a reason for the faster digestion of smaller
peptides. It is noteworthy to mention that in general CN has lower
susceptibility to peptic digestion in comparison to bovine lactoferrin.
Twice a higher amount of enzyme and a longer time was required to
notice the formation of peptides in the solution [32,106] which should
be connected to the more complex structure of the caseins [20]. It can be
concluded that the produced complexes will have a longer shelf-life.
Additionally, it could induce lower negative effects as smaller peptides
can enter cells easier and thus promote the absorption of toxic silver.

3.8. Antimicrobial properties of synthesized complex

Determination of MIC values is a necessary step in the indication of
the effectivity of the synthesized Ag-CN complex as a potential antimi-
crobial agent. In the study members of both Gram-positive and Gram-
negative bacteria were examined, namely S. aureus and K. pneumonia.
Among all bacteria, S. aureus belongs to one of the most common causes
of nosocomial bacteremia with a mortality rate reaching 20-30 % [107].
Infections caused by K. pneumoniae also have also been shown to be of
high mortality rate even up to 48 %. The reason is connected with the
development of specific enzymes — carbapenemases which enable pen-
icillin’s hydrolysis, all cephalosporins, monobactams, carbapenems, and
even p-lactamase inhibitors [108]. Thus, the synthesis of new substances
capable to inhibit such kinds of bacteria is of high interest among re-
searchers. In the study drug-sensitive S. aureus from the depository of
NCU, isolated from a diabetic foot wound was studied. Moreover, to
evaluate the susceptibility of K. pneumoniae both drug-resistant and not
to the preparations with silver three different strains were examined
(KP1, KP2, and KP66). The K. pneumoniae strains KP1 and KP2 are
characterized by the presence of NDM-1 carbapenemase coding genes
while strain KP66 is sensitive to carbapenems.

The results indicate that in the case of silver ions for all three strains
of K. pneumoniae MIC was established as 7.5 ng/mL and for S. aureus
15 pg/mL. The higher resistance of S. aureus against silver should be
connected with the presence of a cell wall that prevents the silver
entrance to the bacterial cell. In the case of the 600Ag-CN determined
MIC for S. aureus was 0.63 mg/mL and for all three K. pneumoniae strains
was 0.32 mg/mL which corresponds to 15 pg/mL and 7.5 pg/mL of
silver respectively. Previous studies revealed that silver nanocomposite
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based on bovine lactoferrin had much higher antibacterial properties in
comparison to the corresponding amount of silver [32]. Several factors
could be a reason for a such difference. Firstly, it was reported that only
small nanoparticles had higher toxicity than silver ions [24]. In the
present study, the nanoparticles in the complex formed dendrites, i.e.,
relatively big crystals comprised of multiple smaller nanoparticles.
Secondly, the casein micelle’s structure is much harder to disrupt which
may impair the availability of silver ions for bacterial cells. Finally,
lactoferrin is the protein that is reported to have antibacterial properties,
and in combination with silver, the synergistic effect can be achieved
leading to higher inhibitory activity [32]. However, it is noteworthy to
mention that in the case of K. pneumoniae strain PK2 it was noticed that
600Ag-CN in the concentration of 0.16 mg/mL did not cause bacterial
death but decreased their growth (see. Fig. S1). Thus, it indicates that
600Ag-CN complex has different action mechanism in comparison to
free silver ions. Generally, results indicate that the synthesized complex
has a high potential as an active substance of wound healing
preparations.

3.9. MTT cell viability test

To examine the cytotoxicity effect of casein and silver-conjugated
casein (600Ag-CN) in vitro, cell line—murine fibroblast L929 was cho-
sen. The application of mouse fibroblast L929 cells is most frequently
undertaken to evaluate cytotoxicity and may represent a sufficient in
vitro screening model for skin formulations. Furthermore, the cytotox-
icity assay with mouse fibroblasts L929 is in compliance with ISO
10993-5 standards and is often used for comparative studies of different
types of nanoparticles. The antiproliferative effect was determined using
colorimetric assay—3-(4,5-dimethylthiazol-2-yl1)-2,5-diphenyl tetra-
zolium bromide (MTT)). The MTT test is based on the ability of the
mitochondrial dehydrogenase enzyme to convert yellow tetrazolium
dye into formazan crystal. The rate of formazan crystal formation is
directly proportional to cell viability; the untreated (positive) control is
set to 100 % viability.

In our experiment, both AgCN and Ag"' were used for comparison.
The concentration of 600Ag-CN was in the range from 0.02 mg and up to
0.32mg/mL  which corresponds to Ag" concentration from
~0.5-7.5 pg/mL respectively. As expected, silver ions at a concentration
of about 1 pg/mL caused a significant decrease in cell viability to about
10 % (Fig. 9). However, the 600Ag-CN complex that corresponds to toxic
levels of silver ions (~1-4 ug/mL) did not contribute to a decrease in cell
viability. It can be suggested that silver ions are strongly associated with
protein. This prevents the release of ions and their toxic effects on cells.
Only at the highest complex concentration (0.32 mg/mL corresponding
to 7.5 pg/mL of silver) decrease in the cell viability up to 60 % was
observed. In turn, at the same concentration, complete suppression of

Fig. 9. Cell viability measured by MTT assay. Histograms shows the percent-
age, with respect to control cells (100 %), of viable cells after the exposure to
AgCN, Ag" and CN. Data shows the mean + SE (n = 6).
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K. pneumoniae growth was inhibited while for S. aureus complete growth
inhibition was observed at the complex concentration equal to 0.63 mg/
mL (15 pg/mL of silver). The results indicate that the complex has
comparable toxicity against both procaryotic and eucaryotic cells. Even
though, for palliative wound healing any strategy can be utilized if it can
decrease patients’ suffering [108]. Still, more comprehensive studies
should be performed before the introduction of the synthesized complex
into wound-healing preparations.

4. Conclusions

This work aimed to describe the mechanism of casein-silver in-
teractions. Silver ammonia complex [Ag(NHg,)z]+ was selected as a
metal precursor in complex synthesis. Application of this compound
could be an interesting approach since it allows protein modification in
alkaline conditions. The selected conditions should provide relatively
high colloidal stability of the protein micelles. The study was performed
on the mixture of different casein isoforms. Moreover, to examine the
effect of micellar salts on silver-binding properties a desalting procedure
was performed which, among others, ensured a more accurate deter-
mination of the silver-casein sorption mechanism. Obtained results
indicated that both for salted and desalted casein, sorption isotherms
showed more accurate fitting to the Freundlich isotherm model which is
related to the heterogeneous character of silver binding to protein. Be-
sides, it was reported, that casein desalting caused an increase in the
protein sorption capacity from 157.1 to 258.2 mg/g. This effect might be
associated with the ion-exchange mechanism of silver binding which is
accompanied by a release of potential binding sites after salt removal.
The notable increase of hydrodynamic diameter in silver-modified mi-
celles might be described by two effects: 1) metal sorption to the
external surface leading to neutralization of the protein surface charge
and 2) the changes in the micelle structure (loosening) induced by silver
interaction with phosphoserine nanoclusters. The peak blue shift as well
as the quenching effect observed on fluorescence spectra confirmed the
silver integration into the micelle core. Based on ATR-FTIR spectra,
demonstrated, that casein desalting promoted conformational changes,
such as cross-p-sheet — f-sheet transition and the appearance of an
additional peak attributed to the o-helix structure. Besides, it was
identified the importance of acidic amino acids (Asp, Glu) in metal
chelation. Electrophoretic analysis showed the decrease in k-casein
oligomers content which should be connected with the cleavage of di-
sulfide bonds by silver. Results of electron microscopy confirmed that
the synthesis of the silver-casein complex under given conditions was
accompanied by metal bioreduction and formation of silver nano-
structures. Peptic digestion studies showed a relevant influence of silver
incorporation on the structural stability of caseins. Finally, it was shown
that synthesized 600Ag-CN complex inhibits the growth of S. aureus in
the concentration of 0.63 mg/mL and K. pneumoniae in the concentra-
tion of 0.32 mg/mL. It also was reported that the synthesized complex
was less toxic to mouse fibroblast cells in comparison to the corre-
sponding amount of silver ions. Thus, it indicates the high potential of
the complex as an antibacterial substance in wound-healing
preparations.
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Figure S1. Photo presenting the viability of K. pneumoniae strain PK1 (A-C) and PK2 (D-F).
The higher viability presented with more intense change in the resazurin colour from blue to
red. The 600Ag-CN concentration in wells changes in the range 2.5 mg/mL (1), 1.25 mg/mL
(2), 0.63 mg/mL (3), 0.32 mg/mL (4), 0.16 mg/mL (5), 0.08 mg/mL (6), 0.04 mg/mL (7),
without complex (8).
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ABSTRACT: Bovine lactoferrin (bLF) is widely known as an iron-binding glycoprotein from the transferrin family. The bLF
molecule exhibits a broad spectrum of biological activity, including iron delivery, antimicrobial, antiviral, immunomodulatory,
antioxidant, antitumor, and prebiotic functions, thereby making it one of the most valuable representatives for biomedical
applications. Remarkably, LF functionality might completely differ in dependence on the iron saturation state and glycosylation
patterns. Recently, a violently growing demand for bLF production has been observed, mostly for infant formulas, dietary
supplements, and functional food formulations. Unfortunately, one of the reasons that inhibit the development of the bLF market
and widespread protein implementation is related to its negligible amount in both major sources—colostrum and mature milk. This
study provides a comprehensive overview of the significance of bLF research by delineating the key structural characteristics of the
protein and elucidating their impact on its physicochemical and biological properties. Progress in the development of optimal
isolation techniques for bLF is critically assessed, alongside the challenges that arise during its production. Furthermore, this paper
presents a curated list of the most relevant instrumental techniques for the characterization of bLF. Lastly, it discusses the
prospective applications and future directions for bLF-based formulations, highlighting their potential in various fields.

KEYWORDS: bovine lactoferrin, bLF, iron-binding affinity, functional food formulations, biomedical applications, biological activity

1. INTRODUCTION 0.83 mg/mL; TF, 1.07 mg/mL) in the colostral phase;
however, their concentrations sharply decrease in the lactation
period (LF, 0.09 mg/mL; TF, 0.02 mg/mL).9 Since LF is
known as a biomarker of inflammation processes, accurate
protein detection is extremely important for the monitoring of

Whey proteins (WPs) are recognized as one of the most
valuable components in milk whose characteristic feature is a
wide spectrum of nutritional and health promoting effects.
WPs are represented by a mixture of globular proteins, e.g. f-

lactoglobulin (f-LG), a-lactoalbumin (a-LA), serum albumin cattle’s health issues. For instance, the positive correlation
(SA), immunoglobulins (Ig), lactoperoxidase (LPO), and between LF and immunoglobulin concentrations in serum is
lactoferrin (LF), dispersed in the continuous phase of the milk directly related to mastitis in cows."’
colloidal system which accounts for about 20% of the total The molecular weight of LF might differ in dependence of
protein fraction." On the other hand, whey poses a serious its source of origin (Figure 1). It has been identified that LF
group of waste products with extremely critical levels of BOD mass from milk and colostrum was found in the range 83—87
(biological oxygen demand) and COD (chemical oxygen kDa, while in neutrophils it was about 87—91 kDa. However, a
demand).” Direct recovery and further supplementation of single protein band appeared in both protein samples at 77
WPs could be a prospective approach for improving the kDa resulting from the partial digestion of LF by N-
functionality range of dairy products as well as for environ- glycanase.11 Thus, based on the LF source, it might be present
mental protection. in different molecular forms whose size is highly influenced by
LF is known as globular iron—bindin% glycoprotein which the nature (heterogeneity) of glycosylation. The major factors
belongs to the transferrin protein family.” Chelated ferric ions that might induce variations in LF glycosylation are the stage

inside the LF structure ensure the characteristic salmon-pink
color of a protein.” Bovine lactoferrin (bLF) is predominantly
found in the granules of neutrophils and mammary gland
secretions, such as colostrum, transitional milk, and mature
milk. The lactation stage is considered one of the most
reasonable factors which strongly affects the composition of
the cow’s milk. Significant changes of LF content are usually
observed during the transition of colostrum (1.0—5.0 mg/mL)
into mature milk (0.02—0.2 mg/mL).é_8 Remarkably, the
amounts of lactoferrin and transferrin are relatively similar (LF,

of lactation, age, breed of cow, season, and feeding. For
instance, Barboza reported that the degree of glycosylation in
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Figure 1. Comparison of bLF proteins from different sources of origin. Created with BioRender.com.

human milk decreased after 2 weeks of lactation since
colostrum was changed into mature milk.'” In addition, Jia
et al. observed the same tendency in the case of LF in bovine
milk; thus the amount of N-glycans content decreased in the
following order of lactation stages: colostrum > transitional
milk > mature milk."? Despite the monomeric form, bLF, the
protein also may occur as high molecular weight complexes
(HMW-LF). This phenomenon was especially abundant in
nonlactating mammary secretions (Holstein cows).14 It was
indicated that LF trimers (M,, ~ 250 Da) had much higher
thermal stability as well as resistance to proteolysis than apo-
LF and holo-LE."”” The structural stability of HMW-LF is
probably caused by the structural integrity of larger oligomers.
Besides, Ebrahim et al. showed that such HMW-LF complexes
were sensitive to the addition of highly concentrated
electrolyte solution (1 M NaCl) and dissociated into smaller
structural units."> LF is also capable of interacting with other
proteins of milk, forming heterogenic protein complexes of
LE-Ig, LE—CN, LF—SA, and LF—$-LG."*'° Such bindings
are characterized as noncovalent interactions which have a
positive impact on the biological activity of the native LF
molecule, enhancing some of its primary functions. Thus,
Stephens et al. reported a higher antibacterial activity of LF—Ig
complexes against Escherichia coli strains compared to LF
alone."”

Until now, isolation of LF has been successfully performed
from different mammals, including human, bovine, buffalo,
goat, sheep, pig, horse, mouse, camel, and elephant. As it was
reported, LF derived from human milk revealed the lowest
similarity in sequence homology (>70%) in comparison to LF
isolated from milk of other species.'® The difference in amino
acid composition has a significant impact on the conformation
stability of the biomolecule and other physicochemical
properties (molecular mass, isoelectric point, thermal resist-
ance).'” Currently, lactoferrin is a subject of great interest for
researchers due to its high biological potential. LF is
increasingly characterized as a multifunctional ingredient; it
possesses antimicrobial, antiviral, immunomodulatory, and

anticancer and prebiotic activities, which make it one of the
most attractive candidates in the biomedicine and biotechnol-
ogy areas.”” LF as an iron carrier avoids the formation of
insoluble aggregates of ferric hydroxide; therefore, it might be
safely applied in the treatment of anemia, especially in the case
of pregnant woman.”' Previously, it was reported that 1.4 mg
of iron might be maximum chelated per 1 g of protein, whereas
the absorption of microelements by an organism is influenced
by numerous factors, such as the daily diet, protein saturation
state, pH conditions, human age, and physiological con-
ditions.”” The additional advantage of LF’s iron-binding
capacity relies on its antioxidant effect through the prevention
of lipid peroxidation and the potential formation of reactive
oxygen species (ROS) as a result of the Fenton reaction.”’ The
functionality of bLF can be developed as a result of
interactions with other molecules (ligands), e.g. metals,
vitamins, polyphenols, DNA, and lipopolysaccharides (LPS).
Recently, interest in the synthesis of biologically active
complexes based on bLF and metal ions has been growing.
Such biologically active preparations allow for enhancement of
beneficial and food values, especially in dairy products.”* For
example, Hinrichs et al. pointed out that cheese enrichment in
whey proteins is a novel approach in the development of
functional food.”® Nevertheless, it is worth knowing that the
lactoferrin incorporation will not only improve the nutritional
quality and the functional properties of the final product; it will
also require the reconstruction of the entire technological line.

Numerous health benefits and a wide spectrum of potential
applications led to the significant growth of the demand for
lactoferrin. The global production of bovine lactoferrin is
expected to exceed a compound annual growth rate (CAGR)
of 7.2% until 2028.°° Currently, to the list of key LF
manufacturers joined the following companies: Glanbia
Nutritionals (Kilkenny, Ireland), Synlait Milk (Dunsandel,
New Zealand), Fonterra (Auckland, New Zealand), Merck
(Darmstadt, Germany), Milei GmbH (Leutkirch, Germany),
and Tatura Milk Industries Ltd. (Tatura, Australia) as a part of
the Bega Group (Bega, Australia). The market statistics
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Figure 2. Three-dimensional structure of diferric bLF (Protein Data Bank code 1BLF).

accounts the biggest application share of lactoferrin to infant
formula, followed by dietary supplements and pharmaceuticals.
One of current problems relies on the finding of an efficient
and selective isolation method which will enable large-scale
production of biologically active lactoferrin. The amount of LF
found in bovine milk is relatively low (about 1%) in
comparison to other WPs. Hence, LF isolation might be a
quite challenging and time-consuming process. The first
successful purification of bovine LF was performed in 1960
by Groves using DEAE cellulose chromatography.”” Compre-
hensive study of the nature of LF interactions has initiated the
development of more advanced techniques. Traditional
methods of ion-exchange chromatography, affinity chromatog-
raphy, and membrane filtration have been improved by using
more effective sorbents and modified membranes."* In recent
years, several complex techniques were investigated, including
electrodialysis with a filtration membrane and magnetic affinity
separation.29

This review presents recent advances in the structural
characteristics of the LF molecule, such as glycosylation and
metal-binding properties, describes the novel methods of
protein isolation, and clarifies the essential role of biomolecules
in disease treatment.

2. LF STRUCTURE

The three-dimensional structure of bLF is generally described
as a single polypeptide chain containing 689 amino acid
residues folded into two symmetric homogeneous lobes (N-
lobe 1—-341 and C-lobe Tyr342—Arg689) which are linked by
three-turn a-helix (12 residues long from 333 to 344).%°
According to crystallographic studies, each lobe is divided into
two domains (N;/N, and C,/C,). Although, the overall bLF
structure has been known for a long time, it is worthwhile to
mention LF genetic conservation/variation phenomena across
different species. The LF gene is expressed in many species,
e.g. human, bovine, buffalo, mouse, caprine, deer, equine,
murine, and porcine. The protein genes from the transferrin
family are typically composed of 17 exons (N-lobe, 2—8; C-
lobe, 9—16, hinge re§ion was at exon 9) whose lengths vary in
the range 23—35 kb.”' Remarkably, it was found that 15 exons
were identical between bovine and human lactoferrins, while
the remaining two were responsible for gene differentiations
that induced the variations in amino acid sequences.” Seyfert
et al. suggested that exons 4 and 12 play a significant role in the
LF iron-binding properties and glycosylation.”’ According to
Wang et al’s results, bovine and deer lactoferrins share 92%
sequence homology.*® The authors particularly highlighted the
difference in the amino acid compositions of two major
antibacterial peptides—lactoferricin and lactoferrampin. Nu-

merous molecular studies confirmed that genetic poly-
morphism is able to affect the protein conformational stability,
the tendency to aggregate, and the biological activity.

The metal binding site is localized deeply inside the
interdomain clefts of each lobe; thus one LF molecule is
able to bind a maximum of two ferric ions. Interestingly, the
binding cleft N-lobe reveals a more open conformation in
comparison to the C-lobe.”* A slight difference in their
flexibility is caused by the presence of a disulfide bridge formed
between residues 483 and 677 which restricts additional
movements in the C-lobe.** Based on this, the metal binding
capacity will differ between the N-lobe and the C-lobe.
According to the iron saturation level, LF can be classified as
apo-LF (saturation level <5%) and holo-LF (bound with two
ferric ions). Native bLF is an intermediate state between apo-
LF and holo-LF and accounts for approximately 15—20% of
metal saturation.”® Native bLF is naturally composed of apo-
LF, holo-LF, and monoferric LF forms which are present in
whole milk in different proportions.’”® The level of iron
saturation has a great impact on the biological properties of a
protein. For example, microbiological studies showed that apo-
lactoferrin effectively inhibited the growth of pathogenic
bacteria strains (E. coli, Staphylococcus aureus, Pseudomonas
aeruginosa, Mannheimia haemolytica A2), whereas the supple-
mentation of holo-lactoferrin did not reveal any antibacterial
effect.’” In contrast, the supplementation of holo-LF ensured a
more efficient cellular iron uptake, probably due to conforma-
tional specificity of the iron-saturated protein.”® Traditional
methods of protein detection (ELISA, HPLC) and iron
determination (UV—vis, ICP-MS) do not solve the problem of
distinction and quantification of each of the present forms.*
Alternatively, Bokkhim et al. applied DSC studies to find the
correlations between the iron saturation level and the
thermodynamic parameters of protein denaturation.*’ How-
ever, the suggested approach had a limitation as the iron
content exceeded 75% because of the similarity in thermal
behaviors of mono- and diferric bLF. The results of cation-
exchange chromatographic separation performed by Makino et
al. showed the prevalence of apo-LF and monoferric LF
fractions in native hLE.*® Additionally, these forms might be
distinguished based on their charge surface properties. For
example, Kumar et al. observed three individual bands assigned
to apo-LF, holo-LF, and monosubstituted LF which were
present in buffalo LF samples. Results indicated a faster
electrophoretic mobility as the level of iron saturation in
protein increased.”'

Specific amino acid sequences and their particular arrange-
ment promote an LF high binding affinity toward ferric ions
(Ky = 10%°).** As a rule, iron complexation is accompanied by
coordination of the bicarbonate ion, which plays a fundamental
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role in holo-LF stabilization. The iron-binding site has an
octahedral geometry in which the ferric ion is chelated by the
imidazole ring of histidine (His253 in N-lobe, HisS9S in C-
lobe), phenolate oxygens of two tyrosinases (Tyr92 and
Tyr192 in N-lobe and Tyr433 and Tyr526 in C-lobe), the
carboxylate of aspartate (Asp60 in N-lobe, Asp39S in C-lobe),
and two atoms of oxygen from the bicarbonate ion (Figure 2).
Remarkably, bicarbonate incorporation is mediated by
interactions with the arginine side chain and hydrogen bonding
with threonine and the N-terminus of helix S in order to
maintain a higher protein conformational stability.**~* In the
absence of metal, the conformation of the LF binding site is
retained by intramolecular interactions, including the for-
mation of hydrogen bonding between the pair of side tyrosine
chains and van der Waals forces between histidine and aspartic
acid. Typically, the metal saturation is initiated by insertion of
a bicarbonate ion and followed by the attachment of two
tyrosine residues. In the final step, iron coordination is
completed by chelation with histidine and aspartic acid
residues.*® The coordination bonding lengths range from 1.9
to 2.1 A" Nevertheless, the results of LF tryptic digestion
performed by Rastogi et al. showed that the binding site
located in the C-lobe fragment was slightly deformed from an
ideal octahedron at pH below 6.8.*° The geometry of the
binding site is mainly influenced by the iron saturation level.
The authors have demonstrated that gradually lowering the pH
of the solution provides weakening of the bond strength
between the ferric ion and the N** imidazole atom of histidine
due to enhancing the repulsion forces between these atoms;
thus the coordination distance between these atoms tends to
be increased. Currently, in the PDB database there are
published crystallized structures of apo-LF isolated from
human, equine, and camel species, while holo-LF was analyzed
from human, bovine, buffalo, and equine organisms. Remark-
ably, the crystallization of native LF (mixture of apo- and holo-
LFs) has not been performed yet. As it was reported, the metal
content has a great impact not only on the geometry binding
site but also on the protein conformation in general. The iron-
free human LF revealed a more open conformation in contrast
to the iron-saturated form. What is important is that the N-
lobe undergoes loosening in apo-LF, while the C-lobe
constantly remains rigid even after the metal release.’”* The
exact reason for that structural singularity of the C-lobe is still
in question. Despite this, it would interesting to compare the
behaviors of both lobes in the LF native state. The
conformational changes induced by iron binding might vary
among LF different species. For example, camel apo-LF
possessed both open-structured lobes, thereby showing a
higher conformational similarity with apo-ovatransferrin than
with other lactoferrins.®’ In contrast, the three-dimensional
structure of mare apo-LF confirmed the presence of both N-
and C-lobes in the closed state.”” The authors explained that
the phenomena might be influenced by a difference in the
relative orientation between the N- and C-lobes and specific
interdomain interactions within the protein structure; never-
theless, this issue requires a more detailed review in the future.

Although the classical assumption affirms the chelation of
only two ferric ions per LF molecule, several studies confirmed
that the presence of additional binding sites on the protein
surface. As it was shown, the protein modification at
appropriate conditions, e.g. the molar ratio of reagents
(bLF:FeCl;:NaHCO;), pH, and temperature, enables the
formation of a supersaturated Fe—LF complex.”’ According

to results, a supramolecular structure of the synthesized
complex was proposed in which LF molecules (15—16) were
electrostatically linked through charged side chains of amino
acids and Fe’’—HCO; ions. Alternatively, Nagasako et al.
assumed that LF iron supersaturation might occur by electron
donor—acceptor interactions with shares of cysteine, histidine,
and tryptophan residues.”> Nonetheless, that question remains
open for future research.

Iron exchange by other metals also may induce significant
modification in the LF conformation. For example, replace-
ment of ferric ions with copper in the N-lobe led to
transformation of the binding site geometry to square
pyramidal, resulting in the formation of hydrogen bonding
between bicarbonate ion and tyrosine.”” Smith et al.’* studied
lactoferrin complexes with different forms of vanadium (V**,
VO*, VO,*). According to the results, metal chelation was
mediated by the same amino acid residues as in holo-LF;
however, the structural importance of bicarbonate ion
decreased with the increase of the vanadium oxidation
state.”® In contrast, the anion substitution of bicarbonate
with the much bigger oxalate anion led only to slight changes
of its arrangement in the binding site resulting in moving of the
side chain of arginine away. Baker et al. also pointed out that
the bigger size of substituted metal ions was characterized by
lower affinity to LE.>> Thus, a comprehensive study of the bLF
structure is crucial for characterization of the protein
conformational stability, detection of the potential binding
sites, and indication of the type of intra- or intermolecular
interactions. Besides, it provides critical insights into the
establishment of the relationship between the structure and
functionality of biomolecules which is highly important for
designing new drug candidates.

3. FACTORS AFFECTING LF STABILITY

It worthwhile to mention that LF conformation is charac-
terized by high sensitivity to various physicochemical factors,
such as pH, temperature, and ionic strength.*® Therefore,
careful planning of the experiment by the selection of
appropriate conditions is a necessary step for the protection
of the biomolecule’s native structure and its primary biological
function.

3.1. pH Conditions. LF stability and the level of iron
saturation are tightly related to each other and are
predominantly affected by the surrounding environment of
the medium, especially pH. High iron-binding capacity is one
of the fundamental features which contributes conformational
stability of the LF structure over a wide range of pH. The
nonchelated form of LF is considered more sensitive to
unfolding at extremely low values of pH. In contrast, holo-LF
was able to maintain ferric ions in the structure even at pH 2.**
LF desaturation is effectively carried out at pHs lower than 3.5,
obtaining the protein with <2% metal.>” As expected, that pH
lowering provides the opening of the LF conformation. The
metal release occurred much slower from C-lobe than N-lobe
binding site with pH lowering, which might be related to the
higher rigidity of the C-lobe and its greater binding affinity to
ferric ion.”® It has been demonstrated that iron dissociation
begins at pH 6.7 in the N-lobe of bLF, while desaturation of
the C-lobe was initiated at pH 5.6.°° A similar character of
desaturation was observed in the case of lactoferrin isolated
from human milk and neutrophils.”” Interestingly, in camel LF
metal release in the C-lobe begins faster than in the N-lobe at
pH 6.5 and 3.5, respectively.”” The stability of LF complexes
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might vary in dependence of the type of coordinated metal.
For example, Jabeen et al. showed that Zn?* dissociation from
the C-lobe starts much lower (pH 4.6), in comparison to Fe®"
(pH 5.7).°° Importantly, that pH-induced LF desaturation is
easily reversible and does not lead to the loss of primary
protein metal-binding properties.’”

3.2. lonic Strength. Since LF dispersion represents a
complex biocolloidal system, its stability is highly affected by
ionic strength. The presence of co-ions induces some
modification of the thickness of the electric double layer.’!
Protein interactions with water molecules are strongly related
to the type of present ions, which according to the Hofmeister
effect might be classified as kosmotropic (cation, destabilizing;
anion, stabilizing) and chaotropic (cation, stabilizing; anion,
destabilizing). Sodium chloride is known, as a salt possessing a
kosmotropic cation and a chaotropic anion, which tend to
interact strongly with protein carboxylic and amino groups,
respectively.”” Mela et al. reported that high electrolyte
concentration (>30 mM NaCl) disrupts the balance between
hydrophobic and electrostatic interactions in LF dispersion,
leading to formation of negatively charged aggregates of apo-
LE.%® These aggregates are described as micelles with bulk
positively charged groups inside aggregates and more exposed
to environment negatively charged groups. Conformational
rearrangements were corresponding to significant changes of
charge density on the protein surface, leading to reduction of
the value of the LF isoelectric point from 8.4 to 6 at ionic
strengths above 150 mM. Nilsson mentioned that LF
conformation undergoes destabilization by aggregation and
formation of amyloid fibrils at a relatively high NaCl
concentration (150 mM) and heat treatment to 65 °C.°*

3.3. Heat Treatment. Investigation of the heat stability of
bLF is an essential step in technological processing which
allows evaluation of the prospective of a macromolecule as a
biologically active additive in new conceptions of food,
cosmetic, and drug manufacturing processes. The treatment
of extremely high temperatures provides significant conforma-
tional changes in the LF structure and subsequent loss of
protein biological activity. It was shown that high temperatures
are one the driving forces that facilitate the release of bound
iron ions by weakening their interactions with LF binding
sites.”® A previous study reported that LF thermal stability was
positively correlated with the iron saturation level. Unsaturated
bLF possess a greater heat sensitivity due to its less closed
conformation, which makes its unfolding process more favored
than that in holo-bLF. Bokkhim et al. has observed a tendency
of apo-LF to denature at 70—71 °C, while the destabilization
of holo-bLF occurred at 89—92 °C.*" Besides, the pH of the
medium is an important factor that might contribute to LF
thermostability. Remarkably, the apo-LF form was resistant to
the formation of aggregates during ultra-high-temperature
(UHT) processing at low ionic strength and acidic conditions.
It was pointed out that pH 4 was the most optimal one
allowing LF to maintain its conformation and biological
activity under high-temperature processing.”® Heat treatment
of bLF could induce a cleavage of disulfide bridges following
by aggregation via thiol/disulfide interchange reactions. Many
authors revealed that LF two-step aggregation corresg)onds to
different thermal resistances of both LF lobes.”” Large
insoluble aggregates of apo-bLF solution start to appear at
60 °C.°® Nevertheless, soluble disulfide-linked aggregates of
holo-bLF (pH 6.6) were observed upon heating to 70—75 °C.
These bands were more visible by application of SDS-PAGE in

nonreducing conditions, because disulfide bridges were not
cleaved.'® Difference in aggregate solubility is caused by the
presence of ferric ion in the protein structure. Destabilization
of iron-free LF occurs too fast compared to iron-saturated LF,
favoring the formation of insoluble aggregates. Modification in
the tertiary structure of bLF as well as an increase of particle
size restricts protein interactions with bacteria membrane, thus
its bacteriostatic capacity was reduced.

The highest iron-binding capacity was characterized at lower
ionic strength below 0.01 M.®” Heating of LF above 80 °C at
an jonic strength above 0.1 M decreased the level of iron
saturation, precipitation, and partial unfolding. The authors
reported that conformational changes involved breaking only
noncovalent interactions (mainly hydrogen and electrostatic)
resulting in releasing ferric ion. Heating over 72 °C provides
only minor changes in the secondary structure of native LF
(pH 7.5).”° Simulation MD studies showed inconsiderable
changes in the contents of different types of secondary
structure in LF. These minor modifications mainly concerned a
partial reduction of the number of hydrogen bonds resulting in
partial unfolding of a-helix. The f-sheet structure was less
sensitive; thus the content of this structure remained constant
during thermal processing. However, the percentages of
random coils and turns in the LF structure were slightly
increased.”” On the contrary, Iafisco et al. showed that thermal
denaturation of LF was accompanied by reduction of a-helix
and a significant increase of S-sheet content.”" Goulding et al.
showed a similar effect of the irreversible transition of a-helix
into f-sheet structure by using a high temperature—short time
(HTST) thermal process.”> Thus, the composition of the
secondary structure of bLF may vary with regard to the applied
method of heat treatment. The temperature of denaturation
and enthalpy change of denaturation of holo-LF is much
higher than that of apo-LF, which suggests greater thermal
resistance of iron-saturated forms of protein."””* Application
of high hydrostatic pressure as and alternative to heat
treatment also confirmed much evident conformation stability
of iron-saturated LF at extreme conditions compared to metal
unsaturated LE.”*

Interestingly, relatively low temperatures are also capable of
modifying protein biological functions. It was observed that LF
storage of at 20 °C for 6 months significantly influenced the
protein immunomodulatory function. The level of secreted
tumor necrosis factor-a (TNF-a) decreased after hLF
exposure.”” TNF-a plays a crucial role in the regulation of
pro-inflammatory cytokine secretion and macrophage differ-
entiation providin_g more effective protection of the organism
against infections. © Therefore, the consumption of fresh milk
is extremely important in the case of infants since it allows
preserving the beneficial properties of the product.

4. ISOLATION OF bLF

LF isolation at a high level of purity might be a challenging task
since its total amount in milk is negligible compared to other
whey proteins.”” Currently, no standard procedure of
lactoferrin isolation is established (Table 1). It worth noticing
that the selected conditions of LF extraction might affect the
yield, purity level, and biological activity of the final product.
Main factors that might induce the modifications in each of
four levels of the protein structure are included: extremely low
pH, high temperature, pressure, and salt concentrations, and
addition of chemical denaturants. The mentioned factors could
lead to breakdown of intermolecular forces (hydrophobic,
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ionic, hydrogen, disulfide). For instance, Franco et al. reported
that the thermal denaturation of lactoferrin occurs in the range
from 60 to 90 °C in dependence on the saturation state.”®
Remarkably, thermal processing at high temperatures is
frequently accompanied by irreversible denaturation and as a
result the complete loss of the functionality of the
biomolecule.”” As it was previously reported, high pressure
processing (>400 MPa) is capable of modifying the surface
charge reducing the electrostatic repulsions between protein
particles and facilitates the formation of aggregates.”’ A
preliminary purification procedure involves a few pretreatment
steps, the number of which depends on the type of raw
material (whole milk, colostrum, sweet cheese whey, acid
whey). Traditionally, whole milk is subjected to centrifugation
to receive a skimmed milk. The whey fraction is obtained by
removal of casein micelles from skim milk resulting in acidic
precipitation at pH 4.6.°" Ton-exchange chromatography is
considered one of the most integrated techniques of LF
isolation. The major principle of protein fractionation is based
on a significant difference of isoelectric points between LF (pI
7.8—8.8) and the rest of the whey proteins, including -LG (pI
49-54), a-LA (pI 44-5.1), and BSA (pI 4.7-52)."* The
separation process is accompanied by strong interactions of LF
with the stationary phase, while other proteins are easily eluted
from the column.

In neutral pH positively charged LF has a much higher
affinity to a cation-exchange resin. Anionic sorbents containing
strong sulfopropyl (SP) and weak carboxymethyl (CM)
functional groups belong to the most commonly used resins
in cation-exchange chromatography.®” The adsorption behav-
ior and the strength of the interaction of the target protein with
the stationary phase could be modified, controlling the surface
charge of the biomolecule. Remarkably, Voswinkel et al. paid
attention to that the binding affinity of LF to adsorbent is
highly dependent on the protein saturation state.”” According
to results, apo-LF was more sensitive to applied separation
conditions and was characterized by a lower adsorption
capacity compared to holo-LF, especially at the low pH
range. It might be related to the structural singularities of both
LF forms and the difference in distribution of the surface
charge. As previously mentioned, apo-LF is characterized by a
more “open” conformation; therefore, it is possible to suggest
that it has more accessible ionizable groups in contrast to holo-
LF. The presence of minor amounts of lactoperoxidase (LPO)
molecules (pI 9.3—9.6) and immunoglobulins (5.5—8.3) might
become a serious hardship in the production of highly purified
biologically active LF by ion-exchange chromatography.** LPO
is known as a minor whey enzyme mainly involved in the
immune defense function and whose content in bovine milk
varies from 15 to 50 mg/ L. The problem of LPO elimination
could be solved by selection of the appropriate isolation
conditions, e.g. flow rate of the mobile phase, buffer pH, and
ionic strength.”> Uchida pointed out that the efficiency of
separation of LF from LPO might be improved by use of a
buffer solution with pH >S5 and ionic strength higher than
0.5.% For instance, Ng et al. applied two-step isocratic elution
with 0.4 and 0.6 M sodium chloride buffer (pH 7) for
fractionation of an LE—LPO mixture.”” The detection of LPO
is frequently performed with UV—vis analysis by measuring the
maximum absorbance in the Soret region at A, 412 nm.*’
Negligible amounts of lysozyme (0.15—2.7 ug/mL) also might
constitute an interfering factor (pI 11) during LF isolation.***”
In this case, the protein separation was performed by use of UF

zirconia membranes, modified with charged cationic (ethyl-
enediamine, EDA) groups.89 Interestingly, Lech et al. has
detected the presence of serum albumin after goat whey
treatment on a CM-Sepharose column.”® Thus, effective
separation of both proteins was achieved by anion-exchange
chromatography with a DEAE-Sepharose resin.

Affinity chromatography is another separation technique
frequently used for the purification of whey proteins. The
stationary phase is composed of immobilized antibodies
(ligands) that selectively interact with the target molecule,
while other components are easily eluted from the column.
Sepharose modified with heparin, metal ions, oligonucleotides,
monoclonal antibodies, organic dyes, and even other whey
proteins was mentioned as an effective adsorbent for LF
molecules.'”” Lampreave et al. showed that LF is favored to
form noncovalent associations with whey proteins, in particular
with f-LG.”" Therefore, the immobilization of insoluble f-LG
particles might be a potential approach for the successful
isolation of LE.”> Unfortunately, this method is insufficient for
bovine milk matrix since it contains great amounts of f-LG
which will also compete with LF for binding sites.

In recent years, membrane technology has been becoming
more attractive and rapidly developed in food production,
especially in the dairy sector. Membranes with specific pore
sizes are widely used during diverse technological processes,
e.g. microbial decontamination, defatting (microfiltration,
MF), concentration and fractionation of whey proteins
(ultrafiltration, UF), removal of low-molecular compounds,
mainly salts, lactose, and peptides (nanofiltration, NF; reverse
osmosis, RO).” LF purification by the membrane separation
approach is not implemented to such an extent as chromato-
graphic technologies, but it also has a great perspective of
application in large-scale production. To the major advantages
of membrane processing should be included less impact of
adsorption and diffusion effects during mass transfer in
comparison to chromatographic methods.”* In addition, it
enables high separation effectiveness and minimizes the risk of
destruction, since samples are subjected to low-temperature
conditions.”> Unfortunately, membrane separation becomes
challenging in the case of macromolecules with similar
molecular weights (such as BSA, 65—69 kDa; LPO, 77—90
kDa; and LF, 78—84 kDa).96 The selectivity of membrane
adsorption technologies might be improved as a result of
chemical modification of the membrane surface and attach-
ment of specific functional groups. One such approach
introduced the separation of milk proteins according to their
electric properties with the use of charged membranes.”” Basic
principles assume that proteins with the same net charge as the
filtration membrane are retained due to electrostatic
repulsions, while components having neutral or opposite-
charged surfaces easily pass through the membrane barrier.””

Valifio et al.”” showed that pH manipulation allowed for the
effective separation of individual proteins in BSA and LF
mixtures. In the experiment, the diafiltration was performed by
using charge-modified membranes made of regenerated
cellulose (100 kDa cutoff). The authors reported that the
most optimal fractionation of BSA was performed at pH S with
the use of a positively charged membrane; however, LF was
successfully isolated by application of a negatively charged
membrane at pH 9.7 On the other hand, the separation at
such conditions might be inefficient because it is known that
the pI of LF varies in a wide range from 4 to 10 in dependence
of the source of origin, level of glycosylation, the iron
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saturation state, or instrumental approach.” Internalization of
ion-exchange groups to the membrane surface, similar to ion-
exchange columns, provides improved separation of LF from
other milk proteins. Such an approach allows operation at high
flow rates and minimal diffusion effects. For example, Plate et
al. have demonstrated the separation of the LF—LPO mixture
from sweet cheese whey by a membrane adsorber modified
with sulfonic groups (Sartobind S)." It was revealed that LPO
was gradually eluted by increasing the ionic strength from 0.1
to 0.2 M NaCl, while the LF fractionation required 1 M NaCl
eluent. The obtained product was characterized by 95% purity.
In contrast, Teepakorn et al. performed the purification of LF
from BSA by use of monolithic columns equipped with cation-
exchange membranes, the same as previously described.” In
order to improve the LF recovery, the number of membranes
equipped into the column was increased to 33. Elution with
phosphate buffered saline (pH 6) provided a sufficient
adsorption of positively charged LF on the stationary phase
with the complete removal of negatively charged BSA
molecules. On the other hand, the application of columns
with monolithic material might be problematic due to poor
reproducibility as a result of pore size heterogeneity. The
combination of membrane and chromatographic techniques
represents another progressive trend in the isolation of milk
proteins. Lu et al. proposed an efficient two-step methodolo
aimed at large-scale LF isolation from bovine colostrum.’
Primarily, colostral whey was subjected to two-step UF on
regenerated cellulose membranes with cutoffs of 100 and 10
kDa, respectively. In the second step, LF was eluted from the
obtained filtrate using a cation-exchange SP-Sepharose column
and phosphate buffer (pH 7.7). Remarkably, the combination
of microfiltration with affinity chromatography enabled
obtaining LF product with a final purity of 95%.""" A stable
complex formed between LF and heparin Sepharose resin was
subjected to microfiltration to remove the unbound protein
fraction and other impurities. Finally, the target protein release
was conducted by changing the buffer ionic strength. Thus, it is
worthwhile to highlight that one of the most substantial
advantages of combined isolation techniques relies on the
possibility to obtain the product with higher recovery and at a
higher purity grade.

The extracted LF fraction is typically subjected to dialysis
(cutoff 12—14 kDa) for several days to remove salts and other
contaminants. Alternatively, it might be concentrated by using
the cross-flow filtration system Sartocon.' Drying is a key step
in the final preparation of lactoferrin which relies on receiving
the powdered product ready for packaging. Among the most
popular drying methods widely utilized in lactoferrin
preparation, freeze drying (lyophilization) and spray drying
might be distinguished. Although previously it was mentioned
that drying plays a negligible role in the structural stability and
functionality of lactoferrin, the recent studies showed by Morel
et al. proved the opposite effect."”® The authors noticed that
the spray-drying approach was more destructive in the case of
bLF samples inducing the denaturation of 14—17% of the
structure, while freeze drying caused only 7% of damage. Such
a difference might be related to the extremely high temperature
applied during spray drying (>140 °C) in contrast to freeze
drying (<40 °C). What is important is that the selected
method had no visible impact on the protein bacteriostatic
activity. According to results obtained by Wang et al, the
freeze-drying technique was much more effective in water
removal; thus the determined moisture content was only 2.7%

0

(w/w) while it was about 5—9% (w/w) in the protein after
spray drying.'’” Remarkably, the degradation effects in the
lactoferrin structure were not much evident as in the previously
mentioned study, and they varied in the range 0.9—2.0%.

5. RECOVERY OF WASTE PRODUCTS

As previously mentioned, the total amount of LF in cow milk is
trace and varies at about 0.01—0.05% (w/w).'”® Waste
products derived as a result of LF production constitute the
additional milestone in the industrial sector. The main goal of
this issue involves the maximum engagement of byproducts
obtained at every single stage in order to reduce the effects of
environmental pollution and prevent economic losses.
Generally, dairy waste might be divided into two categories:
effluent and sludge.'” Milk fat, separated during milk
microfiltration, might be utilized as a crucial element in the
formulation of various dairy products, e.g. cream, cheese,
cream cheese, butter, and anhydrous milk fat (AMF).'"’
Interestingly, the milk fat content plays a significant role in the
creation of unique origanoleptic features (taste, texture, color)
in the final product.'’" The recovered casein is characterized
by a high nutritional value, which enhances its attractiveness in
food manufacturing. Casein produced by acid precipitation is
insoluble in water; thus it is preferably dissolved by the
addition of a strong alkali, forming caseinates.''” Due to its
unique structure, casein is widely utilized for the delivery of
numerous bioactive compounds, stimulating the development
of novel dietary supplements or pharmaceuticals.'"* The whey
fraction remaining after LF isolation represents a rich source of
high-value proteins, e.g. a-LA, B-LG, SA, and Ig. Whey
proteins are characterized by rich contents of essential amino
acids which are easily absorbed by organisms and stimulate
muscle protein synthesis.''* Recently, the production of
functional beverages fortified with whey proteins for athletes
is gaining in popularity.'"> The major challenge in the
spreading of these beverages is focused on the selection of
the appropriate packaging and storage conditions to ensure the
maximum stability of whey proteins and to prevent their
denaturation and the loss of biological activity.

6. THE ROLE OF LF—METAL INTERACTIONS

Shortly after the isolation, the native protein is subjected to
some chemical modifications in order to obtain an LF form
with a desired level of iron saturation. LF desaturation is
traditionally performed by dialysis against citrate buffer at pH
<3.5 and then against deionized water. The described process
is known as reversible; thus the protein resaturation might be
carried out by mixing of apo-LF with ferric nitriloacetate (Fe-
NTA) and then against deionized water in order to remove
unbounded ions.*>* As it was shown in previous studies, LF is
characterized by the greatest thermal and conformational
stabilities among the rest of the proteins from the transferrin
family."'® Besides, the native structure of bLF exhibits a
relatively high resistance in the presence of proteolytic
enzymes.''” Many authors directly associated that phenomen-
on with the conformational specificity of binding sites between
LF and TF. The release of iron ions occurs 100 times slower in
LF compared to TF. Binding clefts of apo-TF, as a rule, possess
a more wide-open conformation being exposed to the aqueous
environment. On the contrary, the binding site located in the
C-lobe of LF favors maintaining the closed conformation even
during desaturation; therefore, the protein contact with the
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polar medium is always partly restricted.”® LF saturation
accompanies the closure of binding clefts which occurs in both
lobes."'® The greater percentage of bounded metal provides
the growth of surface tension of LF; thus the holo form of the
protein achieves a more compact structure.''® In contrast,
Bluard-Deconinck et al. did not notice the obvious difference
in iron-binding capacity between released N- and C-fragments
of LE.'*° Indeed, Lin et al. have related the changes in metal
complexation between C- and N-sites of apo-hTF with
different rates of bicarbonate insertion to each lobe.'”" Ferric
ions exhibited a more visible binding preference to the C-lobe
compared with the N-lobe as the concentration of bicarbonate
in the solution decreased. Baker as also pointed out the
importance of hydrogen interactions in the dilysine pair
(Lys206—Lys296) in the TF structure and its susceptibility to
iron release.'”” Remarkably, based on previous studies, the
presence of a more compact conformation of the N-lobe in
rTF and hTF than in bLF was reported.”” In this case, the
conformational variations between LFs from other species
were related to the specificity of amino acid composition and
lobe orientation, but not to iron-binding affinity.*” In addition
to this, SDS-PAGE analysis confirmed a higher susceptibility of
the bLF structure to trypsin digestion than bTF, showing a
greater degradation effect after enzyme treatment.'”’ Compar-
ing both iron-saturated proteins, 41% of TF remained
undigested after 24 h, while in the case of LF it was only
6%. Regarding this, TF could be a more compatible candidate
for cellular iron uptake in contrast to LF.

The metal incorporation mostly affects the LF tertiary
structure; however, a slight alteration in the secondary
structure is also present.'”* Based on CD studies, the
determined ratios of a/f structures at pH 7 were equal to
20.0/59.0 and 11.5/70.0 for apo-LF and holo-LF, respec-
tively.’® Indeed, Xia et al. reported that the percentage
contents of the individual secondary structures in apo-LF and
holo-LF were relatively similar and ranged about 18—20% of a-
helix and 53—55% of f-structure.'”

A characteristic feature of LF among other whey proteins is a
comparatively high isoelectric point. Based on the UniProt
database, the percentage content of basic amino acids
(14.66%) in the bLF polypeptide chain is higher than that of
acidic amino acids (11.03%). The protein surface contains
regions with high concentrations of positive charge, such as the
N-terminal region where the majority of basic amino acids are
located.'*® Although the protein isoelectric point is directly
related to the amino acid composition, the level of iron
saturation also has a great impact on the physicochemical
nature of the protein surface and the charge distribution.'”” As
a result, the isoelectric points of apo-LF and holo-LF can vary
due to differing availability of charged amino acids.”® For
example, Lys637 located in the C; domain and the Arg463 and
Lys544 residues of the C, domain are deeply buried in holo-
LF, although they became more exposed in the cleft of the apo
form.*® Isoelectric points of native LF and holo-LF determined
by potentiometric titration were found in the range 8.0—9.0
and dropped to 5.7, in the case of apo-LF.""” The major reason
for such a broad plI range for LF proteinmight also be related
to the type of applied instrumental method, e.g. isoelectric
focusing (IEF), two-dimensional gel electrophoresis (2D-
PAGE), capillary isoelectric focusing (cIEF), and potentio-
metric titration. For example, IEF performed by Voswinkel et
al. showed a negligible difference between the pI values of apo-
bLF and holo-bLF, which were in the ranges 9.3—9.4 and 9.4—

9.5, respectively.”’ However, the study of Yoshida et al. carried
out with the same technique reported the cationic character of
bLF, whose pl ranged from 4.8 to 5.3."*® Potentiometric
titration is another popular technique widely used for
characterization of electrochemical properties of biomolecules
which is based on the measurements of zeta potential in the
wide pH range by gradual addition of strong acid/basis. Many
aspects might be important during the analysis, predominantly
the type of dispersion medium, ionic strength and the protein
concentration. > For, example Pryshchepa et al. determined
that the pI of bLF dispersed in 0.09% (w/w) sodium chloride
solution at the concentration of 1 mg/mL was at about 7.4."*
However, Valifio reported that the pl of bLF suspension (1
mg/mL) in 0.01 M NaCl medium (which is equal to 0.06%
(w/w)) rose to 9.2."%°

Despite iron, several studies have confirmed the ability of LF
to interact with other metal ions, including Cu(II), Zn(II),
Mn(III), Co(II), Ti(IV), and Ag(I)."”""** It has been
reported that iron substitution with other metals induced
exclusively minor changes in the hLF structure; thus their
binding mechanisms are considered to be similar. Nevertheless,
among all of them, iron was characterized with the highest
binding affinity, indicating that the formation of LF—Fe
complex is the most favorable.'*” Indeed, even inconsiderable
conformational modifications of LF in protein structure might
cause fundamental changes of its biological activity. The
previously mentioned metals belong to d-block elements
(transition metals) which are frequently described as essential
mediators of various biological processes in the human
organism. Iron, copper, manganese, zinc, and copper act as
protein inorganic cofactors required for activation of enzymatic
reactions and for maintaining the structural stabilities of
biomolecules.'”® Besides, many metal—protein complexes
mediate in the regulation of cellular metabolism, oxygen
transport, and prevention of DNA damage."** Importantly,
metals are also capable of promoting the process of protein
glycosylation.'*” For example, Prabhu et al.">® pointed out that
manganese and iron ions might be involved in the regulation of
glycosylation pathways since they induce the activation of
glycosylation enzymes.'** However, the direct impact of these
metals on the glycosylation profile of LF has not been
discovered until now.

7. LF GLYCOSYLATION

Protein glycosylation is a post-translation modification which
has a fundamental influence on the biological activity of a
macromolecule in different aspects, including structural
stabilization, folding process, proteolytic resistance, immune
response, signal recognition, bacterial adhesion, and antiviral
activity.”" Glycans are considered the markers of evolution, and
their structures and diversity at each position are specific to
each species and are influenced by different factors. Milk
contains such glycosylated components as LF, k-CN,
immunoglobulins (IgG, IgA, IgM), a-LA, and LPO."*%'*
Glycosylation plays a crucial role in the physicochemical
characteristics of bLF, particularly the molecular weight and
ionic charge. The molecular mass of bLF is variable throughout
seasonality, the lactation period, and the cow’s feeding. All of
the mentioned factors contribute to the difference in
carbohydrate composition and glycosylation level of a
biomolecule. For instance, the overall number of N-glycans
has decreased from 41 to 22 after the transition of the
colostrum into mature milk.'> Besides, the structural diversity

https://doi.org/10.1021/acs jafc.3c06887
J. Agric. Food Chem. 2023, 71, 20500—20531
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of the detected glycans might be affected by the type of applied
mass spectrometry technique (MALDI-TOF/MS, ESI-MS).

Glycans in proteins are composed of N-acetylglucosamine
(GlcNAc), N-acetylgalactosamine (GalNAc), sialic acid
(NeuAc), mannose (Man), galactose (Gal), and fucose
(Fuc) monosaccharide residues. Monosaccharide units linked
in a particular order represent a glycan chain. Generally, the N-
type of glycosylation is only present in the case of the LF
molecule, which implies that glycan chains are covalently
attached to the nitrogen atom of the asparagine side chain via
GlcNAc."* The glycan core consists of two GIcNAc and three
Man residues. Three types of N-glycosylation are distin-
guished, e.g. complex, hybrid, and high mannose. This
classification is based on the carbohydrate moieties associated
with the glycan core. The heterogeneity of glycan chains is
predominantly affected by enzyme expressions in the bovine
mammary gland (mainly, glycosyltransferases and glycosi-
dases), lactation period, and availability of protein sub-
strate.>"**'** Complex and high mannose are the dominating
types of glycosylation in the cow’s mature milk.'*’

Glycan content in the C-lobe was higher than that in the N-
lobe, including three glycan chains.*” Asn368 is linked with
one unit of GIcNAc and Asn476 is bounded to one unit of a-
1,4-Man and two units of GIcNAc; however, the most
glycosylated residue was Asn54S, which is connected to four
units of @-1,4-mannose and two units of of GlcNAc.>® Based
on the number of glycosylation sites, LF can be classified into
LF-a and LF-b. Four completely glycosylated distinct N-linked
glycosites (Asn233 is located in the N-terminal while Asn368,
Asn476, and Asn54S are found in the C-terminal) are present
in LF-b."*" Despite all mentioned, LF-a has a fifth potential
glycosite which is found at the Asn281 position. The LF-a form
is more abundant in bovine colostrum than in mature milk
(glycosylation levels are 30 and 15%, respectively).'* Both
molecular forms might be separated by use of cation-exchange
chromatography with carboxymethyl resin. SDS-PAGE electro-
phoresis verified a greater size of LF-a (84 kDa) in comparison
to LF-b (80 kDa) as a result of additional glycan units at the
Asn281 residue.'*’ The structure of the glycan chain linked to
Asn281 was found to be heterogeneous involving GIcNAc,
GalNAc, Man, Gal, and Fuc moieties."** bLF-b was about 10
times less resistant toward trypsin digestion than bLF-a. Thus,
the glycan chain at the Asn281 position may actively
participate in the stabilization of the protein structure by
limiting the availability of basic amino acid residues to
enzymatic action.

Despite N-glycan attached at the Asn281 position, other
chains also may contribute to the stability of the protein’s
three-dimensional structure. Indeed, the glycan chain at
Asn54S5 is arranged between two domains; thus it can easily
participate in interactions with protein amino acids.” It has
been observed that this type of “protein—glycan” interactions
prevents the release of metal ion at lower values of pH and
protect bLF against proteolysis, enhancing the rigidity of the
C-lobe conformation. On the other hand, Van Berkel et al.
showed no difference in iron-binding capacity between
glycosylated and nonglycosylated forms of hLF.'**

The origin of LF is a crucial factor which affects the
composition and heterogeneity of glycan chains. It was
reported that bLF contained a high amount of sialylated N-
glycans, while fucose residues occurred predominantly in
hLFE.'* The content of sialylated N-glycans was higher in
bovine milk compared to human and goat milk.”” Sialic acid in

the glycan chain might be responsible for the maintenance of
metal in the protein structure. Desialation of human LF by
neuraminidase treatment induced the alteration in the iron-
binding capacity of bLF; thus the LF saturation level was 3-fold
reduced.'*° Interestingly, that resialation provided partial
restoring of the initial amount of bounded metal. Besides,
sialic acid is known as the only charged saccharide present in
LF, which is traditionally linked in the terminal position of
complex or hybrid N-glycans. Consequently, it can be assumed
that these carbohydrate residues are capable of modifying the
surface charge in glycosylated proteins. For example, Shimazaki
et al. related the difference in pI values of bLF isolated from
mature milk (pI 8.94) and colostrum (pI 8.3—8.52 and plI
8.18—8.32) with different contents of sialic acid in the
protein.”” The phenomenon of charge heterogeneity observed
in the pI of colostral LF also could be associated with some
variations in the glycosylation profile. Importantly, the
distribution of negative charge in bLF molecules was increased
after the sugar release (deglycosylation). Analogically, Barrabés
et al. noticed that a higher content of sialic acid has a tendency
to shift the protein isoelectric point to lower values.'*’

The role of glycosylation in the protein structure is not
completely understood until now. The monosaccharide
diversity of LFs from different species may contribute to
protein biological activity. In particular, this feature can
influence the antibacterial potential of bLF. For example,
Karav reported that the complete deglycosylation of LF
significantly reduced its antimicrobial action against E. coli
DHSa strains.'*® It was shown that apo-LF-a had higher
antibacterial activity compared to apo-LF-b, indicating the
importance of additional glycan at Asn281.'*’ Various studies
have noticed that sialic acid is capable of indirectly interacting
with the outer membrane of Gram-negative bacteria. The
highly acidic character of sialic acid ensures an effective
chelating of calcium ions from lipopolysaccharides leading to
destabilization of the bacterial membrane.'*” On the other
hand, it was shown that in the presence of diasialated hLF the
adhesion of Salmonella enterica significantly increased.'”
Deasialated bLF exhibits higher antiviral activity against
rotavirus infection than native bLF. Treatment by deglycosy-
lated and desialated bLF showed a more effective inhibition of
influenza virus infection, especially at the initial step of viral
invasion.">” It was suggested that deasilation facilitates the
interaction between anionic cellular membrane and bLF; thus
the protein becomes more competitive for host cells binding.
Furthermore, sialic acid removal enhances the bLF—virus
interactions which is leading to prevention of the binding of
viral particle to cellular receptor.'”’ It was reported that the
highly fucosylated N-glycan core in human milk positively
influences the gut microbiota of infants, reduces the number of
pathogen infections, and promotes the growth of beneficial
Bifidobacterium and Lactobacillus strains.">*

8. MULTI-INSTRUMENTAL APPROACH FOR LF
CHARACTERIZATION

The application of a series of instrumental techniques enables
the comprehensive characterization of native LF as well as its
complexes, including the molecular mass, isoelectric point,
metal saturation level, unfolding degree, secondary structure
composition, and conformational stability (Table 2). Besides,
the combination of the appropriate analytical techniques will
provide the information on the most unknown aspect of LF
structure—glycosylation. To the most relevant tools com-
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Electron microscopy

o the analysis of the LF
surface morphology

o the study of the protein
structural dynamics
under different
environmental conditions

o characterization of the
LF complexes

SDS-PAGE

o determination of the
protein purity

o molecular mass profiling

« characterization of the
protein susceptibility to
proteolysis

MALDI-TOF/MS

o protein identification

« characterization of the
LF glycosylation

o determination of the
protein molecular mass

« indication the presence
of impurities

Intensity

Multi-instrumental
approach

Capillary electrophoresis

the analysis of LF purity
protein detection
potential approach for

distinction of LF forms
based on the iron
saturation level

FTIR

« identification of the protein
functional groups involved
in the interactions
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Figure 3. Multi-instrumental approach for studying lactoferrin protein. Created with BioRender.com.

monly used in the context of LF research are included
spectroscopic, electromigration, crystallographic, chromato-
graphic, microscopic, calorimetric, and spectrometric techni-
ques (Figure 3). The advanced instrumental studies on
lactoferrin are necessary for the establishment of the
relationship between protein structure and its functionality.
The present section aims to display the specific details of the
methods and the possible issues and challenges during LF
detection.

8.1. Spectroscopic Techniques. 8.1.1. Ultraviolet—Visi-
ble (UV—vis) Spectroscopy. UV—vis spectroscopy is known as
one of the most popular methods for studying the iron-binding
properties of lactoferrin. The measurements of the absorbance
relationship A,s5/A,50 can be helpful in the distinction of the
degree of iron saturation in bLF.">* Generally, the decrease of
the absorption intensity ratio indicates the release of ferric ions
from the complex. Remarkably, different glycosylation levels of
hLF do not contribute significant changes in UV-—vis
spectra.'® The analogical mechanism of cation—7 interactions
induced the rise of the absorption peak in the case of
lactoferrin complexes with copper(Il), manganese(III), and
cobalt(I1I) ions at the following wavelengths: Cu—LF 438 nm
(e = 4800 mol™' L cm™"), Mn—LF 435 nm (¢ = 9620 mol™* L
cm™'), and Co—LF 405 nm (& = 10 340 mol™ L cm™).'"¢?
Remarkably, that characteristic LMCT band was not present
after the addition of Mn(II) and Co(II) ions, which might be
related to the coordination of these metals to other binding
sites in the LF molecule, not including deprotonated tyrosine

residues.'® Lucas studied protein spectral properties in the
presence of Li*, Na*, and Cs* ions. The authors reported that
the change of the absorption peak position was mainly
influenced by hydrogen interactions and proton transfer
between metal cations and the tyrosyl group.'®® Indeed,
UV-—vis spectroscopy is characterized by the much lower
sensitivity of iron quantification in comparison to the ICP-OES
and ICP-MS techniques. Bokkhim et al. reported that the
absorption peak at 465 nm was not visible during the detection
of apo-LF.'®* Despite this, the application of the UV—vis
approach is limited in the case of supersaturated LF complexes.
According to a basic assumption, holo-LF is capable of binding
a maximum of two ferric ions (g, 1.4 mg/g); however,
Pryshchepa et al. found the 54 total iron-binding sites (g,, 36.3
mg/g) in one bLF molecule.'®

8.1.2. Fluorescence Spectroscopy. Fluorescence spectros-
copy allows the determination of the stability of LF
conformation and indicates unfolding processes. Destabiliza-
tion effects related to protein interactions with metals might be
confirmed by the red shift of fluorescence emission maxima
from 330—340 nm to 350—355 nm.'®® The pH-induced
exposure of aromatic amino acids is commonly corresponding
to the denaturation of the polypeptide chain. For example, the
emission maxima of apo- and holo-LFs at pH 2 were detected
at 353 and 348 nm, respectively.”® Measurements of the
fluorescence intensity ratio Fj30/F;5o allow indication of the
degree of protein unfolding upon different physicochemical
conditions.”” For instance, the intrinsic fluorescence might be
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helpful for monitoring the conformational alterations in the
protein structure during iron chelation. As it was previously
reported, the level of metal saturation is another factor which
affects the position of the LF emission peak. Thus, Wang et al.
noticed the characteristic band of apo-LF at 336 nm, while in
the case of holo-LF it was shifted to 343 nm, indicating the
exposure of tryptophan to a more polar environment.'*®
Similar results were reported previously by Sreedhara et al. that
indicated the maximum emissions at 337.07 and 342.96 nm,
for apo-LF and holo-LF, respectively.”® Remarkably, Moshta-
ghie et al. did not observe any difference in the position of the
emission band (A, 355 nm) between apo- and holo-LFs;
nevertheless, the fluorescence intensity decreased (quenched)
to 35% after the addition of metal.'®” The presence of metals
has a tendency to reduce the fluorescence (quenching) of the
LF molecule. Previously, Harrington et al. related the
fluorescence quenching induced by Fe(IIl), Mn(III), and
Co(Ill) ions to intermolecular energy transfer which
corresponds with specific interactions of metal ions with
tyrosine residues and conformational changes around LF
binding sites.'* Ainscough et al. showed that among all of
cations, ferric ions were the most effective quenchers, probably
because of their the highest binding capacity to LE.'*® The
analysis of the protein fluorescence quenching is made with the
Stern—Volmer relationship, which is expressed by eq 1:

By 1+ K[
F al ®
where F is the protein fluorescence intensity in the absence of
quencher, F is the protein fluorescence after the addition of
quencher, K is the Stern—Volmer quenching constant [M™1],
and [Q] is the molar concentration of the quencher [M].

The mentioned model is capable of delivering the essential
information on the binding affinity and stoichiometry of
complex formation. The major problem that arises in studying
LF conformational changes upon iron saturation is based on
the nonlinear behavior of the Stern—Volmer plot."®® This
phenomenon might be explained by the accessibility of
fluorophores located in two potential binding sites and their
different abilities to interact with metal ions.'® Therefore, the
results obtained by spectrofluorimetry seem to be complicated
for interpretation of the mechanism of Fe—LF complex
formation. In this case, experimental conditions, e.g. temper-
ature, solvent type, pH, and concentrations of protein and
ligand, should be carefully controlled, since all of these factors
might affect the plot linearity.

8.1.3. Fourier-Transform Infrared (FTIR) Spectroscopy.
FTIR spectroscopy is an essential instrumental tool which
delivers necessary information on the stability of protein
conformation and ensures the identification of active func-
tional groups involved in protein—metal binding. Positions of
characteristic amide bands at the spectral ranges of 1700—1600
cm™! (amide I), 1600—1500 cm™" (amide II), and 1350—1200
cm™' (amide III) allow distinguishing the type of secondary
structure (a-helix, f-sheet, turn, loop, random coil, unordered
structure) and determining the strength of interchain hydrogen
bonding,'” Asp and Glu residues are commonly found in the
ranges of 1430—1380 cm™ and 1600—1550 cm™ (amide II),
respectively. The frequency of these peaks might be
considerably shifted upon interactions with metal ions.'”"
The difference A(rv, — v,) indicates the form of metal
chelation by carboxylate (unidentate, >260 cm bridging,
<200 cm™} pseudobridging, <150 cm™}; bidentate, <105

cm™)."”* These calculations might be an helpful in verifying
the geometry of LF binding sites upon metal binding. The
combination of FTIR spectroscopy with thermoanalytical
techniques, especially DSC, might provide necessary informa-
tion on the stability of the LF tertiary structure. Recently it was
discovered that absorption peaks at 1690 and 1615 cm™
frequently appear upon protein denaturation, while the band at
1627 cm™! reflects the formation of amyloid aggregates.®”"'¢
FTIR spectroscopic analysis study of the protein—ligand
molecular interactions might provide the important informa-
tion on the iron role in the LF conformational stability. For
example, FTIR spectrum obtained by Pryshchepa et al
confirmed the contribution of tyrosine residues and deproto-
nated aspartate and glutamate side chains in the chelation of
ferric ions.'®> What is important is that the performed
deconvolution analysis by Hadden et al. did not detect any
visible difference in the secondary structure content of LF after
the removal of iron."'® So it was in later research.'”® Thus, it is
worthwhile to conclude that FTIR spectroscopic analysis might
not be a suitable approach for distinction of LF forms at the
different saturation states.

8.1.4. Raman Spectroscopy. Raman spectroscopy is a
fundamental instrumental technique which is relevant for the
study of structural stability and detection of inter- and
intramolecular processes within a molecule such as folding,
defolding, and aggregation.174 In addition, it enables
monitoring of the conformation changes in the protein
structure upon modification with different ligands. Similarly,
as in the case of FTIR spectroscopy, Raman spectroscopy
might be combined with DSC studies to monitor the heat-
induced changes in the secondary structures of apo- and holo-
LFs. As a result, Iafisco et al. has pointed to a positive
correlation between the intensity of bands assigned to tyrosine
at 1520 and 1170 cm™' and the metal saturation level.”" In
contrast, the study on iron-binding proteins (ferritin, trans-
ferrin) indicated the appearance of new peaks related to Fe—O
and Fe—NO coordination bonds in the range 460—420
ecm™.'7> The direct application of Raman spectroscopy in
the study of protein glycosylation might be challenging due to
possible signal overlapping that causes some difficulties in
spectra interpretation. Previously, it was found that LF
deglycosylation is typically accompanied by visible conforma-
tional changes and polarity modifications, especially around
aromatic amino acids. Consequently, the band shifts might be
observed in a few spectral regions: 1610—1600 cm™" (Tyr),
1360—1340 cm™" (Trp), 1280—1210 cm™ (Tyr), 1010—1000
cm™ (Phe), and 880—870 cm™ (Trp). Unfortunately, the
glycosylation profiles in bLF were poorly studied with Raman
spectroscopy until this time. Ainscough et al. studied the
spectral properties of metal-saturated hLF complexes sub-
stituted with Fe(III), Cu(Il), Mn(III), Co(III), and Cr(III)
ions.'® On the basis of the obtained Raman spectra, the
authors assumed similar binding sites for all of the synthesized
complexes. This indicated the presence of intensive signals
attributed to tyrosine residues in the frequency ranges 1660—
1650 cm™!, 1510—1490 cm™!, 1280—1250 cm™, and 1170—
1160 cm™!, which confirmed their strong coordination with
metals. One of the meaningful disadvantages of Raman
spectroscopy is related to fluorescence interferences that are
induced by the operating laser excitation wavelength (mostly
532 nm)."”® As a result, it leads to signal suppression and the
lowering of the method sensitivity. Surface enhanced Raman
spectroscopy (SERS) is an advanced approach of Raman
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spectroscopy in which the analyte excitation is assisted by
metal nanostructures (AgNPs, AuNPs). In contrast to
traditional Raman spectroscopy, it characterizes by improved
sensitivity and ensures the reduction of the fluorescence
background. Despite this, SERS analysis might demonstrate a
low reproducibility due to size heterogeneity of nanoparticles.
In addition, it was revealed that the LF concentration had an
impact on the spectral characteristics; thus the application of
the SERS a7p7proach requires a detailed optimization of the
conditions."

8.1.5. Dynamic Light Scattering (DLS) and Zeta Potential
Measurements. DLS is a relatively simple technique which
allows for rapid determination of the hydrodynamic diameter
of dispersed biomolecules. The size of LF particles is relatively
small and ranges between 2 and 13 nm.”* DLS is considered an
ideal technique for monitoring the sample polydispersity, as it
is known that LF not only occurs in monomeric form but also
might undergo self-association. As it was reported, the
formation of LF aggregates was regulated by intramolecular
electrostatic interactions, thereby forming a spherical micelle
structure. What is interesting is that the direct role of chelated
iron in the LF hydrodynamic size has not been extensively
studied. According to crystallographic studies apo-LF showed a
more open structure, while holo-LF was characterized by a
more compact conformation.”” Thus, it might be assumed that
the protein hydrodynamic size will decrease as the iron
saturation increases. Valifio et al.'*’ reported that the diameter
of apo-LF varied from 8 to 13 nm in the pH range 4-9.
Unfortunately, information on the size changes of the saturated
LF form is limited. Jabeen showed that the hydrodynamic
diameter of the diferric LF dissolved in Tris buffer at pH 8 was
equal to 6.94 nm.*’ In addition, the determined size of the
iron-saturated C-lobe was 3.83 nm (pH 6.5), while the same
fragment complexed with zinc ions was about 4.21 nm (pH
3.8). It is worth noting that the values of hydrodynamic size of
apo- and holo-LFs could be barely comparable, since the
measurements should repeated at the same conditions. The
results might differ in dependence on the pH, the temperature,
the protein concentration, the type of used electrolyte, and the
ionic strength. Remarkably, Mela et al. showed that the salt-
induced aggregation with 100 mM NaCl solution gromoted
the growth of the LF diameter even to 100 nm.® Besides,
protein functionalization with other ligands frequently leads to
modification of the lactoferrin surface and structural rearrange-
ments. The typical increase of LF hydrodynamic diameter
might be related to the reduction of conformational rigidity as
well as to the formation of additional coating layers.

Interestingly, the way of protein drying also has a valuable
impact on the particle size.'”” The measurement of the
electrokinetic potential (zeta potential, {) is an essential step in
the designation of protein surface electrical properties and
colloidal stability. Values higher than { + 25 mV inform about
the prevalence of electrostatic repulsions over attraction forces
in analyzed dispersions.’®'”” Pryshchepa et al. showed that
the LF charge is highly dependent on sample conditions, and
values of { %radually changed from +20 to —6 mV over the pH
range 4—9.'% Previous results indicate that the LF surface
remains positively charged over the wide pH range. The
reduction of the zeta potential to 0 mV occurs around pHs
close to the protein isoelectric point. According to the majority
of works, it was revealed that the LF isoelectric point is 8—9,
which implies the prevalence of basic-character amino acids in
the protein sequence. On the contrary, Yoshida reported that

the LF surface charge was less positive and the pI value was
found around 4.8—5.3."%" As it was previously mentioned, the
pl of bLF is highly dependent on the iron saturation level.
Significant conformational modifications induced by iron
saturation provide valid changes in the bioavailability of
amino acids, especially with charged side chains. According to
Bokkhim et al,, the LF desaturation accompanies the exposure
of negatively charged regions; thereby the pI was indicated at
about 6.3.""” In contrast, the ionizable protein groups tend to
be bulked inside the compact structure of holo-LF; thus the
determined pl increased to 8.6. Besides, the negatively charged
surface might be neutralized as a result of interactions with
ferric ions. The measurement of the zeta potential is widely
used for characterization of the colloidal stability and surface
charge properties of LF, but this approach is not relevant for
the quantitative analysis of the iron content. As in the DLS
studies, the obtained zeta potential results are strongly affected
by the measurement conditions. Functionalization of proteins
usually accompanies evident changes of their physicochemical
features. Immobilized metal ions tend to electrostatically
interact with protein functional groups (in particular, with Asp
and Glu) inducing neutralization of the surface charge or
inversion to more positive.'*” Besides, the study of AgNPs
coated by bLF at pH 7 showed that the protein has a tendency
to reduce the negative surface charge of metal nanoparticles
from —28 to —6 mV.'® Destabilization of AgNPs was
predominantly induced by their interactions with basic side
chains of bLF. The opposite effect was observed in LF
complexes with hyaluronic acid (HA)."** As a result, the zeta
potential of pure LF has changed from +9.6 to =30 mV in LF—
HA systems.

8.2. Electromigration Techniques. 8.2.1. Sodium Do-
decyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-
PAGE). SDS-PAGE analysis has been widely used for the
verification of molecular profiles in biomolecules. The key
principle of the separation relies on the different mobilities of
charged particles under an electric field that appear as a result
of the difference of their molecular sizes (2):

__1
6mnr 2)

€

where y, is the particle electrophoretic mobility [m? s™ V™!];
q is the particle charge [C]; # is the dynamic viscosity of the
medium [Pas]; r is the size of the particle [m].

A single bLF band is traditionally expected in the range 78—
80 kDa; nevertheless, small portions of high molecular wieght
aggregates also might be present. What is important is to select
the proper LF concentration since the small protein amount
might undetectable on the electropherogram. Gel permeation
chromatography (GPC) might be alternatively utilized instead
of SDS-PAGE. In this approach, the molecules are separated
based on their hydrodynamic sizes. The basic principle of GPC
fractionation assumes that the larger molecules are eluted first
from the column, while the smaller components tend to
interact with column porous beads; thus they are eluted last.
GPC is considered a relevant technique for the detection of
high molecular weight (HMW) LF associates. As it was
mentioned previously, LF tends to interact with other whey
proteins and also could undergo self-aggregation. LF tetramers
belong to one of the most abundant multimeric fractions
whose bands might be observed at about 300—350 kDa.'*’
Wang et al. indicated several LF fractions at about 150, 250,
300, and 800 kDa as a result of interactions with other milk
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components, e.g. caseins, immunoglobulins, serum albumin,
and lysozyme."" The LF size might be affected by various
factors, e.g. degree of glycosylation, source of isolation, way of
storage, and type of bounded ligand. It has been reported that
the molecular weight of unsaturated hLF after the complete
removal of carbohydrate chains decreased from 80 to 75
kDa.'®® Generally, it is expected that the molecular weight of
LF is not strongly affected by the degree of metal saturation.
Nevertheless, Pryshchepa et al. observed a slight difference in
mobility between native bLF and supersaturated Fe—bLFE."*’
Nagasako et al. explained this phenomenon by the presence of
additional metal binding sites which contribute to the
modification of the protein surface charge.”” Ying et al.
confirmed the difference in electrophoretic mobility between
both saturated and unsaturated forms of LF."*"

Iron saturation is accompanied by visible conformational
changes in the LF structure; however, the authors pointed the
impossibility of the distinction of mono- and diferric LF forms
by SDS-PAGE analysis. In addition, it was found that iron
chelation first occurs in the N-lobe and then in the C-lobe.
SDS-PAGE analysis is widely applied during enzymatic
digestion in order to estimate the susceptibility of protein
structure under different proteolytic conditions. Sharma et al.
determined that the size of the bLF C-lobe generated by
hydrolysis with proteinase K was slightly bigger than the N-
fragment, as their bands appeared at 38.6 and 38.4 kDa,
respectively.”® Rastogi et al. also did not notice any significant
difference in the size between of both lobes of bLF obtained by
tryptic digestion, where each was at about 38 kDa.*® The
gradual dropping of pH to 2—3 creates more favorable
conditions for the acidic hydrolysis of LF and provides
cleavage of the polypeptide chain and formation of smaller
biologically active protein fragments.'*” On the basis of in vivo
studies Furlund et al. observed the greatest degradation level in
the LF molecule after treatment with gastrointestinal juice (pH
2.5) after 30 min.'”’ Besides, the stability of LF might vary
depending on the protein origin. According to Ma et al’s
studies, it was detected that bLF exhibited much lower
resistance to pepsin digestion in comparison to hLF.'"”" The
difference may be a result of glycosylation heterogeneity in
proteins from other species. SDS-PAGE is an essential tool
used in LF detection and the examination of its purity in the
individual fractions during the isolation process. For example,
a-lactalbumin as one of the most abundant milk proteins is
commonly observed at 15 kDa on LF electropherograms.””
Therefore, the presence of the additional patterns will indicate
the low purity grade of the achieved product as a result of
inappropriate separation conditions.

8.2.2. Capillary Electrophoresis (CE). Capillary electro-
phoresis is regarded as a more economically friendly separation
method in comparison to chromatographic techniques.
Similarly to SDS-PAGE, the molecule separation is based on
the difference in electrophoretic mobilities. The major problem
that arises in CE analysis is during the protein detection related
to interactions between analyte and coated functional groups
of the capillary wall, inducing the electroosmotic flow (EOF)
problem. As it was shown, the LF detection might be
performed in positive voltage (pH 4) and in negative voltage
(pH 10) as well. Nevertheless, it was confirmed that the LF
analysis at pH 10 provided the improved sensitivity and the
peak shape.”> Accordingly, it could be assumed that the
optimal analysis of LF molecules by CE is more favorable at
the basic conditions above the determined isoelectric point,

since the protein as well as silanol groups of the capillary wall
both remain negatively charged. Recently, Li et al. performed
an effective separation of LF by modification of running buffer
with the nonionic surfactant polyethylene glycol dodecylether
(Brij 35) using acetic acid as the sample buffer.'” It was
observed that the addition of Brij 35 had a positive effect on
the specificity and selectivity of the analysis in the context of
LF study. Affinity capillary electrophoresis (ACE) is one of the
developed approaches of the traditional CE which is based on
the addition of some modifiers to running buffer which
characterize a high binding affinity to analyte and aim to
improve the separation efliciency. Consequently, the formed
protein—ligand complex minimizes the risk of interactions with
the capillary wall and reduces EOF. For example, Heegaard et
al. showed that no peak of LF was observed by using
unmodified sodium phosphate buffer (pH 6—8); however, LF
was detectable after the addition of heparin to the buffer
solution (pH 8).'”* The identification of apo- and holo-LF
forms by CE was not comprehensively investigated until now.
Nowak et al. studied the separation of apo- and holo-LFs
testing fused-silica and neutral capillaries.'” The results did
not show significant changes in the migration time of both
forms; nevertheless, their peak positions were exchanged after
the inversion of polarity in the capillary. Thus, it might be
assumed that the CE approach is not selective for proteins with
different iron saturation degrees since the electrophoretic
mobilities of apo- and holo-LFs do not differ significantly
between each other.

8.3. Crystallographic Studies. 8.3.1. X-ray Diffraction
Analysis (XRD). Crystallographic analysis provides detailed
information about the organization of the protein structure on
the atomic level. Moreover, the visualization based on electron
density maps is a powerful tool for monitoring conformational
changes in complex-organized structures, like metalloproteins.
It gives an opportunity to determine the number of potential
binding sites, their geometry, localization inside crystallized
biomolecule, and coordination distances.'”® Shongwe et al.
reported the geometric rearrangements in the N-lobe of hLF
upon iron(III) substitution by copper(Il) ions.'”” According to
the gained results, incorporation of Cu®" ions was accompanied
by the formation of a monodentate complex (instead of the
observed bidentate carbonate site, as in Fe—LF) with
carbonate anions which led to the transition of the
coordination geometry from octahedral to square pyramidal.
Indeed, XRD studies clarify the nature of protein—metal
interactions and predict the biological properties of created
complexes. Smith et al. mentioned the importance of
interactions between ruthenium(IIl) and hLF in the develop-
ment of novel antitumor agents.'”® Crystallographic research
proved the octahedral geometry of the Ru—LF complex was
maintained by two histidine residues and four water
molecules.'””

8.4. Chromatographic Techniques. 8.4.1. High-Per-
formance Liquid Chromatography (HPLC). High-perform-
ance liquid chromatography (HPLC) is known as a
fundamental analytical tool widely employed for sensitive
detection and accurate quantification of biologically active
components in the complex matrix. In the case of LF analysis,
an extensive pretreatment procedure of milk samples is
required. It normally obligates defatting, the precipitation of
caseins, and centrifugation.200 It is worth noting that HPLC is
relevant for the quantification of intact LF but not protein
hydrolysates.””" HPLC is applied during the optimization of
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protein isolation to determine the method’s effectiveness, the
denaturation level, and the content of biologically active LF.
Parra-Saavedra et al. successfully performed a separation and
determination of LF concentration in human milk.”"* The
authors selected Kinetex XB C18 as a stationary phase and
subjected a sample to gradient elution with a mixture of A and
B phases as 0.1% (v/v) trifluoroacetic acid in water and
acetonitrile, respectively. On the other hand, Zhang et al >
reported that C4 was more optimal for bLF quantification in
contrast to a C18 column. The authors pointed out that the
protein separation by a column with a shorter carbon chain
(less hydrophobic) improved the overall peak shape, reduced
the baseline drift, and provided a better repeatability.”*’
Despite the high efficiency and short time of analysis, the
separation by C4 columns might induce worse peak resolution
in the case of complex samples. Remarkably, a C8 column
might be an alternative variant instead of C4 and C18. The LF
concentration in the goat milk was quantified using a Poroshell
300SB-C8 column and linear gradient elution with water/
acetonitrile/trifluoroacetic acid at the following volume ratios
(v/v) of phase A (95:5:0.1) and phase B (5:95:0.1).>"* Tsakali
et al. applied similar conditions for the determination of bLF
content in feta cheese whey utilizing a Zorbax SB 300-C8
column and gradient elution with an acetonitrile, water, and
trifluoroacetic acid mixture at the proportions of 50:950:1 v/v
(solvent A) and 950:50:1 v/v (solvent B).>*> While HPLC is
considered a great technique for the analysis of native proteins,
liquid chromatography coupled with tandem mass spectrom-
etry (LC—MS/MS) is suitable for overall bLF quantification as
well as for the identification of characteristic peptides. The
determination of bLF in complex samples is typically
performed in multiple reaction monitoring (MRM) mode.
The major task during the MRM approach is based on the
selection of the appropriate precursor ion and then to optimize
the collision energy. For example, Yuan et al. chose the
ETTVFENLPEK (230—240) fragment for further investiga-
tions due to the highest mass response among other
peptides.””® As it was described in an earlier section, the
major advantages of the LC—MS/MS approach is related to a
capability of monitoring protein post-translational modifica-
tions. In addition, LC—MS/MS was also utilized for evaluation
of the effect of protease action on the level of bLF degradation.
The peptide separation was performed using a C18 column as
the stationary phase and a mixture of 70% acetonitrile and
0.1% formic acid (v/v) as the mobile phase. The number of
identified peptides during in vitro and in vivo conditions was
variable and depended on a number of factors, e.g. pH, time,
and protease composition (gastric and duodenal juices).'”’
8.5. Electron Microscopy Techniques. Electron micros-
copy is considered a powerful tool which is frequently applied
in the estimation of the quality of milk products by
characterization of their microstructures.”’’ Imaging techni-
ques also are suitable for an effective monitoring of structural
changes in samples under different environmental factors, e.g.
temperature, pH, and ionic strength, and the detection of
precipitates. Rodzik et al. have noticed apparent changes in the
morpholo§y of individual caseins upon their modification with
Zn** ions.””® It has been reported that the formation of protein
aggregates was preferred at the highest metal concentration
(600 mg/L). Imaging techniques are important in verifying the
decomposition heterogeneity of adsorbed metal. In addition,
metal immobilization onto the protein surface represents a
novel approach of nanocomposite synthesis, which in turn

corresponds with expanded biological activity of biomolecules.
Obtained micrographs by Krol-Gorniak et al. demonstrated
that incorporation of zinc ions into the ovalbumin structure
was followed by the formation of ZnO nanostructures.””’
8.6. Calorimetric Techniques. 8.6.1. Isothermal Titra-
tion Calorimetry (ITC). ITC is a popular nondestructive
calorimetric technique widely used for the biophysical study of
protein—ligand interactions. Various parameters characterizing
the metal binding to the biomolecule, including enthalpic
(AH) and entropic (AS) changes as well as stoichiometry (N),
might be determined by ITC analysis. In turn, AH and AS
values will provide the information concerning the nature of
binding forces between the protein and metal ions and indicate
the spontaneity (3) of protein—ligand complex formation:'**

AG = AH — TAS (3)

where the following imply, for AG < 0, a spontaneous process;
for AG = 0, binding equilibrium; and, for AG > 0, a
nonspontaneous process.

Thus, the following relationships are attributed to (1) for
AH > 0 and AS > 0, hydrophobic interactions; (2) for H < 0
and AS < 0, hydrogen bonding and van der Waals forces; and
(3) for H < 0 and AS > 0, electrostatic interactions.'®® Greater
values of the association constant (K,) indicate higher stability
of the Me—LF complex. Tang et al. reported the highest
binding affinity of zinc ions to LF (K, = 2.7 X 10° L/mol) in
contrast to the rest of whey proteins.”'’ Accordingly, for
calculated thermodynamic parameters (AH = —100 kJ/mol;
AS = —250.5 kJ/mol-K), the prevalence of hydrogen and van
der Waals interactions in the Zn—LF binding mechanism can
be assumed. In contrast, Bou-Abdallah et al. reported that hTF
binding with Fe*, Ti*', VO*', and VO, is a spontaneous
process predominantly driven by electrostatic interactions.”"’

8.6.2. Differential Scanning Calorimetry (DSC). DSC is a
popular calorimetric technique which allows determination of
thermostability and monitoring of the phase transitions of LF
and LF complexes under heating conditions. Protein
denaturation is an endothermic process whose value of
enthalpy change (AHy) is correlated with the thermal
resistance of the biomolecule.”’” It has been reported below
that iron saturation positively influences LF thermal properties.
Thermograms obtained by Bokkhim et al. showed that the
chelation of two ferric ions per LF molecule corresponded to a
significant shift of the denaturation peak (T;) from 70—71 °C
to 90—92 °C."" Remarkably, DSC might potentially be applied
for distinction of LF forms based on their iron saturation
states. As it was reported, native alpaca LF exhibited three
peaks on the thermogram at 66, 77, and 89 °C that are
probably related to apo, monoferric, and diferric forms,
respectively.'” Other authors highlighted that the thermo-
stability of native LFs among the species might vary in
dependence of contributions of these LF forms.'*” In turn, two
denaturation peaks observed at 61 and 90 °C for bLF might be
explained by the different thermostabilities of the N- and C-
lobes and their abilities to release iron.''”*" As it was
mentioned before, the content of bounded iron in LF is strictly
dependent on pH; thus the selected medium conditions also
have a considerable effect on the protein stability under
heating. The denaturation temperatures of apo- and holo-bLFs
dissolved at pH 3 were registered at 36 and 49 °C,
respectively.’® Nevertheless, they increased to 66 °C (apo-
LF) and 90 °C (holo-LF) at pH 7. Importantly, the applied
experimental conditions had an impact on the reversibility of
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LF denaturation. For example, it was proved that LF heating
from S to 115 °C (at a heating rate of 2 °C/min) provided
irreversible changes in the protein structure without any
opportunity of conformation recovery upon cooling.”" Thus, a
DSC study might deliver the essential information on the
thermal behavior of a protein and its susceptibility to
denaturation, which is especially required for the optimization
of an isolation method to receive the biologically active
protein.

8.7. Spectrometric Techniques. 8.7.1. Inductively
Coupled Plasma Mass Spectrometry (ICP-MS). ICP-MS is a
powerful analytical tool widely applied for the comprehensive
characterization of protein—ligand complex formation. Gen-
erally, it provides an accurate determination of the level of
metal saturation in proteins.”” Besides, the research group
headed by Pomastowski has been studying the sorption
mechanism between milk proteins and metals ions for a long
time by using the ICP-MS technique. The basic principle of
such an approach relies on the quantification of unbounded
metal in the filtrate. The obtained results might be sufficiently
implemented in modeling protein—metal sorption and kinetic
isotherms and selecting the most optimal conditions of
complex synthesis. The Freundlich and Langmuir models are
known as the simplest adsorption isotherm models which are
traditionally utilized in the analysis of binding processes. For
example, Pryshchepa et al. have determined that LF saturation
with ferric ions occurs mostly according to the Freundlich
model (Kp = 4.956 mg/g, 1/n = 0.454, R* = 0.9994), which
implies the heterogeneity of the protein surface and the
multilayer character of metal sorption.'®” On the other hand,
the formation of the Ag—LF complex showed more fitting to
the Langmuir model (K = 19.94 L/mg, g, = 1.55 mg/g, R* =
0.971), indicating binding of metal ions as a monolayer on the
homogeneous adsorbent.’

8.7.2. Matrix-Assisted Laser Desorption/lonization with
Time-of-Flight Analyzer Mass Spectrometry (MALDI-TOF/
MS). MALDI-TOF/MS represents an innovative instrumental
approach for the accurate identification of native proteins as
well as their peptides. The determined molecular weight of
bLF ranges from 78 to 84 kDa and varies in dependence of the
presence of metal and the level of protein glycosylation."*"*'*
Pryshchepa et al. has noticed the increase of molecular mass
after bLF modification with silver ions."*" In addition, MALDI-
TOF/MS is a useful tool widely applied for evaluation o fthe
purity grade of bLF by detection of the presence of additional
biomolecules."** Thus, it was indicated that preliminary
ultrafiltration by membranes with a molecular weight cutoff
of 50 kDa allowed for separation of bLF from smaller
peptides.'*™* MALDI-TOF/MS coupled with SDS-PAGE is an
important approach in the determination of bioactive protein
fragments resulting in proteolytic digestion. MALDI-TOF/MS
analysis performed by Jia et al. sufficiently expressed
glycosylation patterns of bLF during a particular lactation
period."* According to the obtained spectrometric profile, the
authors noted that the transition milk contained the highest
total amount of sialic acid in LF compared to colostrum and
mature milk. Previous studies have been mentioned sialic acid
as an important carbohydrate moiety which might contribute
to protein antimicrobial and antiviral activity.'*”">" These
findings might be helpful in verifying the optimal conditions
for LF isolation, which will allow obtaining the protein with
relevant biological potential.*"

9. BIOLOGICAL POTENTIAL OF LF MOLECULE

LF is commonly known as a multifunctional biomolecule
which has great potential as an antibacterial, antiviral,
immunomodulatory, antioxidant, prebiotic, and anticancer
agent. The considerable nutraceutical and therapeutic proper-
ties might be successfully realized in biomedical applica-
tions.>**'° In addition, the recent trend of LF functionalization
with other molecules (polyphenols, fatty acids, metal ions)
might contribute not only to the improvement of the protein
primary features but also to the development of novel
complexes with a broader functionality range (Table 3).

The development of advanced LF-based formulations
accompanies a number of issues which are mainly related to
the appropriate delivery of such biologically active prepara-
tions. In order to enhance the LF bioavailability to a human
organism simultaneously allowing for the maintenance of the
required structural and biological features, several key delivery
carriers were proposed.239 For instance, LF conjugates with
silver nanoparticles (AgNPs) have shown a great antiviral effect
against herpes simplex virus type 2 (HSV-2)."”® The inhibition
mechanism might be related to strong interactions between the
LF—AgNPs complex and virus, which enabled prevention of
the invasion of host cells. In contrast, Abdalla et al. reported
that chitosan-stabilized LF—AgNPs composite exhibited a
strong antibiofilm activity against pathogenic bacteria (S.
aureus, P. aeruginosa) with no cytotoxic effect on the living
cells.”®' Besides, Softisan based LF nanoemulsion (W/O/W)
revealed a great antimicrobial effect against some Gram-
positive bacteria strains (S. aureus, Listeria inoccua) and yeast
(Candida albicans) and potentially might be used as a natural
oral antiseptic rinse.”*" Recently, the activity of an alginate-
enclosed calcium phosphate iron-saturated bLF formulation
was evaluated.”*' The suggested nanocarriers showed promis-
ing results in cancer therapy by suppressing the proliferation of
Caco-2 cells. The synthesized LF—AuNP nanoconjugate
stabilized by polyethylene glycol (PEG) represented an
efficient therapeutic agent against glioblastoma (GBM).***
Additionally, the treatment was assisted with photothermal
therapy (PTT) laser irradiation. The proliferation of cancer
cells significantly reduced resulting in targeting of LF~PEG—
AuNP through LF receptors of GBM tissue.

It is worth remembering that the selection of the appropriate
delivery carrier is directly influenced by numerous factors, such
as the target site of action and the route of drug administration.

LF has been widely known by strong bactericidal and
bacteriostatic properties against numerous pathogenic micro-
organisms. It is worthwhile to underline that the mechanism of
LF antibacterial activity is closely related to its iron saturation
level. For instance, the populations of Gram-negative strains of
E. coli and Klebsiella pneumoniae were reduced as the LF form
was less saturated with iron.”’ Additionally, Dionysius et al.
reported that iron-free LF and native LF efficiently inhibited
the growth of E. coli strains, whereas the bacterial treatment
with holo-LF showed no satisfactory result.”*> A similar
tendency was observed for Pseudomonas syringae, whose
growth inhibition was dose dependent and required 0.9, 7.5,
and 15 mg/mL apo-LF, native LF, and holo-LF, respec-
tively.”** In contrast, none of the supplemented bLF forms
(native LF, apo-LF, holo-LF) exhibited an evident antibacterial
effect against Gram-negative S. aureus strains.”’ Remarkably,
Lu et al. pointed out that both the apo and holo forms were
able to inhibit the viability of Streptococcus agalactiae species,
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indicating the possibility of LF to act through iron-dependent
and iron-independent mechanisms.***

Iron is commonly known an essential element required in
the formation of bacteria membranes and regulation of their
growth. Generally, two mechanisms of iron acquisition by
microorganisms are recognized. The first one relies on
siderophore secretion by microorganisms which are highly
susceptible to iron chelating and following the transport of
such a complex across the outer membrane into the cell. For
example, E. coli bacteria tend to produce aerobactin-type
siderophores which are characterized by high binding affinity
to iron.”” The other proposed mechanism concerns the
interactions between microorganism receptors and iron-
saturated proteins from the transferrin family, e.g. TF and
LE.***7 The iron-dependent (bacteriostatic) antimicrobial
mechanism is mainly based on the high iron-chelation
potential of LF and the limitation of the availability of that
element; thus it provides inhibition of bacteria growth.”** The
protein affinity to ferric ions tends to decrease as the saturation
level of LF increases; thus the described mechanism is
considered inefficient in the case of holo-LF. Besides, the
bacteriostatic activity of LF might be interrupted after high-
temperature treatment (over 75 °C), leading to protein
destruction and the loss of the ability to bind iron.'®

Another bactericidal mechanism is caused by direct
interactions between the LF molecule and the microorganism,
which in consequence leads to bacteria death.”*’ Ellison et al.
revealed a high binding affinity of a positively charged LF
molecule to the outer membrane components of bacteria, in
particular, negatively charged lipopolysaccharides (LPS) found
in Gram-negative bacteria.”*® As usual, such interactions have a
destabilization character, providing release of the LPS and
following destruction of the cell membrane. Besides, Duarte et
al. pointed that such binding might be disrupted in the
presence of high concentrations of divalent cations (Fe**, Cu™,
Zn**, Mn?*) which will compete with LF for potential binding
sites on the surface of bacteria cells.”® Remarkably, LF
nanoparticles produced by complexation with gellan gum
showed a higher antimicrobial activity against S. aureus strains
in comparison to native LF, probably due to stronger
electrostatic interactions with LPS.**"

In recent time, the greatest attention has been paid to
peptides derived from LF enzymatic hydrolysis, e.g. lactoferri-
cin B (LFcin B) and lactoferrampin (LFampin). The derived
peptides might be characterized by the same or even higher
biological potential in comparison to native protein. Interest-
ingly, such high antibacterial activities of LF peptides are not
influenced by iron sequestering but rather by direct
interactions with bacteria membranes (bactericidal) leading
to the destabilization of their structures. LFcin B belongs to
one of the most known peptides of LF which was identified
between 17 and 41 residues in the N-terminal region.éé
Inhibition of bacteria growth in the presence of LFcin B was
considered even more effective than with untreated LF.
Moreover, Dionysius et al. reported that peptide 1 (pepl)
located in the same region as LFcin B with one more
additional amino acid (17—42) showed 3 times higher
antimicrobial properties toward E. coli strains compared to
native protein.”>” Another active fragment of lactoferrin,
known as lactoferrampin (LFampin), might be obtained as a
product of LE hydrolysis.”>”> LFampin belongs to the cationic
amphipathic peptides (268—284) located in the N;-domain of
bLF. The peptide structure is divided into two major regions:

the hydrophobic N-amphipathic helix and the positively
charged C-terminal cluster. The hydrophilic fragment is a
key element of the hydrolysate since it initiates an
antimicrobial mechanism against Gram-positive and Gram-
negative pathogens. The neutralization of LFampin’s net
charge tends to reduce its permeability through the bacteria
membrane, which corresponds with the immediate loss of
biological activity.”>* Van Der Kraan et al. showed a great
bactericidal effect of LFampin against series of bacteria strains,
e.g. E. coli, P. aeruginosa, and Bacillus subtilis.>>° Importantly,
that analyzed hydrolysate was characterized by higher
antibacterial activity in comparison with that of native protein.
The authors also related a strong bactericidal effect of these
peptides to the electrostatic character of binding with bacteria
membrane. The described investigations prove a promising
perspective of LF as an efficient antibacterial agent for
biomedical applications.

Previous works indicated strong antiviral properties of LF
against several dangerous microorganisms. The fundamental
mechanism is based on the specific interactions of LF with host
cell receptors as well as virus particles, preventing entry of the
last one into the cytoplasm environment.”*> Superti et al.
reported the highest effect of bLF on rotavirus inhibition
during the initial step of infection (adhesion).">' On the other
hand, Ikeda et al. did not observe any activity of bLF against
the hepatitis C virus (HCV) after the absorption of the virus
into the cell.'*® The type of chelated metal as well as saturation
level may contribute to the protein antiviral potential. Indeed,
Puddu et al. revealed the greater efficacy in the case of
treatment with Me—LF complexes, which might be related to
their stronger interactions with LF receptors located on host
cells.”*® The presence of Fe*" ions led to much higher LF
antiviral activity in comparison to Mn** and Zn*" ions. Superti
et al. also had noticed a pH-dependent character of binding
between bLF and the influenza virus.”*® The authors revealed
that bLF treatment against a viral infection was the most
effective at acidic conditions (pH 4—5). In the last years,
searching for potential drug candidates against severe acute
respiratory syndrome coronavirus-2 (SARS-CoV-2) was
extremely topical. LF, widely known as a strong immunomo-
dulator, was not beyond the testing. Conducted studies have
showed the ambiguous effect of the protein in the treatment
and prevention of COVID-19. The proposed antiviral
mechanism of LF against SARS-CoV-2 was comparable to
those against other viral infections. It was assumed that LF
mediates in the binding with negatively charged molecules of
heparan sulfate proteoglycans (HSPGs) found on the cell
surfaces of host cells and thereby prevents the viral entry.”>’”
Despite the inhibition of the viral replication, LF significantly
reduced the level of pro-inflammatory cytokines, such as IL-1f
and IL-6.°° On the contrary, in vivo results were not
satisfactory enough. According to a recent clinical trial, bLF
supplementation (600 mg/day) did not ensure the total
protection of the care personnel of a hospital against SARS-
CoV-2 infection.”®” SARS-CoV-2 symptoms were confirmed in
11 out of 104 participants (10.6%). Nor was any evident effect
observed during a 30 day treatment of SARS-CoV-2 infected
patients with a daily dose of 800 mg of bLF.*** Thus, the
practical application of bLF against COVID-19 requires more
clinical testing, taking into account the individual character-
istics of each patient.

LF’s antioxidant potential is questionable according to
controversial results obtained from various research. It has
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been reported that the free-radical scavenging properties of LF
are highly affected by the Fe’* saturation level. Belizi et al.
pointed out that holo-LF exhibited 15.4% lower antioxidant
activity in comparison to apo-LE.*®" It is widely known that
ferrous ions (Fe’*) in aqueous medium are capable of inducing
the formation of ROS, as a result of the Fenton reaction (4).

Fe’* + H,0, » Fe’" + OH® + OH"~ (4)

Excessive production of ROS leads to a prooxidative/
antioxidative imbalance in the organism followed by oxidative
stress. Miller et al. have explained the importance of iron
coordination by strong ligands, e.g. EDTA and DTPA.”* In
our case, apo-LF acts as a chelating agent forming a stable Fe—
LF complex. Recently, it has been revealed that interactions of
apo-LF with red blood cell receptors led to the reduced
production of ROS inside the cell in comparison to holo-LF.***
The authors assumed the great influence of the free binding
sites of apo-LF in prevention of the Fenton reaction, while the
completely saturated bLF was not able to chelate free ferric
ions. In addition, antioxidative properties of hLF are also
determined by overexpression of antioxidative enzymes
(SOD1, GPy, PRDX), which are known as the first line of
host defense against oxidative stress in the initial stages.”'” bLF
supplementation allows prevention of lipid peroxidation
developed by chronic hepatitis C.*** The level of 8-
isoprostane, which is considered a biomarker of oxidative
stress, was reduced after bLF treatment, and its concentration
in plasma was not correlated with iron metabolism. Condur-
ache et al. pointed out that LF enzymatic digestion led to the
release of bioactive peptides with 6g_reater antioxidant activities
in comparison to native protein.”*> The antioxidant potential
of the obtained hydrolysates was positively correlated with the
time of proteolysis. On the contrary, ROS generation inside
macrophages promotes phagocytosis activation and inhibits the
growth of parasites.”® In particular, holo-LF isolated from
human neutrophils enhanced the production of highly reactive
hydroxyl radicals. A similar mechanism was observed in the
presence of iron-saturated transferrin. On the other hand, the
amount of hydroxyl radical derived from another family of
iron-saturated proteins, e.g. ferritin and desferrioxamine, was
insignificant.”*® Such an effect is probably induced by the high
sequence similarity between TF and LF. Indeed, unsaturated
forms of TF and LF are capable of specifically interacting with
ferrous ions (Fe**) by generation of some ROS, including
hydroxyl radicals (OH®) and hydrogen peroxide (H,O,).*
Importantly, bLF exhibited a damaging effect in leukemia cell
lines by the enhanced production of ROS and activation of
caspase mediators in the mitochondrial pathway of apopto-
sis.

Metal-based complexes of LF have great potential as
nutritional additives, especially in dairy products. A number
of studies have confirmed a great antibacterial effect of LF
against some pathogenic microorganisms (E. coli, K. pneumo-
niae, P. syringae).”’ Indeed, it has been reported that the
addition of LF stimulates the growth of beneficial bacterial
strains—probiotics—such as Lactobacillus and Bifidobacterium
(L. plantarum, L. paracasei, L. rhamnosus, B. longum, B. bifidum,
B. infantis, B. breve).””** Fermented dairy products (kefir,
yogurt) represent a rich source of probiotics whose regular
consumption improves gut health. Importantly, the prebiotic
activity of bLF might be highly affected by the source of
isolation. bLF isolated from bovine milk showed a high growth
promotion activity which was positively correlated with the

protein concentration. On the contrary, the prebiotic proper-
ties of colostral bLF were irrelevant.””’ Glycosylation
heterogeneity is one of the key factors which might entail
the difference in prebiotic activity of bLF from milk and
colostrum. Remarkably, N-glycans enzymatically released from
whey proteins provided more significant growth of B. infantis in
comparison to native glycosylated biomolecules.””" Thus, free
glycans represent a more available carbon source for bacteria
growth and provide for their much higher probiotic activity
than carbohydrates linked to macromolecules. Interestingly,
iron accessibility does not cause any significant difference in
the growth promotion of Bifidobacterium strains.”’® The
combination of probiotics and lactoferrin represents a novel
strategy of food supplements which promotes a healthier gut
environment and decreases the risk of the gastrointestinal
infections. For example, Chen el al. confirmed a synergistic
effect of bLF and its hydrolysates together with probiotic
bacteria strains (L. fermentum, B. longum, B. lactis) against
foodborne pathogens (E. coli, Salmonella typhi, Salmonella
typhimurium).””> The authors underlined that the appropriate
combination of an LF form and a probiotic is required to avoid
the growth inhibition of the beneficial bacteria. Similar studies
proved that the supplementation of apo-LF with L. fermentum
was the most optimal against meticillin-resistant Staphylococcus
aureus (MSRA) infection.””® Besides, the recent studies
reported the ability of an LF—probiotic—oligosaccharide
mixture to modulate the expression of cytokines; thus such
preparations might be efficient for the treatment of the
abundant neonates’ intestinal disease, such as necrotizing
enterocolitis (NEC).”’* Similarly, the clinical research
confirmed that bLF supplementation in combination with
probiotics showed a beneficial effect in the prevention of
invasive fungal infections (IFT) in newborns.””> Thus, based on
the promising results, the combination of LF and a probiotic
might represent a highly perspective approach for the
application in infant formula.

Another significantly important feature of bLF is enzymatic
activity. It was noticed that LF can act in the same way as
peroxidase, amylase, phosphatase, protease, and ATPase;
however, its activity was relatively lower compared to those
of standard enzymes and was highly influenced by the breed of
cow.”’® The authors related the difference in enzymatic activity
to the glycosylation level of bLF. Glycan chains could be
potential active centers which participate in catalysis. Diversity
of glycosylation in the cow’s milk may specifically modify the
enzymatic activity of bLF.

bLF effectively acts as an anti-inflammatory agent, which is
capable of interacting with immune cells and signaling
molecules and controlling the expression of pro-inflammatory
and anti-inflammatory genes. NF-kB is one of the major
inflammation biomarkers, which stimulates the secretion of
pro-inflammatory cytokines.””” LPS are the driving molecules
which participate in the activation of the NF-«kB pathway,
immediately after bacterial infection. Accordingly to the
bactericidal mechanism, LF tends to interact strongly with
LPS of Gram-negative bacteria, in turn preventing the
activation of the NF-kB pathway.”” The anti-inflammatory
potential of bLF is mainly contributed by its capacity to bind
with macrophage receptors providing changes in plasma
cytokine expression. The level of pro-inflammatory cytokines
(interleukin-6, IL-6; interleukin-14, IL-1f; tumor necrosis
factor a, TNF-a) was surpassed after bLF treatment, while the
expression of anti-inflammatory cytokine (IL-10) increased.””®
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The nonsaturated form of LF revealed a higher inhibitory
effect against pro-inflammatory cytokines.”” LF interaction
with epithelial cells modulates the expression of pro-
inflammatory cytokines.””” The concentration of IL-8 was
significantly reduced resulting in treatment of infected cells by
E. coli with native-bLF and holo-bLF.

bLF plays a significant role in stimulation of the human
immune system, particularly by interactions with immune
system cells. LPS are known as characteristic outer membrane
components of Gram-negative bacteria which are also capable
of binding with LF and activating the innate immune
response.””" The high level of LPS leads to overproduction
of ROS in neutrophils and cell damage.”®" LF is able to
compete with neutrophils for LPS binding. The complexation
of LPS by LF allows inhibition of superoxide radical
production in neutrophils and prevents oxidative stress.”*”
LF is capable of modulating the activity of lymphocytes and
regulating the adaptive immune response by the level of
expressed antibodies. Moreover, LF participates in the
activation of the TLR receptors signaling pathway.”*> TLR
receptors are localized in macrophages, fibroblasts, dendritic
cells, and epithelial cells.”*’ bLF glycosylation has an impact on
the nuclear factor kB (NF-kB) signaling pathway, which allows
modulation of the therapeutic properties of protein. Hetero-
geneity of N-glycan chains in bLF induces the diverse effect on
NF-kB expression. Cell treatment with the desialated LF form
provided a lower release of NF-xB in TLR receptors compared
to sialated bLF. In contrast, demannosylation of bLF
corresponded to activation of NF-xB production.”®* It can
be assumed that sialic acid acts as a mediator in signal
recognition via TLR receptors providing release of NF-xB,
while the interactions between mannose residues and TLR are
not favorable. Moreover, bLF supplementation promotes the
expression of total (CD3"), helper (CD4*), and cytotoxic
(CD8") T-cell activations which regulate cytokine secretion.”*’

In recent years, LF has attracted wide attention in the
scientific community as a potential anticancer agent. Many
previous studies confirmed that LF is capable of inhibiting the
growth and metastasis of tumor. In many cases, uncontrolled
plasminozgen activation becomes the reason for tumor cell
invasion.”* The positively charged N-terminal fragment of LF
is capable of inhibiting plasminogen binding to the host cell
surface. This interaction precludes plasminogen transformation
into plasmin by the urokinase-type plasminogen activator.”*’
bLF treatment led to prominently reduced proliferation of
canine mammary tumor cells (CIPp, CHMp).**® The
experimental finding confirmed that the antitumor effect of
LF was highly affected by the concentration of added protein.
Interestingly, LF oligomers also might be sufficient in cancer
treatment. It has been reported that high molecular weight LF
(HMW-LF) induced a cytotoxic effect against human breast
carcinoma and human colorectal adenocarcinoma cell lines."
Ebrahim et al. reported that HWM-LF at the concentration of
3200 pg/mL showed the highest cytotoxic effect against
human breast carcinoma (MDA-MB-231) and human color-
ectal adenocarcinoma (SW480) in comparison to native LF,
apo-LF, and holo-LF with the same concentration.'> The
greater antitumor potential of HMW-LF might be caused by
enhanced activity of caspase-3 enzyme mediated in the
mitochondrial pathway of tumor cell death (apoptosis). On
the other hand, the fairly difficult question arises of how to
maintain LF biological activity during gastric digestion. In
recent times, the milk proteins have been widely studied in

cancer prophylaxis. Sakai et al. showed that enzymatically
obtained bLF peptides also showed cytotoxic activity against
human oral squamous carcinoma cell line (SAS).** The
efficiency of potential anticancer agents was estimated by
monitoring the release of the LDH marker in tumor cells.
Generally, LDH overexpression indicates that cancer invaded
living cells.””® In addition, a synergetic cytotoxic effect of a
whey biomolecule combination of LPO and LF in breast
cancer cell lines (MCF-7, MDA) has been proven.””’ The
relationship between the metal saturation level and LF
anticancer potential has not been clearly determined so far.
For, example, Zhang et al. suggested that Fe—LF addition
causes ROS overproduction, facilitating the apoptosis
(ferroptosis) of tumor cells.'”

The biological activity of LF could be influenced by the
presence of LF receptors (LFR) in some host cells. LF is
capable of interacting with various types of cells. Many studies
confirmed that LFR are located on the surface of monocytes,
macrophages, lymphocytes, erythrocytes, hepatocytes, enter-
ocytes, dendritic cells, and epithelial cells. It was observed that
the activity of LFR in respiratory epithelial cells was enhanced
with the exposure of metals (Fe**, VO®*), which suggests that
LFR could be involved in a detoxication process and reduction
of oxidative stress.>”> Some pathogens, including different
species of the Neisseriaceae and Pasteurellaceae families,
contain iron—glycoprotein receptors on their surfaces which
directly interact with LF. In turn, iron is taken up by
pathogens, stimulating their growth.””>*** LbpA and LbpB
genes encode the LF receptor in bacterial membrane.”” It has
been reported that LF—receptor interactions occur preferen-
tially by binding between the LF N-lobe and the LbpB C-lobe,
whether LbpA participates in the metal uptake process.”*” On
the other hand, the binding affinity of these receptors becomes
limited in the medium of iron excess. Interactions of LF with
monocyte cells provided a slight decrease of the protein
isoelectric point, followed by reducing the affinity for immune
receptors.”’® Based on this, it was suggested that electrostatic
type interactions through positively charged amino acids are
favored between LF and monocytes. Interestingly other
parameters of LF, like molecular weight and iron-binding
affinity, were maintained. Thus, LF interaction with monocytes
concerned exclusively the availability of basic amino acids on
the protein surface not leading to other modifications in the LF
structure.

10. FUTURE PERSPECTIVES

Lately, LF attracts more attention due its multifunctionality.
This review described the major features of the LF molecular
structure, such as the tendency to iron chelation and
glycosylation variations. The development of an LF isolation
method is currently focused on finding the universal highly
efficient approach that will be compatible for different types of
raw materials. The combination of chromatographic and
membrane techniques has the potential to become the most
optimal approach in LF production due to the high purity level
of the final product and the maximum recovery. Importantly,
the separation conditions (pH, temperature, ionic strength,
pressure, drying method) have a considerable impact on the
protein conformational stability; thus they should be strictly
controlled to prevent the loss of LF biological activity. The
appropriate analytical tools, including spectroscopic, spectro-
metric, chromatographic, and electromigration techniques,
provide a comprehensive analysis of the LF physicochemical
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properties (molecular weight, isoelectric point, iron saturation
degree, glycosylation patterns). Since LF is naturally found as a
mixture of apo-LF and holo-LF, a more advanced instrumental
approach is required for the distinction and quantification of
each individual form in native protein. Besides, the detailed
insights into the MALDI-TOF/MS technique is essential for
understanding the relationship between the LF glycosylation
heterogeneity and the protein biological activity.

The remarkable health benefits of LF indicate its wide range
of potential applications, including in dietary supplements,
infant formula, the food industry, and medicine. LF and its
related peptides (LFcin, LFampin) are commonly known for
their strong antibacterial pro;)erties, and they might be used as
natural food preservatives.zg Despite a high nutritional value,
the products fortified in LF will be characterized by an
extended shelf life. LF’s binding capacity to numerous essential
biomolecules, such as microelements, fatty acids, and
polyphenols, indicates its promising delivery properties.
Experimental findings showed that the supplementation of
holo-LF facilitates the metal absorption by intestinal mucosa
and might be efficient in the treatment of iron deficiency
diseases.””® The greatest demand for such LF preparations is
predicted for groups of people with the poorest iron
bioavailability, such as neonates, pregnant women, vegetarians,
and older adults. The ability of LF to boost the immune system
and stimulate the growth of beneficial bacteria (probiotics),
e.g. Lactobacillus and Bifidobacterium, could be especially
topical for infant formula.”® Remarkably, LF in combination
with probiotics might act synergistically, protecting the gut
microenvironment against pathogens more effectively. Besides,
one of the key fields of LF consumption is medical treatment.
The high efficiency of LF against a number of bacterial and
viral infections has been proven. Additionally, recent in vitro
studies have introduced the antiviral mechanism of LF against
SARS-CoV-2. Remarkably, LF supplementation also has
demonstrated promising results in cancer therapy. Never-
theless, the major problem of the delivery of LF to the target
site of action is related to the sensitivity of the protein
structure, especially in gastrointestinal conditions. In order to
prevent LF degradation, various delivery strategies have been
developed. The encapsulation of LF by using natural-based
materials, e.g. polysaccharides (chitosan, alginate, pectin, gum
Arabic, heparin), lipids (phospholipids, cholesterol, soy
lecithin), and proteins (caseins, whey proteins, gelatin), has
become one of the fast-growing trends used for improving
protein bioavailability.””*°° Although LF is considered
entirely safe for humans, more detailed clinical trials are
required before its inclusion in medicinal products.
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B ABBREVIATIONS USED

ACE, affinity capillary electrophoresis; AgNPs, silver nano-
particles; AMF, anhydrous milk fat; ATR, attenuated total
reflection; AuNPs, gold nanoparticles; bLF, bovine lactoferrin;
BOD, biological oxygen demand; bTF, bovine transferrin; CA,
carrier ampholyte; CD, circular dichroism; CE, capillary
electrophoresis; CGA, chlorogenic acid; cIEF, capillary iso-
electric focusing; CM, carboxymethyl; CN, casein; COD,
chemical oxygen demand; COVID-19, coronavirus disease
2019; DEAE, diethylaminoethyl; DHB, 2,5-dihydroxybenzoic
acid; DLS, dynamic light scattering; DTPA, diethylenetriami-
nepentaacetic acid; DSC, differential scanning calorimetry;
EDA, ethylenediamine; EDTA, ethylenediaminetetraacetic
acid; ELISA, enzyme-linked immunosorbent assay; EOF,
electroosmotic flow; ESI, electrospray ionization; Fe-NTA,
ferric nitrilotriacetate; FTIR, Fourier-transform infrared; Fuc,
fucose; Gal, galactose; GalNAc, N-acetylgalactosamine;
GlcNAc, N-acetylglucosamine; GBM, glioblastoma; GPC, gel
permeation chromatography; GPx, glutathione peroxidase; GR,
glutathione reductase; GST, glutathione-S-transferase; HA,
hyaluronic acid; HCV, hepatitis C virus; hLF, human
lactoferriny HMW, high molecular weight; HPLC, high-
performance liquid chromatography; HSV, herpes simplex
virus; hTF, human transferrin; HTST, high temperature—short
time; ICP-MS, inductively coupled plasma mass spectrometry;
IEF, isoelectric focusing; IFI, invasive fungal infections; Ig,
immunoglobulins; IL-1f, interleukin 1f; ITC, isothermal
titration calorimetry; LAB, lactic acid bacteria; LC, liquid
chromatography; LDH, lactate dehydrogenase; LF, lactoferrin;
LFampin, lactoferrampin; LFcin, lactoferricin; LFR, lactoferrin
receptor; LMCT, ligand—metal charge transfer; LPO,
lactoperoxidase; LPS, lipopolysaccharides; MALDI-TOF/MS,
matrix-assisted laser desorption/ionization time of flight mass
spectrometry; Man, mannose; MD, molecular docking; MES,
2-(N-morpholino)ethanesulfonic acid; MF, microfiltration;
MRM, multiple reaction monitoring; NEC, necrotizing
enterocolitis; Nd:YAG, neodymium-doped yttrium aluminum
garnet; NeuAc, N-acetylneuraminic acid; NF, nanofiltration;
NF-kB, nuclear factor kB; pl, isoelectric point; PMF, peptide
mass fingerprint; OA, oleic acid; PDB, Protein Data Bank;
PEG, polyethylene glycol; PRDX, peroxiredoxin; PTT, photo-
thermal therapy; PVA, poly(vinyl alcohol); RO, reverse
osmosis; ROS, reactive oxygen species; r'TF, rabbit transferrin;
SA, serum albumin; SARS-CoV-2, severe acute respiratory

20522 https://doi.org/10.1021/acs.jafc.3c06887
J. Agric. Food Chem. 2023, 71, 20500—20531

99


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tetiana+Dyrda-Terniuk"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9404-0737
mailto:tetiana.dyrda-terniuk@umk.pl
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pawe%C5%82+Pomastowski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1594-0623
https://pubs.acs.org/doi/10.1021/acs.jafc.3c06887?ref=pdf
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.3c06887?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Agricultural and Food Chemistry

EVE

pubs.acs.org/JAFC

syndrome coronavirus 2; SDS-PAGE, sodium dodecyl sulfate
polyacrylamide gel electrophoresis; SEC, size-exclusion
chromatography; SERS, surface enhanced Raman spectrosco-
py; SODI, superoxide dismutase 1; SP, sulfopropyl; TEM,
transmission electron microscopy; TF, transferrin; TFA,
trifluoroacetic acid; TFF, tangential flow filtration; TNF-q,
tumor necrosis factor-a; UF, ultrafiltration; UHT, ultrahigh
temperature; UV—vis, ultraviolet—visible; WPs, whey proteins;
XRD, X-ray diffraction; 2D-PAGE, two-dimensional poly-
acrylamide gel electrophoresis
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Impact of ultrafiltration on the physicochemical properties
of bovine lactoferrin: Insights into molecular mass,
surface morphology, and elemental composition

Tetiana Dyrda-Terniuk* ® and Pawetl Pomastowski

Centre for Modern Interdisciplinary Technologies, Nicolaus Copernicus University in Torun, 87-100 Torun, Poland

ABSTRACT

The large-scale isolation of bovine lactoferrin (bLF)
typically involves using large amounts of concentrated
eluents, which might introduce impurities to the final
product. Sometimes, protein preconcentration is re-
quired for the greater accuracy of experimental results.
In this research, the supplied bLF sample was subjected
to additional UF to eliminate possible small impurities,
such as salts and peptides of bLF. Beforehand, the basic
characterization of native bLF, including surface charge
properties and structural sensitivity to various pH condi-
tions, was performed. The study aimed to evaluate the
difference in molecular mass, primary structure, surface
morphology, and elemental composition of the protein
before and after UF. The research was provided by ap-
plication of spectroscopic, spectrometric, electropho-
retic, and microscopic techniques. Evident changesin the
surface morphology of bLF were observed after UF, but
the molecular masses of both proteins were comparable.
According to MALDI-TOF/MS results, UF had a posi-
tive effect on bLF sample representation, improving the
identification parameters, such as sequence coverage and
intensity coverage.

Key words: bovine lactoferrin, ultrafiltration, SDS-
PAGE, MALDI-TOF/MS

INTRODUCTION

The modern lifestyle requires finding healing agents
that provide the maximum health benefits to the human
organism. The growing demand for bovine lactoferrin
(bLF) is directly associated with its wide spectrum of
biological activity. Bovine lactoferrin (LF) is com-
monly known as iron-binding glycoprotein, which is
characterizing by strong antibacterial, antiviral, anti-in-
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flammatory, prebiotic, and antitumor properties. The ap-
plication of LF-based formulations is becoming a more
popular practice in the prevention of numerous diseases,
including sepsis, hepatitis C, rotavirus, COVID-19,
and colorectal and breast cancer (Pammi and Abrams,
2019; Khalafi et al., 2020; Ramirez-Rico et al., 2022;
Sinopoli et al., 2022; Matino et al., 2023). In addition
to the potential therapeutic uses, LF is recognized as a
highly valuable nutrient. Bovine LF as an iron-binding
biomolecule has been widely tested in clinical trials as
a potential agent aimed to control iron homeostasis. The
large number of LF receptors present in the intestinal
epithelial cells might be potentially involved in the
iron uptake mechanism (Conesa et al., 2023). Previous
studies have shown that the oral administration of bLF
showed promising results in treating anemia in pregnant
women (Lepanto et al., 2018; Artym et al., 2021). In-
deed, infant formula production was considered the key
direction of bLF distribution according to the statistics
of the LF global market from 2020 (Grand View Re-
search, 2021). It was reported that LF supplementation
promotes the growth of beneficial bacteria strains (Bifi-
dobacterium bifidum, Bifidobacterium infantis, Bifido-
bacterium breve, Bifidobacteriumlongum, Lactobacillus
plantarum, and Lactobacillus rhamnosus) and normalize
the gut microbiota health (Petschow et al., 1999). The
ability of bLF to sequester the iron and interact with the
bacterial cell membranes contribute to its antibacterial
mechanisms, thus LF plays an essential role in the pre-
vention of gut infections. Majka et al. (2020) showed
a satisfactory effect of LF supplementation against the
growth of pathogenic gram-negative bacteria strains,
such as Escherichia coli and Klebsiella pneumoniae.
Indeed, Chen et al. (2013) pointed out that LF in combi-
nation with particular probiotics (Lactobacillus fermen-
tum, Bifidobacterium longum, Bifidobacterium lactis)
acted synergistically against foodborne pathogens, for
example, Escherichia coli, Staphylococcus aureus, and
Salmonella typhimurium. Bovine LF is approved as a
safe dietary component that might be broadly applied in

The list of standard abbreviations for JDS is available at adsa.org/jds-abbreviations-24. Nonstandard abbreviations are available in the Notes.
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the commercial products, including food, skin care, and
oral care products. The fortification of food with bLF
represents a recent trend in the functional food develop-
ment (Janczuk et al., 2023). Previously, LF was supple-
mented to various products, including milk beverages,
ice cream, powdered milk, cakes, candies, and cheese
products (Cutone et al., 2020). As it was reported, the
yogurt enriched in bLF showed the improved nutritional
value and sensory parameters and were characterized by
an extended storage time (Franco et al., 2010; Janczuk
et al., 2023). As a cosmetic ingredient, LF has gained
extreme popularity, especially in Asian countries, for
example, Japan and South Korea (Wakabayashi et al.,
2006). Because of its evident antioxidant activity and as
aresult its anti-aging effect the applicability of bLF has
expanded into various beauty products, such as creams,
lotions, and face-wash gels.

The multifunctionality of bLF is closely related to
its specific molecular structure. It is a comparatively
big protein (78-84 kDa), composed of 689 AA (Dyrda-
Terniuk and Pomastowski, 2023). The 3-dimensional
structure of bLF is represented by 2 globular lobes (N-
lobe and C-lobe) linked by a 3-turn a-helix (Moore et
al., 1997). Previously, the molecular studies indicated
2 constant iron-binding sites in the biomolecule, which
are located within the interdomain clefts of both lobes.
Based on the percentage of the bound iron, 3 forms of
bLF might be distinguished: unsaturated (apo-L F), satu-
rated (holo-L F), and native LF, representing a mixture of
apo- and holo-LF (Bokkhim et al., 2013). Remarkably,
the higher metal content provides a more stable protein
conformation, which is especially evident under extreme
environmental conditions, such as low pH, high salt
concentration, and heating (Brisson et al., 2007). The
bLF molecule contains a highly basic N-terminal region,
which ensures a relatively high isoelectric point of the
biomolecule (pl 8-9; Shimazaki et al., 1993). This re-
gion is also crucial for the antibacterial function of the
protein and its interactions with various cell receptors
(Vogel, 2012). Glycosylation is another key feature of
LF structure. The N-type of glycosylation, including
high-mannose, hybrid, and complex, is characteristic for
the bLF molecule. The presence of the specific glycan
moieties might play a fundamental role on the bLF mol-
eculein various aspects, including variation in molecular
masses and surface charge, proteolytic resistance, iron
absorption efficiency, antibacterial, antiviral, and im-
munomodulatory activities (Moguilevsky et al., 1985;
Superti et al., 2001; van Veen et al., 2004; Yu et al ., 2011;
O’'Riordan et al., 2014). To the major factors affecting
the N-glycan profile of bLF are the referred lactation pe-
riod, season, cow’s age, diet, genetics, and physiological
state (Barboza et al., 2012). Furthermore, the isolation
processing and handling also might cause modifications
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in the protein glycosylation, but this aspect has not been
comprehensively studied until now.

The most common sources of bLF are colostrum and
mature milk, which contain about 1 to 5and 0.02to 1 g
of protein per liter, respectively (McGrath et al., 2016).
For thisreason, LF is considered as one of the most chal-
lenging proteins to isolate from milk. The purity and
recovery of the final product is influenced by several
factors, including the quality of the raw material, type
of applied isolation methods, processing conditions, and
storage conditions (Wakabayashi et al., 2018). Large-
scale bLF production is a complicated multistage process
performed by coupling of membrane and chromato-
graphic techniques (Lu et al., 2007). Skim milk or cheese
whey are mostly used as raw materials (Wakabayashi et
al., 2018). The major group of impurities constitute other
milk proteins, especially lactoperoxidase (L PO), which
exhibits a high similarity to LF in molecular mass and
isoel ectric point parameters. For instance, the step of cat-
ion-exchange requires the application of huge amounts
of highly concentrated salt buffer (sodium chloride, so-
dium phosphate). As a result, salts remain in the final
product, reducing its purity grade. In this case, additional
manipulationsin purification are required. Generally, UF
is considered the most relevant technique for the removal
of smaller molecules, such as salts, peptides, sugars, and
nonaqueous solvents. Centrifugal filters are predomi-
nantly used for protein concentration on a laboratory
scale (Phillips and Signs, 2004). Regenerated cellul ose,
as the most common membrane material, is character-
ized by high hydrophobicity and neutral charge surface,
thus a nonspecific type of binding between protein and
membrane is favored (Valifio et al., 2014).

According to the manufacturers’ specifications, the
purity grade of the commercially available bLF isin the
range of from 85% to 98%. Currently, the product with the
highest purity (=95%) is provided by a few companies:
Fonterra (Auckland, New Zeland), Tatua (Morrinsville,
New Zealand), Milei GmbH (Leutkirch, Germany), Roy-
al FrieslandCampina (Amersfoort, the Netherlands), and
WAKO (Osaka, Japan; Billakanti et al., 2019; Krolitzki
et al., 2022; Morel et al., 2022). Several complementary
techniques are commonly used for the verification of the
protein purity, such as ELISA, HPLC, SDS-PAGE, cap-
illary electrophoresis, and MS (Zhang et al., 2021; Yan
et al., 2022). The comprehensive study of bLF purity is
crucial for several reasons. First, the purity characteriza-
tion of bLF determines its safety and the prospect of uti-
lization as a bioactive ingredient in food, cosmetics, and
pharmaceuticals (Janczuk et al., 2023). Second, the de-
tection of impurities provides more detailed information
on the physicochemical properties of the biomolecule.
For instance, the present contaminants might signifi-
cantly modify the molecular conformation, iron-binding
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capacity, solubility, thermal stability, molecular mass,
particle size, and surface charge (Anema, 2021; Xiong
et al., 2021). The high tendency of LF to interact with
milk proteins (caseins, P-lactoglobulin, serum albumin)
leads to formation of heterocomplexes (Lampreave et al.,
1990). In turn, Xiong et al. (2021) reported the improved
digestibility of bLF at gastric conditions, resulting in
formation of disulfide-linked aggregates with B-LG in
contrast to the bLF alone. The influence of salinity on
LF extends to the stability of the protein itself, as well
as to the degradation of glycosylated sugars. Glycosyl-
ation, the attachment of sugar molecules to proteins, is
crucial for proper protein folding, stability, and function.
However, in high-salinity environments, the degradation
of these glycosylated sugars can be accelerated, leading
to a reduction in protein functionality and stability. This
is particularly relevant for LF, given its role in immune
regulation, iron homeostasis, and antimicrobial activity
(Dyrda-Terniuk and Pomastowski, 2023). Moreover, it
is worth noting that although high levels of salinity can
be detrimental, salts present in minor amounts might act
as stabilizers for proteins in their final formulations (Si-
kand et al., 2013; Thakral et al., 2021). The underlying
mechanism for salt-induced protein stabilization primar-
ily revolves around the concept of preferential hydra-
tion of the biomolecule, accompanied by salt exclusion
from its surface (Shimizu et al., 2006). Regarding to the
mentioned mechanism, the improved protein solubility
might be explained in the presence of ionic salts, such as
NaCl (Yousefi and Abbasi, 2022). Remarkably, Jiménez-
Barrios et al. (2022) showed that the presence of salts,
such as potassium phosphate, sodium phosphate, potas-
sium citrate, and sodium citrate, induced the changes of
pH and zeta potential of the protein solutions. Further-
more, the authors observed a decrease of a-helix content
along with an increase of B-sheet content, indicating a
relevant effect of added salts on the protein secondary
structure. Indeed, the salt addition also might affect the
thermal behavior of proteins. For instance, Hebishy et al.
(2019) pointed out that the presence of calcium-binding
salts (trisodium citrate, tripotassium citrate) enhanced
the thermal stability of whey protein isolate dispersions.

Our study was focused on the application of the ad-
ditional UF step at appropriate conditions for the more
thorough desalting of the protein. The salt removal
might positively affect the accuracy and reliability of
results of bLF analysis. The understanding the impact
of present salts on the physicochemical features of bLF
will provide the insight into the necessity of conduc-
tion of more diligent purification procedures for the
improvement of sample representation. Therefore, the
changes in surface morphology, electrophoretic mo-
bility, mass profile, and AA sequence of bLF before
and after UF were compared. Additionally the overall
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characterization of bLF, including surface charge prop-
erties (zeta potential, isoelectric point) at 3 different
electrolyte concentrations and structural stability over
the wide pH range, was performed. In this research,
bLF was analyzed by series of microscopic (scanning
electron microscopy [SCEM] and energy-dispersive x-
ray spectroscopy [EDS]), electrophoretic (SDS-PAGE),
spectroscopic (zeta potential measurements), and spec-
trometric (MALDI-TOF/MS) techniques.

MATERIALS AND METHODS
Materials

Bovine LF was provided by Ferilac Sp. z o. o.
(Poznan, Poland). The estimated physicochemical pa-
rameters and compositional factors of LF M95 FNE
product were the following: total protein in DM (N
x 6.38) = 99.6%; LF (% of total protein) = 95.44%;
moisture = 4.2%; ash = 0.2%; pH 6.6; iron = 242 mg/kg
(equal to 17.3% iron saturation); solubility (2%, 20°C)
= pass; scorched particles = Disc A (7.5 mg of scorched
particles in the dried milk product); nitrate = 30 mg/kg;
and nitrite <0.5 mg/kg. In addition, the protein mineral
profile was characterized by using inductively coupled
plasma optical emission spectroscopy, thus the deter-
mined content of Na, Ca, and Mg in the bLF structure
was (mean £ SD) 4.76 £ 0.33 mg/g, 460.4 = 29.1 ng/g,
and 484.7 £ 1.7 pg/g. The commercially available bLF
(purity determined by SDS-PAGE >85%) was pur-
chased from Sigma-Aldrich (St. Louis, MO). Trypsin
Gold, MS grade, was obtained from Promega (M adison,
WI). Reagents, including hydrochloric acid 36.5%—38%
(wt/wt), ammonium bicarbonate, trifluoroacetic acid
(TFA), acetonitrile (ACN), dithiothreitol, iodoacet-
amide, a-cyano-4-hydroxycinnamic acid, synapic acid,
were obtained from Sigma-Aldrich (St. Louis, MO).
2-(N-morpholino)ethanesulfonic acid SDS running buf-
fer (20x), sample reducing buffer, and lithium dodecyl
sulfate sample buffer were supplied by Thermo Fisher
Scientific (Waltham, MA). Sodium chloride and sodium
hydroxide were provided by StanLab (Lublin, Poland)
and POCH S. A. (Bydgoszcz, Poland), respectively.

Primary Characterization of bLF Protein by Ferilac

Determination of |soelectric Point. Particle charge
characteristics of bLF protein (Ferilac) in dependence
of ionic strength was examined by a batch-type analysis
method. First, sodium chloride solutions were prepared
at the following concentrations: 0.9%, 0.09%, and
0.009% wt/wt. Subsequently, a series of NaCl solutions
at pH 2, 3, 4,5, 6, 7,8, 9, and 10 were prepared by
gradual addition of 0.01 M NaOH and 0.01 M HCI. The
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pH adjustment was controlled by FiveEasy Plus pH me-
ter (Mettler Toledo, Columbus, OH). Bovine LF samples
were dissolved under the appropriate pH conditions to
gain the final protein concentration of 1 mg/mL. The
obtained solutions were sonicated (20 s, 25°C) by using
the ultrasonic cleaner (USC THD model with 45 kHz
ultrasonic frequency, VWR International, Poland). Zeta
potential measurements of bLF dispersions at various
pH conditions were performed with a Zetasizer Nano-ZS
(Malvern Instruments, UK). Each sample was analyzed
in triplicate using DTS1070 cuvettes (Malvern Instru-
ments, UK) at 25°C.

Study of the pH Effect on the Stability of bLF. Bovine
LF samples remaining from the previous experimental
part (in 0.09% [wt/wt] NaCl solution) were subjected
to SDS-PAGE analysis to evaluate the effect of the ap-
plied pH conditions on the protein structural stability.
To minimize the salt effect on the protein migration, the
samples were diluted to 0.5 mg/mL by adding deion-
ized water. Protein samples were loaded on 4%—12%
Bis—Tris Plus polyacrylamide gel (Thermo Scientific,
Waltham, MA) using Perfect Color Protein Ladder as
a marker. The protein separation was carried out for 22
min at 25°C using 2-(N-morpholino)ethanesulfonic acid
running buffer (Novex Life Technologies, Carlsbad,
CA). The gel staining was carried out by incubation in
Coomassie Bluefor 1 h. Finally, the gel was destained in
deionized water overnight.

Comparison of Salted and Desalted bLF

Protein Filtration. Briefly, the appropriate conditions
of bLF UF were selected to avoid protein degradation.
Solvent choice is one of the major factors that has a sig-
nificant effect on the structural stability of biomolecule.
The efficiency of bLF purification by UF was examined
by testing of 2 types of solvent solutions: ultrapure water
(from a Milli-Q water purification system; MilliPore,
Burlington, MA ) and 0.9% NaCl solution. Prepared bLF
suspension (5 mg/mL) was loaded to centrifugal filters
(Amicon Utra-4 Centrifugal filters, 50 kDa, Merck,
Rahway, NJ). Ultrafiltration was conducted under the
following conditions: rotation speed 6,300 x g, time 20
min, and temperature 4°C. After the first spin cycle, the
retentate was washed with water to remove residual salts.
In total, the washing-out process was performed in trip-
licate under the conditions described here. After each of
spinning cycle, the presence of chlorides in filtrate was
monitored by addition of silver nitrate (AgNOs) solution.
The obtained protein concentrate was collected and then
subjected to freeze-drying to remove solvent.

SDS-PAGE Analysis of bLF. Three different forms of
bLF were subjected to analysis by SDS-PAGE: (1) native
bLF from Ferilac (before UF), (2) bLF received after UF,
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and (3) LF from bovine milk supplied from Sigma as a
control sample. The bLF sampleswere dissolved in water
at 3 different concentrations: 0.2, 0.5, and 1.0 mg/mL.
Filtrated bLF (dissolved in saline before UF) was ana-
lyzed at only 0.5 and 1.0 mg/mL. Protein separation was
performed in both, reduced and nonreduced conditions,
according to standard procedure described in the “ Study
of the pH effect on the stability of bLF" section.
Microscopy Analysis of bLF. The impact of UF on
the structural changes in bLF was examined by micros-
copy analysis. Dried protein samples (before and after
UF) were placed onto carbon adhesive disks (Leit Tabs)
and fixed on SCEM specimen stubs. Morphology and
elemental composition of bLF (before and after UF) was
investigated by light microscopy (AX10 Zoom.V 16, Carl
Zeiss Microscopy GmbH, Jena, Germany) and ScEM
(EVO 15, Carl Zeiss Microscopy GmbH, Oberkochen,
Germany) coupled with an EDS detector (SmartEDX,
Carl Zeiss Microscopy GmbH, Oberkochen, Germany).
Scanning electron microscopy imaging was performed
using a high-definition 4 segment backscattered electron
detector. All images were taken from the same region to
provide more effective comparative analysis.
Characterization of the Intact bLF by MALDI-TOF/
MS. In this research the mass profile of bLF was exam-
ined by MALDI-TOF/TOF MS (Bruker Daltonik, Bre-
men, Germany) using a spectrometer equipped with a
neodymium-doped yttrium aluminum garnet (Nd:YAG)
laser (2 kHz frequency and 355 nm wavelength). The
reagents required for the MALDI-TOF/M S analysis were
of the highest commercially available purity and were
supplied from Sigma-Aldrich (St. Louis, MO). First, bLF
samples were dispersed in 0.1% TFA to get a protein con-
centration of 2 mg/mL. A saturated solution of sinapinic
acid dissolved in TA30 (mixture of 0.1% TFA and ACN
at 70:30, vol/vaol) was used as a matrix solution, and the
Protein Calibration Standard I (Bruker Daltonics, Bre-
men) was selected for calibration. The matrix solution
was mixed with the sample solution at 1:1 (vol/vol) in
PCR tubes and the obtained mixture (1uL) was applied
on aground steel target plate (Bruker Daltonics, Bremen)
by the dried-droplet method. The MS spectra of intact
proteins were recorded in the positive ion linear mode in
the m/z range of 25,000 to 250,000 using an accelerating
voltage of 25 kV. The raw data were processed by flex-
Control and flexAnalysis software (Bruker Daltonik).
In-Gel Tryptic Digestion and the Protein | dentifica-
tion. Thein-gel tryptic digestion of bLF (before and after
UF) was performed according to the protocol described
previously (Shevchenko et al., 1996). The process con-
sisted of several steps, including: (1) excision of protein
bands from SDS-PAGE gel (obtained as described in the
“SDS-PAGE Analysis of bLF” section), (2) washing of
gel pieces and removal of the Coomassie Blue Stain with
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Figure 1. Zeta potential () of bovine lactoferrin dissolved in NaCl
within a pH range of 2 to 10. The shaded areas on the graph indicate the
isoelectric point values, whereas the error bars indicate SD.

amixture of 10 mM ammonium bicarbonate (NH,HCO3)
and 50% ACN, (3) the reduction of disulfide bridges by
10 mM dithiothreitol in 10 mM NH,HCO; and alkyla-
tion of cysteine residues by 55 mM iodoacetamide in
10 mM NH4HCO;3; (4) in-gel digestion with trypsin (40
ng/uL in 10 mM NH4HCO3;) and incubation at 37°C
overnight (the ratio of substrate to enzyme was 1:50),
and (5) extraction of peptides with 50% ACN and 1%
TFA. Saturated a-cyano-4-hydroxycinnamic acid in
TA30 was used as a matrix solution, and the Peptide
Calibration Standard Il (Bruker Daltonics, Bremen)
was applied as a calibrant. The sample was mixed with
matrix solution in a 1:1 (vol/vol) ratio in the PCR tube.
The prepared mixture (1pL) was applied on the ground
steel target plate by dry the dried-droplet method. The
peptide mass fingerprint (PMF) spectra were monitored
in the reflectron positive ion mode within an m/z range
of 500 to 3,500. Additionally, the MS/MS analysis was
performed in laser ionization fragmentation technology
mode to ensure the most accurate protein identification.
Cysteine carbamidomethylation and methionine oxida-
tion were selected as global and variable modifications,
respectively. Mascot database, along with BioTools, was
applied for results interpretation.

RESULTS AND DISCUSSION

Influence of Electrolyte Concentration
on the bLF Isoelectric Point

A graph of zeta potential values ({) of LF at various
pH values in the presence of 3 different NaCl (wt/wt)
concentrations: 0.9%, 0.09%, and 0.009% is shown in
Figure 1. The soelectric point of bLF at the mentioned
electrolyte concentrations was equal to 3.7, 8.2 and 9.8,
respectively. Thus, the more cationic character of bLF
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Figure 2. Native bovine LF (0.5 mg/mL) SDS-PAGE electrophero-
gram performed in nonreduced conditions at a pH range of 2 to 10. The
obtained el ectropherogram indicates the sensitivity of bLF structure over
awide pH range. MW = molecular weight.

was observed as the salt concentration increased. As
shown, the electrokinetic potential of bLF ranged from
+13.46 to —3.88 mV in 0.9% NaCl solution. The zeta
potential values of the bLF dispersed in 0.09% NaCl
sharply decreased from +28.8 to +0.77 mV at pH 2 to
5 and then smoothly reached —1.06 mV at pH 10. The
measured { values remained relatively constant in the pH
range of 5 to 10. As is commonly known, the colloidal
dispersions are considered stable because the measured
{ values were beyond the region beginning at =30 mV
and ending at +30 mV. Dispersion destabilization typi-
cally accompanies the weakening of the repulsion forces
between the particles and their increased tendency to
aggregate (Mahbubul, 2019). The described effect might
be referred to the subsequent results observed during
SDS-PAGE analysis and also explains the presence of
the protein multimers (Figures 2 and 3). Although based
on the SDS-PAGE results, bLF was characterized by the
highest structural stability at a pH range of 7 to 9 (Fig-
ure 2); however, the observed stability of the colloidal
dispersion was especially low under such conditions.
Meanwhile, the surface of bLF dissolved in 0.009% NaCl
maintained a positive charge (from +27.3 to +7.55 mV)
over the wide pH range, and the charge inversion occurs
as the pH value of the solution exceeds 9.

The high abundance of basic AA, such as lysine (pKa
10.5), arginine (pKa 12.5), and histidine (pKa 6.1), is
characteristic for the N-terminal region of bLF. For in-
stance, the isoel ectric points of N-terminal peptides, such
asLF 1-11, LF 17-41, and lactoferrampin 268-284 were
11.70, 10.95, and 9.70 respectively (Sinha et al., 2013).
The predominance of basic AA determines the cationic
character of bLF and as a result its high isoelectric point
at low-concentration electrolyte solutions. Oppositely
charged ions (counter ions) might be adsorbed on the
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Figure 3. Comparison of SDS-PAGE mass profile of different bLF forms, where filtrated bLF was dissolved (A) in water under nonreduced
conditions at concentrations of (1) 0.2 mg/mL, (2) 0.5 mg/mL, and (3) 1.0 mg/mL and (B) in 0.9% NaCl solution under nonreduced conditions at
concentrations of (1) 0.5 mg/mL and (2) 1.0 mg/mL, as well as under reduced conditions at concentrations of (3) 0.5 mg/mL, (4) 1.0 mg/mL. The
commercial Sigma bLF (>85% [SDS-PAGE]) was applied as control sample in order to examine the purity grade of analyzed filtrated protein.

protein’s surface, thereby forming a Stern layer. In turn,
the rest of the unbound ions deriving from electrolyte
solution represent the diffusive layer. Measured zeta
potential is defined as electrokinetic potential within the
electrical double layer (shear plane). The thickness of
the electric double layer tends to decrease as the con-
centration of the electrolyte increases, and as a result a
decrease of zeta potential is typically observed. lonic
strength is not the only factor that might influence the
protein electrical charge properties. For example, Valifio
et al. (2014) pointed out that the type of electrolyte used,
aswell asthe protein concentration, are capable of modi-
fying the isoelectric point of LF. Additionally, Bokkhim
et al. (2013) observed a visible drop of pl value from 8.5
to 6.3 asiron desaturation occursin the LF molecule. The
conformational difference between apo- and holo-LF
might alter the availability of ionizable AA and thereby
the formation of the electric double layer. The difference
in pl between both bLF forms plays a significant role,
especialy during isolation processing. As was previ-
ously mentioned, the native bLF represents a mixture of
saturated and unsaturated LF. However, the quantifica-
tion of the apo/holo ratio found in native bLF remains
an unresolved task. For instance, Voswinkel et al. (2016)
pointed out that apo-LF showed a much lower binding
affinity to cation-exchange membrane in contrast to
holo-LF under acidic conditions (pH 4.8). Nevertheless,
the author related the difference in binding affinity to the
protein structure specificity rather than to difference in
pl values between apo- and holo-LF. The variations in
the protein glycosylation also have a particular effect on
the LF surface charge properties. It was proved that sialic
acid (pK, 2.6) tends to decrease the pl of glycoproteins
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and the shift was directly affected by the number of the
monosaccharide and its position in the biomolecule’s
structure (Barrabés et al., 2010). Obviously, the type
of instrumental technique used has an effect on the pl
results, but nevertheless this aspect requires more com-
prehensive research in the future.

Evaluation of the pH Effect on the Structural Stability
of bLF

The bLF samples, previously prepared for pl analy-
sis, were subjected to SDS-PAGE study to explore the
susceptibility of the protein structure to degradation
under various pH conditions. It is worthwhile to note
that the sample dilution to 0.5 mg/mL is essential not
only for the optimal bLF visualization but also to en-
able elimination of the unfavorable effects of high
electrolyte concentration on protein mobility and ac-
curate interpretation of results (See et al., 1985). The
obtained electropherogram confirmed the presence of
the monomeric bLF at approximately 81 to 84 kDa as
well protein dimers at 170 to 185 kDa (Figure 2). In
some cases, smaller peptides appeared, indicating the
sensitivity of bLF to the particular pH conditions. As
was expected, bLF undergoes the greatest damage at
pH 2. Several fragments deriving from the native bLF
were observed at 67, 55, 35, 32, 25, 20, and 15 kDa. In
addition, protein degradation was visible at pH 3, 4, 5,
6, and 10. The bLF revealed the highest structural sta-
bility at neutral and slightly alkaline conditions of pH
7 to 9. As is widely known, LF structure is character-
ized by high sensitivity to physicochemical conditions,
especially pH. For this reason, the appropriate pH con-
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ditions during bLF production should be maintained to
preserve its structure and biological role. Remarkably,
the selection of raw material playsacrucial role because
it determines the quality of the final product. Acid whey
belongs to the popular raw materials widely used for LF
extraction (Chen et al., 2007; Matijasi¢ et al., 2020).
Typically, acid whey is known as a by-product obtained
during the manufacturing process of various dairy prod-
ucts, for example, cottage cheese, cream cheese, ricotta,
and strained (Greek) yogurt (Chandrapala et al., 2015;
Lievore et al., 2015). However, the acid coagulation of
milk provides to relatively low pH of whey which is on
average 4.2 to 4.6 (Rocha-Mendoza et al., 2021; Zou
and Chang, 2022). Therefore, the use of this type of raw
material might correspond with the increased level of
denaturated protein and the reduction of bLF primary
functionality. In contrast, sweet whey and skim milk,
characterized by pH ranges of 6.0 to 6.5 and 6.6 to 6.8,
respectively, are considered more relevant raw materi-
als for the large-scale isolation of LF because the pos-
sible acidic hydrolysis of the bLF molecule is restricted
(Mehraet al., 2021; Aydogdu et al., 2023). For instance,
Sreedhara et al. (2010b) pointed out the importance of
the pH conditions on protein conformational changes,
including iron-binding capacity, surface hydrophobicity,
denaturation degree, and tendency to form aggregates.
Additionally, authors noticed a prominent decrease of
the a-helical structure in bLF as the pH in the medium
decreased from 5 to 2, which implies a partial disruption
in the protein conformation (Sreedhara et al., 2010a).
Moreover, our previous experiment clearly showed the
pH effect on the macromolecule’s charge properties,
changing the ionization of the basic and acidic amino
acids. The LF digestion in gastric acid (pH 1.5-3.5)
is frequently used to produce biologically active pep-
tides, such as lactoferricin and lactoferrampin (Bruni
et al., 2016). The microbiological studies proved that
the derived fragments exhibit much higher antibacterial
activity in contrast to intact bLF. The changes that oc-
cur in LF structure under alkaline conditions have been
poorly studied until now. However, the recent studies
confirmed the tendency of bLF molecule to quickly de-
grade after treatment with 0.1 M NaOH solution (Osel
et al., 2021). Furthermore, Abe et al. (1991) pointed out
that LF heating under neutral and alkaline conditions
was accompanied by increased turbidity and the initia-
tion of the gelation process. What is important is that
the molecular dynamics simulation study performed by
Nhan et al. (2019) showed a higher susceptibility of the
apo-LF structure to disruption at extreme basic condi-
tions (pH 14) compared with acidic conditions (pH 1).
To summarize, dissolving bLF at apH between 7 and 9is
considered the most optimal because minimal structural
destabilization of the protein is possible at this range.
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SDS-PAGE Analysis of bLF

The direct influence of UF conditions, in particular
solvent composition, on the efficiency of protein purifi-
cation was explored by the SDS-PAGE study. As shown
in Figure 3A, the molecular mass of 3 analyzed bLF
formsdid not vary significantly and ranged from 80 to 85
kDa. The band position of the monomeric protein wasin
good agreement with previous results shown in Figure 2.
The presence of large aggregates at approximately 190 to
210 kDa and smaller fragments at 50, 35, 25, and 15 kDa
might be an issue of the protein isolation methodology
as well as storage conditions. Lactoferrin conformation
is known to be highly sensitive to the physicochemical
conditions of the prepared solution, for example, pH,
ionic strength, and protein concentration. Remarkably,
the degradation effect in the protein structure increased
after UF of bLF and isespecially visible at the concentra-
tion of 0.5 mg/mL. In this case, mechanical denaturation
should not be excluded. Although UF is considered a
nondestructive separation method, it also might subject
proteins to mechanical stresses. The key operating fac-
tors that might affect the protein stability during UF are
temperature, pressure, and time (Miron et al., 2021). For
instance, Belmejdoub et al. (2012) proved that LF struc-
ture was mechanically sensitive after the application of
transmembrane pressure of 200 kPa; however, the dam-
age did not exceed 15%. In addition, a 55%—60% | oss of
the antibacterial activity of lysozyme was observed after
UF using a transmembrane pressure of 1.2 MPa (Miron
et a., 2021). As shown in Figure 3B, prior dissolution of
bLF in saline sufficiently provided the removal of pep-
tides. It was established that the preliminary dissolution
of bLF in the saline ensured the effective purification
of bLF from smaller fragments, reducing the clogging
of the membrane pores. This phenomenon might be
explained by specific protein-salt interactions and the
increase of electrostatic repulsions between negatively
charged protein particles, which was previously con-
firmed by zeta potential measurements. As is commonly
known, electrolyte concentration plays a crucial role in
the stabilization of the protein solution. The present ions
tend to interact directly with charged functional groups
of the biomolecule, resulting in the evident conforma-
tional changes. The mentioned phenomenon is widely
described as protein charge screening. Lactoferrin is a
biomolecule that is characterized by a highly positive N-
terminal region (Baker and Baker, 2012). Therefore, the
present chloride ions are potentially capable of reducing
the electrostatic repulsion in this area of the molecule,
ensuring a more compact protein conformation (Beau-
champ and Khajehpour, 2012). For example, Millan
et al. (2020) showed that the hydrodynamic radius of
cytoplasmic protein (CRABP 1) gradually decreased as
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NaCl concentration rose from 0 to 0.15 M (Millan et al.,
2020). The salt-induced protein stabilization also might
occur indirectly as aresult of electrolyte interaction with
the biomolecule’s hydration shell. The character of these
interactions is mainly influenced by the type of the dis-
solved ions. Based on the Hofmeister series, electrolytes
are basically classified as kosmotropes (promote protein
stabilization by enhancing the intermolecular hydrogen
bonding in the aqueous sol utions) and chaotropes (induce
protein denaturation by breaking the water structure;
Zhang et al., 2012). Sodium chloride is characterizedby
weak kosmotropic properties, indicating its capability
to mediate in the formation of a more structured and
organized hydration shell and to restrict the preferential
binding of salt to the protein surface (Moelbert et al.,
2004). Thus, it could be assumed that the added sodium
chloride contributed to a more compact conformation of
bLF, facilitating the purification of the biomolecule. The
molecular mass of the bLF filtrated in 0.9% (wt/wt) NaCl
solution was at about 80 kDa. Interestingly, a visible
increase of protein size to about 88 kDa was observed
in the presence of reducing agent. The difference in the
protein electrophoretic mobility might be explained by
the substantial conformational changes after breaking 17
disulfide bridges, leading to extension of the bLF struc-
ture and thereby slowing its migration in the gel (Ray and
Ghatak, 2014).

Microscopy Studies

The microscopy analysis revealed the evident changes
in surface morphology and between filtrated and nonfil-
trated proteins. As shown in light microscopy images, the
native bLF was characterized by a crystalline structure;
however, the filtrated protein rearranged into lighter
amorphous assemblies (Figure 4A and 4B). Scanning
electron microscopy results confirmed a smooth homo-
geneous structure of native bLF, but it became more
porous after UF (Figures 4C and 4D).

The EDS spectraindicated the elemental composition of
bLF samplesin the analyzed area (Figure 5). The content
of carbon, nitrogen, and oxygen as major components of
protein molecules, exceeded 96% of total mass composi-
tion. Minor amounts of sulfur derived from sulfur-rich
amino acids, for example, cysteine and methionine, and
the iron presence might be explained by the high bind-
ing capacity of bLF to ferric ions. In turn, sodium and
chlorine might remain in protein as a result of elution
during the isolation process. What is interesting is that
the amounts of these elements were reduced after UF, in-
dicating the desalting effect. Ultrafiltration is one of rel-
evant methods widely used for protein concentration and
removal of low-molecular-weight compounds, especially
salts. The difference in the transmembrane pressure is
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considered the major driving force that enables sample
fractionation by UF (Evans et al., 2009). In contrast to
dialysis, UF is known to be a faster, more versatile, and
economical method. The major reason for salt contami-
nation of proteinsis associated with the specificity of the
isolation methodol ogy. Indeed, the efficient separation of
LF from LPO typically corresponds to the application of
highly concentrated buffers with ionic strengths greater
than 0.5 M (Yoshida and Ye-Xiuyun, 1991; Uchidaet al.,
1996). For example, Burling et al. (1989) carried out LF
separation using 0.5 to 2.0 M NaCl solution as a mobile
phase. Remarkably, manufacturers rarely provide the
information about minerals content in proteins. Bokkhim
et al. (2013) indicated that the sodium content in the
commercial samples of native and apo-LF was 1,300 and
1,317 pg/g LF, respectively. Previously, the results of
electron paramagnetic resonance spectrometric titration
confirmed a high binding affinity of chloride ions to the
transferrin (TF)-family proteins, such ovo-TF (n = 1.87
+ 0.32; log K = 1.49 £ 0.03; mean + SE) and holo-LF (n
=1.95+0.34; log K =1.41 + 0.06; Chasteen et al., 1994).
Inturn, Thompson et al. (1986) reported that several salts
(NaCl, NaClO,) could induce conformational changesin
TF structure, affecting its ability for iron binding. Trace
amounts of magnesium and calcium might be recognized
as soluble-phase components from cow’s milk (de la
Fuente et al., 1997). The distribution of mineralsin milk
between soluble (serum) and insoluble (colloidal) phases
isvariable and might depend on numerous environmental
factors: |lactation stage, breed, type of feeding, seasonal-
ity, and the animals' health status (e.g., mastitis; NRC,
1988; Zamberlin et al., 2011). However, the origin of the
aluminum might be assigned to the spatula used in the
sample preparation.

MALDI-TOF/MS Study

bLF Molecular Mass Profiling by MALDI-TOF/MS.
The MALDI-TOF/MS study provided essential informa-
tion on the protein molecular structure and stability, as
well as sample purity. The position of both peaks as-
signed to monomeric bLF [M+H]" before and after UF
were observed in the range of 82 to 83 kDa, and the
peaks of the protein dimers [2M+H]" were reported at
approximately 166 kDa (Figure 6). The obtained values
were in good accordance with the SDS-PAGE results.
It might be assumed that UF did not induce the evident
changes in the molecular mass of bLF. A slight dif-
ference in mass might be caused by minor changes in
the protein sequence as well as in glycosylation varia-
tions. The results previously obtained by Pryshchepa et
al. (2022) showed a high similarity to ours; the peaks
corresponding to singly charged protonated protein ap-
peared at 83.207 and 83.227 kDa for nonfiltrated and
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Figure 4. Light microscopy (A, B) and scanning electron microscopy images (C, D) of bovine LF before (A, C) and after UF (B, D). According
to LM images, the structure of bLF before UF was more crystalline and organized, while it was broken into smaller irregular assemblies after UF.
Scanning electron microscopy images indicated the difference in the surface morphology of both bLF. The protein surface before UF was smooth,
whereas it became more porous after UF. EHT = electron high tension; WD = working distance.

filtrated protein, respectively. In contrast, Pomastowski
et al. (2016) demonstrated that the average mass of bLF
varied from 77 to 82 kDa. Indeed, the molecular mass of
bLF might be affected by numerous factors, including
iron-saturation level, lactation stage, seasonality, feeding
type, cow’s breed, isolation method, and the applied ana-
Iytical technique. For instance, a slight difference was
found between the molecular masses of the colostrum,
transitional milk, and mature milk, which were reported
at 82.733, 83.019, and 82.691 kDa, respectively (Jia et
al., 2021). It is worthwhile to mention that the present
salts were able to suppress protein ionization. As shown
in Figure 5, the peak intensity of pseudomolecular ion
increased from 2,500 to 5,200 after the desalting. Previ-
ously, this phenomenon was comprehensively described,
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especially in the case of electrospray ionization (Chen et
al., 2021). For instance, Chen et al. (2021) pointed out
that charge competition between salts and atarget protein
is considered one of the major interfering factors that in-
duce the ion suppression (Metwally et al., 2015). Indeed,
the signal labeled as fragment (F) was unobservable at 25
kDa after UF. The same effect was also clearly shown on
the SDS-PAGE gel (Figure 3).

Lactoferrin Identification by MALDI-TOF/MS Spec-
trometry. The PMF spectra reflect a series of peptides
generated after the protein digestion with trypsin (Figure
7). All of the samples were identified as TRFL_BO-
VIN (lactotransferrin OS = Bos taurus). The obtained
theoretical molecular mass of analyzed proteins was
approximately 80 kDa, and their isoelectric point was
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Figure 5. Energy-dispersive spectroscopy analysis of bovine LF before (A) and after UF (B) along with the corresponding pie charts describing

the weight percentage each of elements present in the analyzed samples.

equal to 8.69. The digest score was found in the range
of 220 to 270 (Figure 8), which implies a reliable and
accurate match between the experimental data and the
database sequences. Previously, Yan et al. (2022) indi-
cated a mascot score of bLF at 119. Peptides matched in
MS mode are presented in Supplemental Tables S1-$4,
see Notes). The number of matching peptides for the
nonfiltrated bLF (N), (R) and for the filtrated bLF (N),
(R) was 45, 45 and 46, 38, respectively (Supplemental
Table S5, see Notes). The difference might appear to be
the result of nonspecific trypsin cleavages, miscleavages,
and artificial modifications (Lin et al., 2020). The typical
proteolytic degradation by trypsin occurs at the carboxyl
side of lysine and arginine residues, however, trypsin
cannot cleave peptide bonds if the next amino acid in the
sequence is Pro (Rastogi et al., 2014). The nonspecific
action of trypsin might be caused by several reasons,
such as substrate:enzyme ratio, temperature, and time of
incubation. For, instance, Lin et al. (2020) indicated a
relatively high number of miscleavages at a substrate:
enzymeratio of 1:50. Furthermore, the preliminary UF of
bLF also could affect the accessibility of specific cleav-
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age sites. According to the obtained spectra, the differ-
ence in detected peptides between nonfiltrated bLF under
reduced and nonreduced conditions was negligible. The
most significant changes in the peptide profile occurred
after the protein UF. Generally, the predominance of
peptides derived from the N-lobe was observed. The fol-
lowing paragraph lists the peptides identified for series
of bLF samples in MS mode; the range of numbers in
parentheses indicates the amino acid positions of the
analyzed peptide in the bLF molecule, and the string of
letters reflects the identified peptide sequence. Remark-
ably, the fragments of bovine lactoferricin were detected
at m/z 1,106 (40-46; RWQWRMK), m/z 1,073 (48-57;
LGAPSITCVR), m/z831 (40-44; RWQWR), and m/z675
(41-44; WQWR) in al samples (Furlund et al., 2013).
Additionally, one more fragment at m/z 1,201 (47-57;
KLGAPSITCVR) was found after the UF of bLF. The
high number of fragments deriving from bovine lactofer-
ricin is related to a basic character of peptides and the
presence of high numbers of arginine and lysine residues
(FKCRRWQWRMKKLGAPSITCVRRAF), which are
known as trypsin cleavage sites (Sinha et al., 2013).
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Figure 6. MALDI-TOF/MS spectra of intact bovine lactoferrin before (A) and after UF (B). F = fragment. The intensity changes of F signal
provides the information on the purification effectiveness of bLF from the smaller fragments (peptides). a.u. = arbitrary units.

The signal of another biologically active peptide, bovine
lactoferrampin (WKLLSKAQEKFGKNKSR) was not
found; nevertheless, the fragment—in all samples, except
for nonfiltrated bLF (N)—at m/z 1,730 (278-292; SVDG-
KEDLIWKLLSK) contained a part of the peptide. In the
case of the filtrated bLF (N), a few additional peptides
were matched in the m/z range of 2,200 to 2,600 at m/z
2,558 (670-692; LGGRPTYEEYLGTEYVTAIANLK);
m/z 2,314 (439-459; HSSLDCVLRPTEGY LAVAVVK),
and m/z 2,240 (72-92; KADAVTLDGGMVFEAGRD-
PYK). The obtained identification data showed a high
similarity to the results from a previous study in which
the number of matched peptides obtained by Binita et al.
(2014) was 17 (mascot score 1,630, sequence coverage
63%). Based on our studies, bLF (N) after UF showed
the 11 matched peptides in common, and nonfiltrated
samples had 10 matches.

Ultrafiltration could potentially modify the protein
structure, leading to the destabilization of glycan chains
and the release of sugar residues. In turn, the thiol
groups of cysteine mediate as potential glycosylation
sites. Indeed, the bLF macromolecule includes 17 disul-
fide bridges. Several authors revealed the possibility of
nonenzymatic S-glycosylation of thiol groups induced
by reductive sugars (Qin et al., 2018). The reduction
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of the filtrated bLF by B-mercaptoethanol might cause
considerable changes in the position of glycans and
the appearance of new glycosites, and thus some of the
signals became undetectable. Moreover, the number
of cysteine-containing peptides increased from 20 to
21 after UF; nevertheless, it decreased to 17 under the
reducing conditions. Therefore, the nonmatched signals
(55, 55, 54, and 62) might arise from the potential gly-
copeptides. Based on the UniProt database (UniProtKB
reviewed [Swiss-Prot]; www.uniprot.org), the bLF mol-
ecule (P24627 entry) contains 4.2% of Asn residues in
its primary structure. Application of several variable
modifications, such as HexNAc (N), Hex(1)HexNAc(2)
(N), HexNAc(2)dHex(1) (N), Hex(1))HexNAc(1)dHex(1)
(N), and Hex(1)HexNAc(1)NeuAc(1l) (N), indicated
matches (glycopeptides) representing the potential gly-
cosylation sites at Asn300, Asn349, Asn537, and Asn640
in bLF (Supplemental Tables S6—S9, see Notes). Indeed,
HexNAc (N) represents N-acetylhexosamine, which is
typically attached to asparagine residue. HexNAc (N), as
well as Hex(1)HexNAc(2) (N) (2 N-acetylhexosamines
with 2 hexose [Hex]) are characteristic for core of N-
glycan. These fragments are present in all N-glycan
types (e.g. high mannose, complex, and hybrid). In turn,
the fucose (dHex) presence in HexNAc(2)dHex(1) (N)
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Figure 7. Peptide mass fingerprint spectra of trypsin-digested proteins: bovine lactoferrin after UF under nonreduced conditions (A); bovine
lactoferrin after UF under reduced conditions (B); bovine lactoferrin before UF under nonreduced conditions (C); and bovine lactoferrin before UF

under reduced conditions (D). a.u. = arbitrary units.

(N-glycan, with 2 N-acetylhexosamines and 1 fucose)
and Hex(1)HexNAc(1)dHex(1) (N) (N-glycan with 1 N-
acetylhexosamine, 1 hexose, and 1 fucose) is typical for
complex glycans. Indeed, Hex(1)HexNAc(1)NeuAc(1)
(N) contains sialic acid (NeuAc), which might be pres-
ent in both, complex and hybrid N-glycans. Previously,
Gnanesh Kumar and Mattad (2021) identified 5 glycosyl-
ation sites in bLF at Asn252, Asn300, Asn387, Asn495,
and Asn584. The authors indicated a high-mannose type
of glycosylation in 4 sites, the exception being Asn300.
Sequence coverage of the target protein was found in the
range of 49.0% to 61.6%, showing a high-accuracy of the
identification results (Figure 8). In turn, the notable in-
crease of the intensity coverage after UF of bLF implies
a positive effect of the desalting procedure on sample
representation. Regarding bLF analysis, the sample prep-
aration plays a crucial role in ensuring the accuracy and
representativeness of biological assays. The improved
identification parameters (score, sequence coverage, and
intensity coverage) obtained after the UF of bLF show
a necessity of this procedure for the more accurate and
comprehensive analysis of molecular structure. Indeed,
the present salts induce the formation of a metastable
colloidal system of bLF. Although UF is known as an
efficient method for concentration and desalting of pro-
teins, it has number of limitations. As was shown, UF of
awater solution of bLF resulted in membrane fouling. In
turn, the preliminary dissolution of protein in the 0.9%
wt/wt NaCl solution ensured the efficient removal of
impurities. Ding et al. (2019) noted that different factors,
including pH, ionic strength, and temperature, might
affect the UF membrane performance. Remarkably, the
risk of membrane fouling increases as the membrane
separation occurs in solutions with a pH close to the
protein pl. Our studies showed that the addition of NaCl

Journal of Dairy Science Vol. 107 No. 12, 2024

121

contributed to the pl shift of bLF to 3.7 and, as a result,
led to the enhancement of electrostatic repul sion between
bLF molecules. Previously, it was reported that proteins
are exposed to shear stress during UF, and thus their
initial 3-dimensional structure undergoes modification
(Van Audenhaege et al., 2013). Despite the UF operat-
ing conditions (pressure, temperature), the shear stress
is closely related to the ratio of membrane pore size and
the size of the loaded protein. For instance, Miron et al.
(2021) showed that the application of membranes with
low cut-off (1 kDa) promoted the increased shear stress
for lysozyme (~14 kDa), which in consequence induced
protein denaturation and loss of its antibacterial activity.
In our study, the ratio of bLF size (~83 kDa) to the ap-
plied membrane cut-off (50 kDa) was relatively small,
and thus the risk of protein exposure to the shear stress
was minimized (Moino et al., 2024).

Currently, finding the appropriate validation methods
to allow for the accurate physicochemical character-
ization of proteins is a problem (Brisson et al., 2007).
Among the most abundant instrumental techniques used
for bLF quantification, ELISA and HPLC should be
mentioned. The combination of both techniques provides
information about the overall bLF content, percentage of
protein in a native state, and its degree of denaturation
(Zhang et al., 2021). Theiron-binding capacity is another
physicochemical parameter that determines the protein
biological activity. The accurate determination of the
bound metal could be performed by application of induc-
tively coupled plasma MS, inductively coupled plasma
optical emission spectrometry, and UV-visible spectro-
photometry (Majka et al., 2013; Bokkhim et al., 2014).
Nevertheless, the last method restricts the occurrence of
additional binding sites in biomolecule. As noted earlier,
the iron content in the analyzed sample was 242 mg/kg
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Figure 8. Identification parameters of bovine lactoferrin based on the
PMF spectra. bLF nonfiltrated (N) = bLF before UF under nonreduced
conditions; bLF nonfiltrated (R) = bLF before UF under reduced condi-
tions; bLF filtrated (N) = bLF after UF under nonreduced conditions, and
bLF filtrated (R) = bLF after UF under reduced conditions.

which is equal to 17.3% saturation. According to this re-
sult, bLF is classified as a native form, which implies the
presence of both apo- and holo-LF in a certain ratio. Un-
fortunately, the current instrumental approach does not
solve the problem of designating each individual formin
the native bLF (Zhang et al., 2021).

Our studies showed that protein impurities might be
efficiently monitored by application of various instru-
mental techniques, for example, EDS, SDS-PAGE,
and MALDI-TOF/MS. The first one is relevant for the
analysis of the mineral composition in a biomolecule,
including salts. However, the latter 2 techniques pro-
vide the detection of protein fragments (peptides). The
purity grade of the final product is might be influenced
by several factors, including the type of raw material,
the presence microbiological contaminants, processing
conditions applied during separation, and storage con-
ditions. The compositions of sweet and acid whey, as
key raw materials, differ from each other by the content
of minerals, such as Ca, K, Na, Mg, P, Cl (0.2%—-0.5%
and 0.4-0.7%, respectively), lactic acid (<0.1% and
0.3%—0.8%, respectively), and lactose (4.6%—5.2% and
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3.5%—4.6%, respectively; Dufton et al., 2019; Talebi et
al., 2020; Buchanan et al., 2023). These small molecules,
potential impurities during bLF extraction, could be re-
moved by application of membrane filtration techniques,
such as UF or dialysis (Phillips and Signs, 2004).

Generally, UF is recognized as a widely integrated
technological processin the dairy industry, and it has the
biggest market share among the membrane techniques
(Reig et al., 2021). On a large scale, the UF is mainly
implemented in milk protein standardization for cheese
production (e.g., cottage, Cheddar, feta, Havarti, moz-
zarella, and blue cheeses; El-Gazzar and Marth, 1991).
Regarding the compositional aspect, cheese made by
UF milk is characterized by a higher CN and colloidal
salt content, along with a lower level of moisture and
soluble-phase minerals in contrast to cheese made from
theregular milk (Lauzin et al., 2020). In addition to chee-
semaking, UF-obtained milk protein concentrate (M PC),
containing approximately 40%—-89% protein, might
be potentially used in the production of high-protein
yogurts, ice cream, dairy desserts, and nutritional bev-
erages and bars (Khatkar et al., 2023). The major chal-
lenge restricting the widespread application of MPC is
related to the presence of high amounts of solids, mainly
calcium, owing to its poor solubility. To improve MPC
solubility, the milk should beinitially acidified to pH 4.6
to 6 and then subjected to the UF for efficient calcium
removal (Meena et al., 2017). Additionally, membrane
techniques are widely engaged in the management of
dairy byproducts, such as whey. In particular, UF can be
applied to the recovery of whey proteins and formulation
of the commercial whey-based nutrition products, such
as whey protein concentrate (protein content 30%—89%),
and whey proteinisolate (protein content >90%; Figueroa
Pires et al., 2021). Remarkably, the obtained UF perme-
ate represents a rich source of lactose, which is a valu-
able dairy ingredient. Lactose undergoes conversion to
lactic acid in the presence of lactic acid bacteria strains,
and thus its presence is essential during the production
of fermented dairy products (Hettinga, 2019). More re-
cently, lactose has been used as an additive to enhance
the stability and shelf life of dried dairy products, such as
skim milk powder, whey powder, and permeate powder
(Huppertz and Gazi, 2016).

It is worthwhile to take into account the high sensitiv-
ity of bLF structure to physicochemical factors, includ-
ing pH, ionic strength, and temperature. Previous work
indicated that iron-saturation level is closely related to
the conformational stability of bLF (Barros et al., 2021).
Therefore, the iron-binding capacity of bLF is consid-
ered one of the key factors that determines its stabil-
ity and biological potential. Protein exposure to highly
acidic solutions is typically accompanied by iron release
and structure loosening. Thus a significant difference
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occurred in the percentage of bound metal remaining
in holo-LF at pH 2 and pH 7, which was equal to 21%
and 88%, respectively (Sreedhara et al., 2010a). Indeed,
the evident modifications in the 3-dimensional structure
related to bLF unfolding were initiated at pH < 4. Previ-
ously, it was mentioned that the use of acidic whey as a
raw material increased the risk of acidic hydrolysis of
a biomolecule. Importantly, the typical pH of the eluent
used in cation-exchange separation of bLF isfound in the
range of 6.5 to 7.0, which is appropriate for maintaining
the protein native structure (Sreedharaet al., 2010b). Ac-
cording to our studies, the greatest degradation of the bLF
structure occursin the pH range of 2 to 4, and the highest
stability was observed at a pH of 7 to 9. Previously, it
was reported that LF dissolving in highly concentrated
salt solutions is accompanied by surface chargeinversion
and formation of negatively charged protein aggregates
(Mela et al., 2010). For this reason, the pH as well as
ionic strength of the buffer (eluent) applied during bLF
isolation should be selected properly to minimize the
damage to protein structure. The presence of peptides
also might be associated with the specific drying method
used as well as storage conditions. Temperature is known
as one of critical parameters during protein drying. Al-
though spray-drying is a popular drying method, the use
of high temperatures (150-200°C) might negatively af-
fect the quality of the final product. Indeed, Morel et al.
(2022) noticed that bLF subjected to spray-drying was
characterized by a much lower iron-binding capacity and
higher denaturation degree than bLF after freeze-drying.
It is worthwhile to highlight that the thermal stability of
bLF substantially differs depending on iron-saturation
state. Thus, it was reported that the unfolding of apo-LF
starts at 63°C, and the thermal destabilization of holo-
LF occurs at about 87°C (Xiaet al., 2023). Furthermore,
Goulding et a. (2021) pointed out that high-temperature,
short-time processing of bLF in the temperature range
of 72—95°C led to irreversible denaturation processes in
the protein structure. Remarkably, the stability of the LF
structure under high-temperature conditions might be
influenced by the pH of the medium used. Thus, Saito
et a. (1994) showed, that bLF heated to 100°C at pH
4 maintained a greater than 90% iron-binding capacity.
Similarly, Williams et al. (2023) observed the highest
amount of undenatured LF after high-temperature pro-
cessing at pH 4, which was equal to 81%. In contrast,
reduction of bLF thermal stability was observed at pH >
6. The comprehensive study of bLF thermal properties
provides insight into the biomolecule’s conformational
stability and functionality, as well as the potential ap-
plication areas. Ultra-high-temperature processing is
a frequently applied pretreatment procedure aimed at
preserving dairy products against harmful microorgan-
isms and extending its storage time. The selection of the
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Figure 9. ldentification data of bovine lactoferrin based on the MS/
MS spectra. bLF nonfiltrated (N) = bLF before UF under nonreduced
conditions; bLF nonfiltrated (R) = bLF before UF under reduced condi-
tions; bLF filtrated (N) = bLF after UF under nonreduced conditions; and
bLF filtrated (R) = bLF after UF under reduced conditions.

appropriate temperature range and the heating time will
determine the further biological potential of individual
milk components. Whey proteins are known to be a heat
sensitive group of biomolecules that usually undergo un-
folding and denaturation at high temperatures (Krishna et
al., 2021). For instance, Williams et al. (2023) reported
that approximately 10% of whey proteins maintained
their native structure after UHT processing (142°C; 4s)
of 8% (wt/wt) whey protein suspension (pH 7.5). It has
been reported that UHT of bLF solution at 135°C for 4s
provided complete degradation of the protein structure
and as a result strongly reduced its antibacterial activity
against Escherichia coli (Paulsson et al., 1993). Despite
the tendency of proteins to denature at high tempera-
tures, their stability also might be significantly affected
at low temperatures. In this context, the term “cold dena-
turation” might be used. Proteins undergo unfolding and
lose the their 3-dimensional structure, especially after
long-term storage under cooling conditions. Remarkably,
the level of LF in breast milk stored at —20°C did not
differ significantly in the first 6 d (Kasiati et al., 2021).
In contrast, Rollo et al. (2014) noted a 37% decrease in
LF content in human milk as the time of low-temperature
storage (—20°C) exceeded 3 mo. The evident changes in
the LF content might be associated with degradation of
protein structure as aresult of low-temperature treatment.

More precise identification results were gained after
peptide fragmentation using MS in the laser ionization
fragmentation technology mode. The common criteria
selected for the bLF identification was the peak intensity
>1,000 arbitrary units. The only exception was nonfil-
trated bLF (N), in which case the criterion was changed
to a peak intensity >3,000 arbitrary units due to large
number of signals. Peptides identified after MS/IMS
analysis are presented in Supplemental Tables S10-S13
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Figure 10. Peptide SFQLFGSPPGQR fragmentation (304-315). Theranges of S, F, Q, L, G, P, and R reflect the fragmentation pathway of the
appropriate amino acid in the peptide. The b- and y-ions refer to fragments generated by breaking peptide bonds at N-terminal and C-terminal,
respectively. In turn, a- and x-ions are produced by cleavage of the peptide backbone at N— and C—Ca bond, respectively. The numeral index indicates

the number of amino acid the fragment contains.

(see Notes). The number of matching peptides decreased
after MS/M S matching and was equal to 17, 16, 19, and
14 (Supplemental Table S5) for the nonfiltrated bLF (N),
nonfiltrated bLF (R), filtrated bLF (N), and filtrated bLF
(R), respectively, and the score values ranged from 460
to 525 (Figure 9). The highest mascot score was observed
for filtrated bLF at nonreducing conditions, similar to
during MS analysis. The fragmentation pathway of the
selected peptide commonly matched in all samples was
shown at the Figure 10. Importantly, the same peptide
was identified by Xia et al. (2023); that study obtained
score and number of matched peptides during bLF iden-
tification were 602 and 13, respectively. We can assume,
that the better results of protein identification might be
related to the specificity of the applied desalting method.

In the case of nonfiltrated bLF at nonreducing condi-
tions, one more peptide assigned as m/z 1,289 (278-288;
sequence of bLF peptidesidentified in the MS/M S mode:
SVDGKEDLIWK) was matched in comparison to reduc-
ing conditions. Remarkably, this fragment also was not
identified in thefiltrated bLF (R) sample. A few addition-
al matches appeared for bLF (N) after the UF at m/z 831
(40-44; RWQWR) and m/z 947 (590-597; LLCLDGTR).
The fragment at m/z 945 (475-482; SCHTAVDR) excep-
tionally matched in the filtrated bLF (R). It isworthwhile
to emphasize that MS/M'S spectra are more complicated
and might provide more sequence-specific information
in contrast to PMF. The other reason for the difference
might induce a selected criteria that would restrict the
number of analyzed peptides.

CONCLUSIONS

Ultrafiltration is known to be an efficient nondestruc-
tive technique that is relevant for protein concentration
along with removal of low-molecular-weight compounds,
such as salts. Precise protein desalting is crucial because
it allows enhancement of the accuracy of experimental
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results. In this study, the physicochemical and struc-
tural characteristics of bLF with and without UF were
evaluated. The obtained results indicated the similarity
in molecular masses between both bLF samples. The
microscopy studies showed the evident transformation
of the bLF surface structure after UF from smooth to
more porous and rugged. Furthermore, the improvement
of identification parameters, such as sequence coverage
(from 52.7% to 61.6%) and intensity coverage (from
84.5% to 89.2%) confirms the significance of the prior
UF step before further analysis of proteinsto gain higher
precision results.
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Food fortification is considered a promising strategy to enhance the bioavailability of vitamin D. This study
aimed to analyze the impact of probiotic bacteria added to cream on vitamin D3 biosynthesis. Both the biomass
and lyophilized form of Lactiplantibacillus plantarum were tested. In addition, changes in the fatty acid (FA)
profile were evaluated. Supplementation with L. plantarum B/00401 lyophilisate resulted in more efficient
vitamin D3 enrichment of the cream compared to the biomass, increasing its content from 1.71 to 15.96 pg g L

Moreover, a reduction in saturated fatty acids (SFA) accompanied by an increase in monounsaturated fatty acids
(MUFA) was observed following the addition of L. plantarum B/00401 to the cream. The proposed fortification
approach may help address poor vitamin D3 status. At the same time, the changes in the FA profile offer
additional benefits to consumers by reducing the risk of heart disease development.

1. Introduction

Probiotics are live microorganisms that, when consumed in adequate
amounts through the diet, provide health benefits beyond basic nutri-
tion (Zayed & Roos, 2004). Key functions of probiotic bacteria include
gut immunomodulation and the enhancement of internal defense
mechanisms. Additionally, probiotics can produce hydrogen peroxide,
organic acids, and bacteriocins, which contribute to the inhibition of
pathogen growth in the gastrointestinal and urogenital tracts (Boris &
Barbés, 2000; Reid & Burton, 2002; Velraeds et al., 1998). The recom-
mended daily intake of probiotics is approximately 10° colony-forming
units (CFU). (Latif et al., 2023). Dairy products, such as milk, yoghurt,
cheese and butter, are defined as the most potential carriers of probiotic
bacteria (Urrutia-Baca et al., 2024).

Probiotics can be incorporated into food in various forms, such as
suspensions, powders, and capsules (Vera-Santander et al., 2023). Bac-
terial suspension or biomass is a commonly used form of probiotic

* Corresponding author.

bacterial strains. It offers a wide spectrum of applications in functional
dairy foods, animal feed, dietary supplements, and pharmaceuticals.
(Ren et al., 2019). Although biomass production is relatively fast and
cost-effective, the viability of the bacteria and their storage duration are
significantly reduced compared to other forms. In addition to traditional
bacterial biomass, probiotics can also be applied in a lyophilized
(freeze-dried) form (Arellano-Ayala et al., 2021). Freeze-drying is a
commonly used technique for producing dried probiotic powders (Tyagi
et al., 2023). The higher viability of freeze-dried bacteria enhances their
beneficial effects, making lyophilized probiotics increasingly popular in
modern applications. Additionally, probiotics in their lyophilized form
have an extended shelf life, allowing for longer storage without losing
their fermentative activity (Shekh et al., 2020).

Lactic acid bacteria (LAB), particularly those from the Lactobacillus
genus (with some now reclassified under the Lactiplantibacillus and
Lacticaseibacillus genera), are recognized as probiotics. Importantly, LAB
exhibit diverse metabolic pathways, including carbohydrate
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metabolism, amino acid metabolism, and fatty acid (FA) metabolism
(Hu et al., 2020). They produce numerous valuable compounds, such as
organic acids, short-chain fatty acids (SCFA), exopolysaccharides, bac-
teriocins, amino acids, enzymes, and vitamins (Tang et al., 2023). As a
result, numerous LAB species, including Lactobacillus acidophilus,
Lactobacillus delbrueckii, Lacticaseibacillus paracasei, Lacticaseibacillus
rhamnosus, and Lactiplantibacillus plantarum (L. plantarum) have found
widespread application in functional food design (Abdollahzadeh et al.,
2018; Li et al., 2020). In particular, L. plantarum is one of the most
remarkable probiotic bacterial species which widely implemented in the
production of the fermented products, such as pickles, juices, or certain
types of cheese, and milk cream (Behera et al., 2018). Generally,
L. plantarum promotes the transformation of milk sugars (mainly
lactose) into lactic acid under anaerobic conditions, leading to a
decrease in pH and the acidification of the product (Cui et al., 2021).

It is worth mentioning, that LAB are characterized as vitamin-
producing microorganisms (Ribeiro et al., 2023). Vitamin deficiency is
recognized as a rapidly growing issue in the modern world. Notably,
approximately 1 billion people worldwide suffer from vitamin D3 defi-
ciency (Saleem et al., 2024). Vitamin D3 is an essential steroid hormone,
which can be delivered to human body through both endogenous and
exogenous ways. The precursor of vitamin D3, 7-dehydrocholesterol
(7-DHQ), found in skin cells, is converted to D3 upon exposure to UVB
radiation (282-310 nm) (Haines & Park, 2012). Alternatively, vitamin
D3 can be obtained from animal-based foods such as meat, offal, fish,
and eggs (Schmid & Walther, 2013). LAB strains are known to act as
mediators in the production of several B-group vitamins (B2, B9, B12)
and vitamin K (Ribeiro et al., 2023; Valle et al., 2011). However, in-
formation on vitamin D3, as a potential LAB metabolite remains limited.
Nevertheless, Castagliuolo et al. (2021) pointed out that probiotic
administration facilitates vitamin D3 absorption, leading to an increase
in serum levels of 25-hydroxyvitamin D3 (25(OH)D3). Consequently,
products supplemented with LAB could offer a natural way to improve
vitamin D3 bioavailability, which is especially crucial during the winter
season when sunlight exposure is reduced.

Therefore, the present work aimed to investigate the impact of the
added L. plantarum B/00401 strain in two forms, as biomass and lyo-
philisate, on the production of vitamin D3 and changes in the FA profile
of cream samples incubated under various light/dark and mixing/non-
mixing conditions.

2. Materials and method
2.1. Reagents, solvents and materials

All reagents, solvents, and medium used in this study were of the
highest available purity and were purchased from Sigma Aldrich
(Steinheim, Germany). Small laboratory equipment and plastics were
purchased from Alchem (Torun, Poland). Deionized water (H,O) was
obtained using a system from Millipore (Schaffhausen, Switzerland).
Cream samples were provided by Polmlek Sp. z o.0. (Grudziadz,
Poland). The total fat percentage was 41 % (w/w), while the acidity (pH)
was 6.72. The determined content of saturated fatty acids (SFA),
monounsaturated fatty acids (MUFA), and polyunsaturated fatty acids
(PUFA) was 548.7, 88.6, and 77.0 mg g™}, respectively. More detailed
information regarding the FA composition of the supplied cream is
presented in Table S1, labeled as Control 2.

2.2. Preparation of bacterial biomass and lyophilisate

In the current study, L. plantarum isolated from cow milk 2 h after
milking and deposited under no. B/00401 at the Polish Collection of
Microorganisms (Hirszfeld Institute of Immunology and Experimental
Therapy) was used. Initially, L. plantarum B/00401 was cultured on De
Man, Rogosa and Sharpe Agar (MRSA) medium at 37 °C (24h) and
subsequently subcultured in MRS broth (MRSB) under the same
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conditions. Bacteria cells were collected by centrifugation (15 min; 12
000 rpm; 4 °C), and then the obtained biomass was washed three times
with deionized water. A portion of the washed biomass was lyophilized
using a freeze-dryer (LABCONCO FreeZone, Kansas City, MO, USA),
while the remaining biomass was stored for further analysis. Both forms
of L. plantarum B/00401, biomass and lyophilisate, were used in sub-
sequent experimental designs.

2.3. The experimental design and designation of the experimental variants

The experimental design for this study is shown in Table 1. Both
forms of L. plantarum B/00401 strain (biomass, lyophilisate) have been
prepared in MRSB at 2.5 x 10° CFU. Finally, L. plantarum B/00401
inoculum was mixed with cream samples at 1:1 and 3:1 (v/v) ratios
(cream/L. plantarum B/00401). These two different cream/bacteria ra-
tios (1:1 and 3:1) were selected to highlight the significance of the added
probiotics on the changes in vitamin D3 content and the overall FA
profile. Cream samples without the addition of L. plantarum B/00401
strain were marked as controls. Additionally, experimental samples
containing the of cream/L. plantarum B/00401 mixture without MRSB
medium were included to assess the impact of the culture medium on
changes in the FA profile.

The experiment was conducted under varying conditions including
light, lack of light (darkness), shaking (mixing), non-shaking (non-
mixing), and the used form of L. plantarum B/00401 strain (biomass,
lyophilisate). Samples were incubated for 48 h at room temperature.
Those stored under light conditions were exposed to fluorescent lamp
radiation (T5 lamp; length 30 cm; power 4.5 W). Mixing conditions (150
rpm) were maintained using a Julabo SW22 water bath (without heat-
ing). Samples under light conditions without mixing were kept on a
table, while those incubated in darkness without mixing were placed in
an INCU-Line® Incubator at room temperature. The following abbrevi-
ations were used to mark the analyzed samples, such as: control cream
samples incubated at light non-mixing (cL), mixing (cL/mix), dark non-
mixing (cD) and mixing conditions (cD/mix); cream samples incubated
with L. plantarum B/00401 biomass at 1:1 (v/v) ratio at light non-mixing
(cBL (1:1)), mixing (cBL/mix (1:1)), dark non-mixing (cBD (1:1)) and
mixing conditions (cBD/mix (1:1)); cream samples incubated with
L. plantarum B/00401 lyophilisate at 1:1 (v/v) ratio at light non-mixing
(cLL (1:1)), mixing (cLL/mix (1:1)), dark non-mixing (cLD (1:1)) and
mixing conditions (cLD/mix (1:1)); cream samples incubated with
L. plantarum B/00401 biomass at 3:1 (v/v) ratio at light non-mixing (cBL
(3:1)), mixing (cBL/mix (3:1)), dark non-mixing (cBD (3:1)) and mixing
conditions (cBD/mix (3:1)); cream samples incubated with L. plantarum
B/00401 lyophilisate at 3:1 (v/v) ratio at light non-mixing (cLL (3:1)),
mixing (cLL/mix (3:1)), dark non-mixing (cLD (3:1)) and mixing con-
ditions (cLD/mix (3:1)). Samples of cream/L. plantarum B/00401
without MRSB medium were additionally labeled with (w/MRSB).

2.4. FA profile analysis

FA profile analysis was performed using an Agilent GC mass spec-
trometry (MS) system (6890 A series; Agilent Technologies, Waldbronn,
Germany) coupled with a quadrupole mass spectrometer (GC-MS). Each
sample (60 mg) was subjected to multi-step extraction followed by a
derivatization procedure, as described by Zioch et al. (2022).

The gas chromatograph was equipped with a HP-5MS (30 m x 0.25
mm x 0.25 pm) capillary column (Agilent Technologies, California,
USA), and helium was used as the carrier gas. A 5 pL injection volume
was introduced into the system using split mode, with a split ratio of
50:1. The initial oven temperature (50 °C) was maintained for 2 min. In
order to elute non-volatile compounds, the oven temperature program
was set as follows: 50 °C for 2 min, ramped at 13 °C/min to 150 °C, then
ramped at 5 °C/min to 230 °C (held for 8 min). The temperature of the
MS transfer line was set to 250 °C. Chromatographic analyses were
performed in scanning mode and MS spectra were recorded in the m/z
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Table 1
The experimental design.

International Dairy Journal 161 (2025) 106118

Samples Experimental conditions
Light Dark
Mixing Non-mixing Mixing Non-mixing

- Placed in Julabo SW 22 water
bath (150 rpm; room

- Mixture of cream and biomass/lyophilisate of
L. plantarum B/00401 (2.5 x 10° CFU in

MRSB) at 1:1 and 3:1 (v/v) temperature)
- Cream without added bacteria (control - Exposed to fluorescent lamp
samples) (4.5W)

- Incubation time: 48 h

- Placed on the table at
room temperature

- Placed in INCU-Line®
Incubator (room

- Placed in Julabo SW 22 water
bath (150 rpm; room

- Exposed to temperature) temperature);
fluorescent lamp - Covered with aluminum foil; - Incubation time: 48 h
4.5W) - Incubation time: 48 h

- Incubation time: 48 h

50-600 range. The integrated peaks (previously deconvoluted and
aligned) were identified using the NIST 17 library. The content of in-
dividual FAs was calculated as a percentage of the total peak areas of
identified FAs for each sample, with the sum of FAs in a given sample
equaling 100 %. The analysis was performed in triplicate for each
sample.

2.5. Analysis of vitamin D3

Analyzed samples were subjected to saponification and extraction
steps as it was previously described by Ztoch et al. (2022). Briefly, a
sample (0.15-0.25 g) was mixed with 2.5 mL of 96 % (w/w) ethanol and
0.5 mL of 60 % (v/v) potassium hydroxide. The prepared mixture was
heated in a water bath at 80 °C (15 min) until the solution became clear.
The saponified samples were then cooled to room temperature and
subjected to liquid-liquid extraction with 5 mL of hexane. The aqueous
layer was extracted with an additional 2 mL of hexane for two more
times. Hexane extracts were filtered through anhydrous sodium sulfate
and dried using a Multivap (Alchem, Torun, Poland) at 36 °C. Subse-
quently, the obtained dry residue was dissolved in 0.3 mL of ethanol.

Vitamin D3 content was analyzed using a reverse-phase high-per-
formance liquid chromatography (RP-HPLC) system (Prominence, Shi-
madzu, Kyoto, Japan) equipped with a diode array detector (DAD).
Vitamin D3 was separated using an ACE 5 C8 column (4.6 x 100 mm)
(Avantor, Gliwice, Poland) as the stationary phase with a mobile phase
consisting of a mixture of 0.1 % (v/v) formic acid in methanol and 0.1 %
(v/v) formic acid in water (90:10, v/v). Vitamin D3 quantification was

carried out at a wavelength of 265 nm. The calibration curve was pre-
pared using a series of standard vitamin D3 solutions in ethanol at the
following concentrations: 0.1; 0.5; 1; 2.5; 5; 10; and 25 pug mL L.
Changes in vitamin D3 were monitored after 6, 24, and 48 h of cream
incubation under specific conditions. All measurements were performed
in triplicate. The experimental results, along with statistical data, are
initially presented in Table S2.

2.6. Statistical analysis

The obtained data were processed using the Radar chart function and
Excel’s Conditional Formatting with the Data Bar function. The mean
values from the experiment for each sample were taken for data pro-
cessing. The figures were then further refined using Origin 6.0 to
generate the desired format.

3. Results

3.1. The influence of L. plantarum B/00401 on the production of vitamin
D3 in cream

Fig. 1 presents the changes in D3 vitamin in cream samples incubated
under various conditions. A total of 16 experimental variants, along with
4 controls, were prepared, taking into account factors such as light/dark
exposure, mixing/non-mixing conditions, cream/L. plantarum B/00401
ratio (v/v), and the form of L. plantarum B/00401 strain used. Besides,
vitamin D3 content was measured periodically, after 6, 24, and 48 h of

Fig. 1. Illustration of vitamin D3 produced in cream under different selected conditions over 48 h of incubation. (A) Radar chart showing the vitamin D3 con-
centrations measured at 6, 24, and 48 h. Each vertex represents a different treatment condition, with the concentric circles indicating the concentration of vitamin
D3. The acronyms corresponds to those presented in Fig. 2B; (B) The bar chart proving a quantitative presentation of vitamin D3 concentrations for each treatment,
illustrating a general increase in vitamin D3 content over time. Lyophil and Biomass refer to the lyophilisate and biomass forms of L. plantarum B/00401, while 1 to 1

and 3 to 1 represent the cream/L. plantarum B/00401 vol ratio (v/v).
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incubation. As expected, vitamin D3 was not detected in the control
samples; however, the addition of L. plantarum B/00401, either as
biomass or lyophilisate, promoted vitamin D3 production. According to
the radar chart, a dynamic increase in vitamin D3 content was observed
over time, especially after 48 h (Fig. 1A). Moreover, samples with a 3:1
cream/bacteria ratio demonstrated more efficient vitamin D3 produc-
tion compared to the 1:1 ratio (Fig. 1B). Vitamin D3 concentration in the
1:1 samples ranged between 0 and 1.71 pg g}, while in the 3:1 samples,
it was found between 0 and 15.96 pg g~'. The highest vitamin D3
content in the 1:1 cream/bacteria samples was observed in the cLL and
cLD/mix variants. A remarkable increase in vitamin D3 was observed in
the ¢BL (3:1) and cLL (3:1) variants, indicating these conditions as the
most optimal for vitamin D3 biosynthesis. The vitamin D3 concentra-
tions in the ¢BL (3:1) and cLL (3:1) variants were 9.81 and 15.96 pg g_l,
respectively. Interestingly, vitamin D3 content was more influenced by
mixing/non-mixing conditions than by light/dark exposure. For
instance, vitamin D3 concentrations were 6.58 and 3.64 ug g‘1 in the
¢BD (3:1) and cLD (3:1) variants, respectively, but decreased to 0.99 and
1.48 ug g_l in the c¢BL/mix (3:1) and cLL/mix (3:1) variants,
respectively.

3.2. The role of supplemented L. plantarum B/00401 on the modification
of FA profile

Fig. 2 illustrates the changes in FA profiles among the analyzed
samples. A detailed list of the identified FAs in the relevant experimental
variants is provided in Table S1. SFA were found to be the predominant
group of FAs in all cream samples, followed by MUFA and PUFA, with
their content ranging at 488-907, 93-512, and 0-38 mg g™}, respec-
tively. The relationship between vitamin D3 content and the specific FA
groups (SFA, MUFA, PUFA) is clearly presented for the 3:1 cream/
L. plantarum B/00401 ratio after 48 h of incubation (Fig. 2A).

Among all variants, the cLL (3:1) was characterized by the highest
concentration of both vitamin D3 and SFA (726 mg g_l), but the lowest
MUFA content (244 mg g~ 1) (Fig. 2B). Additionally, it had a relatively
high PUFA content of about 30 mg g™ '. In contrast, the opposite trend
was observed for the ¢BL (3:1) variant. The highest MUFA content (280
mg g~ ') corresponded with the lowest PUFA level (10 mg g™!).
Remarkably, PUFA in cBL (3:1) increased to 35 mg g ' under dark
conditions.

For the 1:1 variants, the cBL (1:1) sample had the highest SFA con-
tent (769 mg g’l) and the lowest MUFA content (204 mg g’l). On the
contrary, the lowest PUFA concentration (11 mg g’l) was observed in
the c¢BL/mix (1:1) sample, which had the highest MUFA content (329
mg g~ 1). There was a noticeable negative correlation between the SFA
and MUFA content, especially in the cream/L. plantarum B/00401
samples without MRSB medium. For example, the ¢BL/mix(w/MRSB)
sample contained 907 mg g ! of SFA and 93 mg g~ * of MUFA, while the
cLL/mix(w/MRSB) sample had 488 mg g ™' of SFA and 512 mg g~ ' of
MUFA. PUFA was the least abundant group of FAs, with its content
ranging from O to 38 mg g~ . It is worth noting that PUFA was absent in
experimental variants without the MRSB medium, except for cBL(w/
MRSB) and ¢BD(w/MRSB) (Fig. 2B). In turn, the addition of MRSB
medium (control) promoted PUFA production. Table 2 summarizes the
overall results, highlighting the cream samples with the lowest and
highest content of vitamin D3, SFA, MUFA, and PUFA.

4. Discussion

4.1. The impact of L. plantarum B/00401 supplementation on vitamin D3
biosynthesis

Naturally, dairy products are a poor source of vitamin D3, typically
ranging from 0.001 to 0.006 pg g~ depending on the type of product
(Polzonetti et al., 2020). The only exception is fat-rich products, such as
butter. Currently, the major strategies to increase vitamin D3 intake
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include food fortification or the use of dietary supplements (Cashman,
2020). Our studies showed that vitamin D3 content in cream increased
after the addition of L. plantarum B/00401, in both biomass and lyo-
philisated forms. Previously, it was noticed that LAB strains promote the
biosynthesis of B-group vitamins (B2, B9, B12) and vitamin K (Patel
et al., 2013). Recent studies have also indicated the ability of probiotic
bacteria to increase vitamin D3 content (Shang & Sun, 2016). For
instance, Jones et al. (2013) reported, that the administration of
L. reuteri strains to healthy hypercholesterolemic adults, aged of 20 and
75, led to an increase in 25(0H)D3 levels, indicating a positive impact
on poor vitamin D3 status in humans. Remarkably, the absorption of
other fat-soluble vitamins (A and E) did not change significantly. This
phenomenon may be explained by the ability of LAB strains to increase
the secretion of lactate, acetate, and pyruvate metabolites, which are
involved in 7-DHC biosynthesis (Gokhale & Bhaduri, 2019). In addition,
Li et al. (2023) discovered, that Carnobacterium maltaromaticum, another
LAB species, was directly involved in the production of vitamin
D-related metabolites, similar to L. plantarum in this study.

The most efficient growth of vitamin D3 was observed in samples
with a higher proportion of cream after 48 h of incubation under light
conditions without mixing. Indeed, Ztoch et al. (2022) reported a similar
trend after the addition of L. paracasei biomass to cream samples, where
the maximum vitamin D3 produced reached 15.7 pg g~'. Light acces-
sibility plays a critical role in the photoactivation of 7-DHC and its
subsequent conversion to vitamin D3. Previous studies have indicated
that 7-DHC might be one of the metabolites produced by probiotic
bacteria (Li et al., 2023). In addition, other cream components, partic-
ularly lipids containing double bonds in their carbon skeletons, exhibit a
high photosensitivity (Nam, 2011). The light emitted by the fluorescent
lamp could promote free radical generation and initiate the lipid per-
oxidation (LPO) pathway (Schaich, 2005). LPO is an exothermic process
that is accompanied by the release of energy. The produced energy
might contribute to the transformation of 7-DHC into vitamin D3.

The results of the current study showed that static conditions were
more favorable for vitamin D3 biosynthesis. Although mixing typically
stimulates the growth of probiotic strains, the colloidal nature of fat
globules played a crucial role in this case (Leser & Michel, 2008). Mixing
can affect the size and distribution of milk fat globules in cream,
affecting its homogeneity. Remarkably, lipids are well known for their
ability to encapsulate various compound, including fat-soluble vitamins
(Maurya & Aggarwal, 2019). Under static conditions, fat globules and
the vitamin D3 precursor tend to accumulate at the cream’s surface
where they are most exposed to light. As a result, vitamin D3 enrichment
was more efficient in non-mixing cream samples compared to those
under mixing conditions.

Recently, the application of freeze-dried LAB cultures has become
increasingly popular in the food industry. Dairy products, particularly
cream, represent an ideal matrix for the delivery of probiotics due to
their nutrient-rich composition and tendency for fermentation (Ningtyas
et al., 2019). While LAB can tolerate mildly acidic conditions in fer-
mented foods such as cream (pH 3.8-4.9), it is important to note that
their survivability significantly decreases at pH below 2 (Bahlol, 2015;
Shepard et al., 2013). Indeed, LAB strains are known for their diverse
metabolic pathways and their ability to synthesize various valuable
compounds, which expands the functional properties of products. Our
studies confirmed that vitamin D3 is one such metabolite. Thus, cream
supplemented with L. plantarum B/00401 strain provides a source of
naturally produced vitamin D3, offering a better alternative to chemi-
cally synthesized supplements. Moreover, the biological methods are
more cost-efficient and environmentally friendly compared to chemical
synthesis (Revuelta et al., 2016).

As demonstrated, the freeze-dried L. plantarum B/00401 strain pro-
moted enhanced vitamin D3 biosynthesis. The higher viability and
extended shelf life of lyophilized probiotic formulations improve their
functionality and health-promoting properties compared to the biomass
form of the bacteria. Despite it, freeze-dried bacterial formulations are
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Fig. 2. (A) Relationship between FAs and vitamin D3 in cream/L. plantarum B/00401 at a 3:1 (v/v) ratio after 48 h, where the listed abbreviations are explained as
follows: cBL is a cream incubated with L. plantarum biomass at light non-mixing conditions, cBL/mix is a cream incubated with L. plantarum biomass at light mixing
conditions; ¢BD is a cream incubated with L. plantarum biomass at dark non-mixing conditions; cBD/mix is a cream incubated with L. plantarum biomass at dark
mixing conditions; cLL is a cream incubated with L. plantarum lyophilisate at light non-mixing conditions; cLL/mix is a cream incubated with L. plantarum lyophilisate
at light mixing conditions; cLD is a cream incubated with L. plantarum lyophilisate at dark non-mixing conditions; cLD/mix is a cream incubated with L. plantarum
lyophilisate at dark mixing conditions. (B) Normalized bar graphs showing the content of SFA, MUFA and, PUFA in the designed experimental variants after 48 h of
incubation. The zoom-in highlights PUFA content for better understanding.
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Table 2
A table summarizing the overall results of the study.

Cream Highest content Lowest content

component
Sample Content [mg Sample Content [mg
name g’l] name g’l]

Vitamin D3 cLL (3:1) (15.96 + 0.31%) cBL/mix (4.0 £0.3) x

x 1073 a1 1074

SFA cBL (1:1) 769 + 2.3" cLL (1:1) 654 4 2.2°

MUFA ¢BL/mix 329 + 2.7° cBL (1:1) 204 +1.8%
1:1)

PUFA cLL (1:1) 38 +2.5° cBL (3:1) 10 + 0.9"

2 SD — standard deviation.

more convenient for dosing and practical use, allowing for easier
product standardization. On the other hand, the biofortification of
cream with vitamin D3 using lyophilized probiotic bacteria may face
several technological challenges, such as increased processing time and
additional energy inputs, including the use of a freeze-drier and fluo-
rescent lamp.

It is also worth noting that the stability of vitamin D3 is highly
influenced by various factors, e.g. temperature, pH, medium, light
exposure, and oxygen availability (Rakusa et al., 2021; Zareie et al.,
2021). Indeed, the added LAB contribute to lactic acid production,
which acidifies the cream (Bintsis, 2018). To prevent the degradation of
vitamin D3, pH adjustment (pH > 5) is crucial to preserve its structure
(Rakusa et al., 2021). In addition, Zareie et al. (2021) highlighted, that
exposure to artificial light is a key factor contributing to the decrease of
vitamin D3 content. In our study, light is essential for the production of
vitamin D3; however, excessive light exposure can lead to vitamin D3
degradation, reducing the efficiency of its biosynthesis. Therefore, the
duration of light exposure must be properly controlled. Moreover,
practical aspects of enriching cream with vitamin D3, such as process-
ing, storage, and packaging conditions, should be carefully considered in
future developments.

4.2. The modification FA profile in the presence of L. plantarum B/00401

The analyzed cream represents a rich source of variable FAs,
including SFA, MUFA, and PUFA. The composition of these FAs plays a
valuable role in the product’s nutritional value, stability, shelf life,
texture, flavor, and health benefits (Temme et al., 2011). The proposed
biotechnological approach resulted in significant modifications to the
FA profile. The addition of L. plantarum B/00401 contributed to an in-
crease in MUFA alongside a decrease in SFA content. Additionally,
visible changes were observed in PUFA content. The highest content of
PUFA was noticed in samples incubated with L. plantarum B/00401
biomass under dark conditions. Among FAs, PUFA are known to be the
most susceptible to LPO, a process that can be triggered by light expo-
sure (Liu et al., 2015).

It should be highlighted that the MRSB medium plays a key role in
the metabolic activity of L. plantarum, modulating the content of pro-
duced FAs. As it was shown, PUFA were absent in all samples, except for
cBL(w/MRSB) and ¢BD(w/MRSB). The content of SFA increased in
cream samples without the added medium, except for cBL(w/MRSB) and
cLL/mix(w/MRSB), while the opposite trend was observed for MUFA.
For instance, cLL/mix(w/MRSB) had the lowest SFA content (488 mg
g~ 1) and the highest amount of MUFA (512 mg g~ ') among the samples.
Numerous studies have previously confirmed the significance of the
used culture medium on the bacterial metabolic activity and biodiver-
sity of products, in particular FAs (Kim & Kim, 2017; Srednicka et al.,
2023). Indeed, Markowiak-Kope and Slizewska (2020) reported a
valuable impact of LAB fermentation on the increased production of
SCFA metabolites, including acetic, propionic, lactic, butyric acid. Pre-
vious studies have also indicated that L. plantarum is able to convert
PUFA, particularly linoleic acid, into FA derivatives (Aziz et al., 2021).
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The observed changes in FA composition of cream after L. plantarum
supplementation may offer substantial health benefits for consumers.
Enrichment of food with MUFA helps normalize cholesterol levels, blood
pressure, and blood glucose levels (Kim et al., 2023). Additionally,
MUFA consumption has been associated with cancer prevention and
improved immune function. In turn, reducing SFA intake positively
contributes to lowering the risk of cardiovascular disease. Besides,
numerous studies have highlighted the negative impact of SFA on gut
microbiota diversity (Schoeler et al., 2023). Although the total elimi-
nation of SFA intake is impossible, most nutritionists recommend
limiting solid fats in the daily diet (Vieira et al., 2015). In the previous
studies, successful substitution of SFA with MUFA/PUFA has been
achieved in dairy products (Givens, 2017). On the other hand, replacing
SFA in the food industry may pose several challenges. Firstly, the pres-
ence of SFA enhances product stability and extends shelf life due to its
greater resistance to LPO compared to MUFA and PUFA (Vieira et al.,
2015). Secondly, reducing SFA can significantly impact the texture and
consistency of dairy products, necessitating careful control of such
modifications.

Understanding the relationship between vitamin D3 and FA content
in cream is essential for developing high-quality products with appro-
priate nutritional value. It worth noting that FAs can modify the intes-
tinal absorption of vitamin D3. For example, Goncalves et al. (2013)
highlighted the positive impact of MUFA on cholecalciferol absorption,
while PUFA had the opposite effect. Similarly, Niramitmahapanya et al.
(2011) observed increased serum levels of vitamin D3 in the presence of
MUFA. On the other hand, Dawson-Hughes et al. (2015) indicated that
both MUFA and PUFA played a negligible role in vitamin D3 absorption.

Remarkably, various studies have found out a relationship between
vitamin D3 content and cholesterol levels. For instance, Surdu et al.
(2021) noticed that an increase in vitamin D3 corresponded to a
decrease in total cholesterol (TC), low-density-lipoprotein cholesterol
(LDL-C), and triglycerides (TG) in blood serum. Thus, the level of
cholesterol in cream, as a derivative of 7-DHC, might be indirectly
correlated with the amount of produced vitamin D3.

5. Conclusions

In the current study, L. plantarum B/00401 strain showed great po-
tential for fortifying cream with vitamin D3. The amount of produced
vitamin D3 was highly dependent on various conditions, including
light/dark exposure, mixing/non-mixing, the cream/bacteria ratio, and
incubation time. Besides, the form of L. plantarum B/00401, whether
biomass or lyophilisate, played a significant role in the enrichment of
cream with vitamin D. The differences in metabolic activity between the
two forms of L. plantarum B/00401 may be associated with their varying
levels of survivability. Moreover, non-mixing conditions and light
exposure were identified as the most valid criteria for enhancing vitamin
D3 production, as 7-DHC is efficiently photoactivated and converted to
vitamin D3 under these conditions. It is also worth noting that the
addition of L. plantarum B/00401 led to modifications in the FA profile
of the cream. The decrease in SFA was accompanied by an increase in
MUFA content upon cream supplementation with the strain. SFA and
MUFA contents varied slightly depending on the experimental condi-
tions, while PUFA content was highly influenced by the presence of the
MRSB culture medium and light exposure (mostly in the case of
biomass). The changes observed in the FA composition of cream after
L. plantarum B/00401 supplementation could potentially improve
vitamin D3 bioavailability. Moreover, this remodeling of FA content in
cream offers health benefits by reducing the risk of heart disease,
although it may pose a risk to the product’s shelf life. Future research
could explore the use of compatible cryoprotectant to enhance the
viability of the strain without interfering with the existing system. A
well-designed probiotic-cryoprotectant system could deliver greater
health benefits by boosting the metabolic activity of probiotic strains.
Additionally, the potential application of encapsulated L. plantarum
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should also be considered.
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Supplementary material

Table S1. Detailed information on the fatty acid composition of cream samples incubated under various

experimental conditions.

Group of fatty RSD
acids No. | Name of fatty acid Structure tr [Min] mgg?t | [%]
Control 1: Medium (MRSB)
1 | tetradecanoic acid C14.0 26,67 23,4 0,1
SFA 2 | hexadecanoic acid C16:.0 31,06 550,9 0,2
3| octadecanoic acid C18.0 34,83 380,3 0,1
total 954,6 0,1
MUFA 1 ‘ trans-9-octadecenoic acid ‘ C18:1 nSt ‘ 34,45 44,4 01
total 444 0,1
PUFA | | | - - -
Control 2: Cream
1| hexanoic acid C6:.0 6,48 56,3 0,5
2 | octanoic acid C8:.0 8,74 143,8 1,3
3| pentadecanalic acid C15.0 23,39 45,0 0,4
4| decanoic acid C10:.0 11,32 34,1 0,8
SFA 5 | undecanoic acid C11:0 12,93 9,0 01
6 | lauric acid C12:.0 14,90 21,1 0,9
7 | tridecanoic acid C13.0 17,28 15,3 0,2
8 | octadecanoic acid C18.0 34,82 10,1 25
9 | tetradecanoic acid C14.0 20,15 15,1 3,5
10 | heptadecanoic acid C17:0 30,82 73,0 2,0
11 | hexadecanoic acid C16:0 27,05 32,2 2,1
12 | eicosanoic acid C20:.0 39,92 34,2 0,9
13| eicosadienoic acid C20:2 43,52 14,6 3,3
14 | docosanoic acid C22.0 47,32 17,5 0,5
15| tricosanoic acid C23.0 50,66 31 0,1
16 | tetracosanoic acid C24.0 51,50 24,2 3,0
total 548,7 14
1 | cis-9-tetradecenoic acid Cl4:1 21,29 24,5 0,8
2 | pentadecylic acid C15:1 24,69 2,2 0,1
MUFA 3| trans-9-octadecenoic acid C18:1 not 35,60 3,5 0,7
4| trans-10-heptadecenoic acid Ci7:1 31,81 40,0 1,1
5| 7-hexadecenoic acid Cl16:1 27,95 8,1 21
6 | cis-11-eicosenoic acid C20:1n9 42,80 7,5 0,3
7 | cis-13-docosenoic acid C22:1n9 47,93 2,8 0,2
total 88,6 0,7
cis,cis-9,12-octadecadienoic

1|acid C18:2 37,36 459 34
PUFA 2 a-linolenic acid C18:3n3 3857 218 1,0
3| cis-13,16-docosadienoic acid C22:2 49,92 9,3 0,2
total 77,0 15

Cream/medium/light (1 to 1)
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1 | decanoic acid C10:0 17,30 25,2 0,5
2 | dodecanoic acid C12:.0 22,40 62,9 0,4
SFA 3 | tetradecanoic acid C14:.0 26,70 175,7 0,3
4| pentadecanolic acid C15.0 28,50 18,5 0,5
5 | octadecanoic acid C18.0 34,80 93,0 0,2
6 | heptadecanoic acid C17:.0 32,50 152,8 0,5
7 | hexadecanoic acid C16:.0 31,10 275,9 0,6
total 804,0 0,4
1 | trans-10-heptadecenoic acid Ci7:1 32,60 3,2 0,8
MUFA 2 | trans-9-octadecenoic acid C18:1 ndt 34,50 159,1 0,7
3| cis-13-octadecenoic acid C18:1 n9c 34,60 12,1 0,9
4 | 7-hexadecenoic acid C16:1 30,60 17,6 0,8
total 192,0 0,8
cis,cis-9,12-octadecadienoic
PUFA 1|acid C18:2 34,30 3,2 0,0
219,11, 13-octadecadiencic acid | C18:3 35,20 1,1 0,0
total 4,3 0,0
Cream/mediunv/light/shaking (1 to 1)
1| octanoic acid C8:.0 11,76 13,5 1,0
2 | decanoic acid C10:.0 17,31 51,1 0,9
SFA 3| dodecanoic acid C12:0 22,36 93,2 0,8
4 | tetradecanoic acid C14.0 26,67 162,5 0,7
5 | pentadecanolic acid C15.0 28,45 26,9 11
6 | hexadecanoic acid C16:0 31,06 286,6 1,6
7 | heptadecanoic acid C17.0 32,47 14,1 15
8 | octadecanoic acid C18.0 34,83 77,1 19
total 725,0 1,2
1 | 4-decenoic acid C10:1 17,12 5,2 0,6
MUEA 2 | 7-hexadecenoic acid Ci16:1 30,64 20,1 0,8
3 | trans-9-octadecenoic acid C18:1 not 34,45 175,6 1,0
4| cis-10-heptadecenoic acid C17:1 n10c 32,55 3,5 1,2
5| cis-11-octadecenoic acid C18:1nlic 34,60 35,9 0,9
6 | cis-13-octadecenoic acid C18:1 nl3c 34,62 3,7 0,7
total 2440 0,9
cis,cis-9,12-octadecadienoic
PUFA 1|acid C18:2 34,27 235 0,5
219,11, 13-octadecadienoic acid | C18:3 35,16 57 0,9
total 29,2 0,7
Cream/medium/darkness (1 to 1)
SFA 1| octanoic acid C8.0 11,76 28,3 1,0
2 | decanoic acid C10:.0 17,31 53,3 15
3| dodecanoic acid C12:.0 22,36 78,7 0,8
4| 12-methyl-tridecanoic acid i-C14:0 26,15 34 0,3
5 | tetradecanoic acid C14.0 26,67 121,2 0,9
6 | pentadecanolic acid C15.0 28,45 33,0 1,6
7 | hexadecanoic acid C16:.0 31,06 276,1 18
8 | heptadecanoic acid C17.0 32,47 20,5 1,7

140




9 | octadecanoic acid C18:.0 34,83 99,5 2,0
total 714,0 1,6
1| 4-decenoic acid C10:1 17,12 6,6 2,5
MUFA 2 | 7-hexadecenoic acid Ci16:1 30,64 2,7 15
3| 9-hexadecanoic acid Ci16:1 30,66 36,1 2,8
4| cis-10-heptadecenoic acid C17:1 n10c 32,55 43 3,1
5 | trans-9-octadecenoic acid C18:1 not 34,45 209,3 3,2
total 259,0 2,6

cis,cis-9,12-octadecadienoic
PUFA 1|acid C18:2 34,27 26,6 2,0
total 26,6 2,0

Cream/medium/darkness/mix (1 to 1)

1| octanoic acid C8:.0 11,76 51 0,6
2 | decanoic acid C10:.0 17,31 440 0,9
SFA 3| dodecanoic acid C12:0 22,36 80,1 0,6
4 | tetradecanoic acid C14.0 26,67 148,0 15
5 | pentadecanolic acid C15:.0 28,45 21,2 1,8
6 | hexadecanoic acid C16:.0 31,06 302,5 1,7
7 | heptadecanoic acid C17.0 32,47 13,9 1,0
8 | octadecanoic acid C18.0 34,83 98,2 0,9
total 713,0 1,1
1 | 4-decenoic acid C10:1 17,12 3,0 0,9
MUEA 2 | 7-hexadecenoic acid C16:1 30,64 20,4 1,8
3| cis-10-heptadecenoic acid C17:1 n10c 32,55 35 1,7
4 | trans-9-octadecenoic acid C18:1 not 34,45 196,0 2,0
5] cis-11-octadecenoic acid C18:1 nllc 34,60 20,9 3,0
6 | cis-13-octadecenoic acid C18:1nl3c 34,62 12,2 2,0
total 256,0 1,9

cis,cis-9,12-octadecadienoic
PUFA 1|acid C18:2 34,27 25,2 0,7
219,11, 13-octadecadiencic acid | C18:3 35,16 52 0,9
total 30,4 0,7

Cream/medium/light (3to 1)

1 | hexanoic acid C6:0 6,33 11,2 0,8
2 | octanoic acid C8.0 11,76 21,6 0,9
SFA 3| decanoic acid C10:.0 17,31 39,9 15
4 | dodecanoic acid C12:.0 22,36 68,4 14
5 | tetradecanoic acid C14.0 26,67 121,3 2,5
6 | pentadecanolic acid C15.0 28,45 20,2 2,9
7 | hexadecanoic acid C16:0 31,06 224,7 18
8 | heptadecanoic acid C17:.0 32,47 231,8 0,9
9 | octadecanoic acid C18.0 34,83 64,9 0,7
total 804,0 15
MUFA 1| 4-decenoic acid C10:1 17,12 3,9 1,8
2 | 7-hexadecenoic acid Cl6:1 30,64 16,1 1,7
3| cis-10-heptadecenoic acid C17:1n10c 32,55 2,7 2,6
4| trans-9-octadecenoic acid C18:1 not 34,45 139,1 2,7
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5| cis-11-octadecenoic acid C18:1 nlic 34,60 9,0 24
6 | cis-13-octadecenoic acid C18:1 n13c 34,62 21,2 3,3
total 192,0 24

cis,cis-9,12-octadecadienoic
PUFA 1|acid C18:2 34,27 4,3 0,4
total 4,3 0,4

Cream/medium/light/mix (3 to 1)

1| hexanoic acid C6:0 6,33 111 1,8
2 | octanoic acid C8:.0 11,76 10,3 12
SFA 3| decanoic acid C10:.0 17,31 71,2 0,9
4| dodecanoic acid C12:.0 22,36 219,4 2,7
5| tridecanoic acid C13.0 24,72 7,0 14
6 | 12-methyl-tridecanoic acid i-C14:0 26,15 9,0 0,7
7 | tetradecanoic acid C14.0 26,67 95,5 14
8 | pentadecanalic acid C15.0 28,45 91,2 2,5
9 | hexadecanoic acid C16:0 31,06 15,9 3,0
10 | heptadecanoic acid C17.0 32,47 20,3 24
11 | octadecanoic acid C18.0 34,83 229,1 0,9
total 780,0 1,7
1 | 4-decenoic acid C10:1 17,12 6,8 2,5
MUFA 2 | 7-hexadecenoic acid Ci16:1 27,95 9,7 0,7
3| 9-hexadecanoic acid C16:1 30,66 80,5 2,1
4 | cis-10-heptadecenoic acid C17:1 n10c 32,55 11,7 14
5| cis-13-octadecenoic acid C18:1nl3c 34,62 89,5 0,9
total 198,2 1,6

cis,cis-9,12-octadecadienoic
PUFA 1|acid C18:2 34,37 21,5 0,9
total 21,5 0,9

Cream/medium/darkness (3to 1)

1 | decanoic acid C10.0 17,31 25,6 0,8
2 | dodecanoic acid C12:.0 22,36 65,0 0,6
SFA 3 | tetradecanoic acid C14.0 26,67 137,7 0,7
4| pentadecanolic acid C15.0 28,45 21,4 1,6
5 | hexadecanoic acid C16:0 31,06 303,4 1,2
6 | heptadecanoic acid C17.0 32,47 24,8 0,7
7 | octadecanoic acid C18.0 34,83 109,4 0,9
total 687,3 0,9
1| 7-hexadecenoic acid C16:1 30,64 19,7 0,8
MUFA 2 | cis-10-heptadecenoic acid C17:1n10c 32,55 3,9 1,6
3| trans-9-octadecenoic acid C18:1 not 34,45 210,1 12
4 | cis-11-octadecenoic acid C18:1nlic 34,60 39,5 2,8
5| cis-13-octadecenoic acid C18:1 nl3c 34,62 49 2,7
total 278,1 1,8

cis,cis-9,12-octadecadienoic
PUFA 1|acid C18:2 34,27 27,7 0,8
219,11, 13-octadecadiencic acid | C18:3 35,16 6,7 1,3
total 34,4 1,1

Cream/medium/darkness/mix (3 to 1)
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1 | hexanoic acid C6:0 6,33 8,4 15
2 | octanoic acid C8:0 11,76 6,6 2,4
3| tridecanoic acid C13.0 24,72 3,0 3,6
SFA 4 | heptadecanoic acid C17:0 32,47 4,0 35
5| decanoic acid C10:.0 17,31 29,8 2,8
6 | pentadecanolic acid C15.0 28,45 52,0 2,6
7 | dodecanoic acid C12:.0 22,36 85,6 1,0
8 | octadecanoic acid C18:.0 34,83 110,6 0,7
9 | hexadecanoic acid C16:.0 31,06 141,7 0,9
10 | tetradecanoic acid C14.0 26,67 175,7 0,5
11 | 12-methyl-tridecanoic acid i-C14:0 26,15 3,8 0,7
12| eicosanoic acid C20:0 38,35 2,6 0,6
total 623,8 1,8
1| cis-9-tetradecenoic acid Cl4:1 21,29 64,5 2,3
2 | 4-decenoic acid C10:1 17,12 10,1 0,4
MUFA 3| 9-hexadecanoic acid Ci16:1 30,66 87,2 12
4 | trans-10-heptadecenoic acid Ci7:1 31,79 55,1 0,9
5| cis-10-heptadecenoic acid C17:1n10c 32,55 20,0 1,6
6 | cis-13-octadecenoic acid C18:1 nl3c 34,62 86,1 0,5
cis-11-eicosenoic acid C20:1n9 43,20 36,0 15
total 359,0 1,2

Cis,cis-9,12-octadecadienoic
1|acid C18:2 34,29 12,5 3,5
PUFA 2| 9,11, 13-octadecadiencic acid | C18:3 35,19 1,7 2,9
315,8,11,14-eikosotetraenoic acid | C20:4 37,19 2,1 3,0
total 16,3 31

Cream/biomass/light (without MRSB medium)

1 | decanoic acid C10:.0 17,31 27,8 0,9
2 | dodecanoic acid C12:.0 22,36 87,0 0,7
SFA 3 | tetradecanoic acid C14.0 26,67 151,8 1,3
4| pentadecanolic acid C15.0 28,45 31,0 2,5
5 | hexadecanoic acid C16:0 31,06 286,1 14
6 | heptadecanoic acid C17.0 32,47 12,2 3,0
7 | octadecanoic acid C18:.0 34,83 97,1 12
total 693,0 1,6
1| 4-decenoic acid C10:1 17,12 2,8 0,9
MUFA 2 | cis-10-heptadecenoic acid C17:1 n10c 32,55 43 24
3| 9-hexadecanoic acid C16:1 30,66 24,8 1,6
4 | cis-13-octadecenoic acid C18:1nl3c 34,62 29,7 3,0
5 | trans-9-octadecenoic acid C18:1 not 34,45 210,1 2,5
total 271,7 2,1

cis,cis-9,12-octadecadienoic
PUFA 1|acid C18:2 34,27 22,5 2,0
219,11, 13-octadecadiencic acid | C18:3 35,16 7,4 15
total 29,9 2,0

Cream/biomass/light/mix (without MRSB medium)

SFA 1| dodecanoic acid | c12:0 | 2238] 23] 04
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2 | tetradecanoic acid C14.0 26,67 154 0,7
3 | hexadecanoic acid C16:0 31,06 202,6 1,8
4 | heptadecanoic acid C17:.0 32,47 601,9 2,1
5 | octadecanoic acid C18.0 34,83 84,8 3,0
total 907,0 1,6
MUFA 1 | 9-hexadecanoic acid Ci16:1 30,66 8,7 1,2
2 | trans-9-octadecenoic acid C18:1 not 34,45 83,8 1,2
total 92,5 12

PUFA ] | - | -

Cream/biomass/darkness (without MRSB medium)
1 | decanoic acid C10:0 17,30 3,2 2,4
2 | dodecanoic acid C12:.0 22,40 29,8 3,0
SFA 3 | tetradecanoic acid C14.0 26,70 443,6 1,3
4| pentadecanolic acid C15.0 28,50 34 24
5 | hexadecanoic acid C16:.0 31,10 276,3 3,0
6 | heptadecanoic acid C17.0 32,50 15,0 1,4
7 | octadecanoic acid C18.0 34,80 7,1 2,0
total 778,4 2,2
1| 9-hexadecanoic acid C16:1 30,70 47,9 0,9
MUFA 2 | cis-10-heptadecenoic acid C17:1n10c 32,60| 1235 30
3| trans-9-octadecenoic acid C18:1 not 34,50 35,1 14
total 206,5 1,8

cis,cis-9,12-octadecadienoic
PUFA 1|acid C18:2 34,30 14,9 2,0
total 14,9 2,0
Cream/biomass/darkness/mix (without MRSB medium)

1 | decanoic acid C10:0 17,31 265,6 3,0
SFA 2 | dodecanoic acid C12:.0 22,36 110,9 2,9
3 | tetradecanoic acid C14.0 26,67 225,9 15
4| pentadecanolic acid C15.0 28,45 99,4 3,0
5 | hexadecanoic acid C16:.0 31,06 215 2,4
6 | octadecanoic acid C18.0 34,83 18,1 15
total 7414 2,4
1| 7-hexadecenoic acid C16:1 30,64 23,4 2,4
MUFA 2| 9-hexadecanoic acid c16:1 30,66 17,5 3,0
3| trans-9-octadecenoic acid C18:1 not 34,45 217,7 2,9
total 258,6 2,8

PUFA ] E E

Cream/Lyophil/light (without MRSB medium)

1 | dodecanoic acid C12:.0 22,36 15,0 0,5
SFA 2 | tetradecanoic acid C14:0 26,67 35,2 3,0
3 | hexadecanoic acid C16:.0 31,06 573,6 24
4| octadecanoic acid C18.0 34,83 246,2 2,8
total 870,0 2,2
MUFA 1 | trans-9-octadecenoic acid C18:1 not 34,45 99,6 3,0
2 | 9-dodecanoic acid 36,36 30,4 2,8
total 130,0 2,9
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PUFA

Cream/Lyophil/light/mix (without MRSB mediu

m)

1 | dodecanoic acid C12:.0 36,36 4,6 2,7
SFA 2 | tridecanoic acid C13.0 22,36 54 29
3 | 12-methyl-tridecanoic acid i-C14:0 26,67 33,5 3,5
4 | tetradecanoic acid C14:.0 34,45 52,0 14
5 | pentadecanolic acid C15.0 34,83 1954 3,8
6 | hexadecanoic acid C16:.0 38,60 197,1 2,7
total 488,0 2,8
MUFA 1 | trans-10-heptadecenoic acid Ci7:1 30,63 287,1 2,8
2 | 9-hexadecanoic acid Ci16:1 31,06 2249 24
total 512,0 2,6
PUFA - E E ] -
Cream/Lyophil/darkness (without MRSB medium)
1 | dodecanoic acid C12:.0 22,36 10,4 14
SFA 2 | tetradecanoic acid C14:0 26,67 31,0 2,6
3 | hexadecanoic acid C16:.0 31,06 537,5 1,7
4| octadecanoic acid C18.0 34,83 275,1 0,7
total 854,0 1,6
1| trans-10-heptadecenoic acid Cl7:1 30,73 38,0 0,9
MUFA 2| trans-9-octadecenoic acid C18:1 not 3445 429 0,7
3| cis-11-eicosenoic acid C20:1n9 43,00 64,1 0,5
total 145,0 0,7
PUFA : [ - [ - : i
Cream/L yophil/darkness/mix (without MRSB medium)
1| dodecanoic acid C12:.0 22,36 6,5 0,7
SFA 2 | tetradecanoic acid C14:0 26,67 17,4 3,4
3 | hexadecanoic acid C16:0 31,06 546,7 2,5
4 | octadecanoic acid C18.0 34,83 332,4 3,7
total 903,0 2,6
1| 9-hexadecanoic acid C16:1 30,66 6,9 3,7
MUFA 2 | trans-9-octadecenoic acid C18:1 not 34,45 26,0 2,4
3| cis-13-octadecenoic acid C18:1 nl3c 34,62 34,9 2,1
4| cis-11-eicosenoic acid C20:1n9 42,92 28,9 3,7
total 96,7 3,0
PUFA - ‘ - ‘ - - -
Cream/biomass/light (1 to 1)
1| decanoic acid C10:0 17,31 9,2 0,7
2 | dodecanoic acid C12:.0 22,36 59,5 0,8
SFA 3| tetradecanoic acid C14.0 26,67 117,2 31
4 | pentadecanolic acid C15.0 28,45 21,6 2,5
5 | hexadecanoic acid C16:.0 31,06 457,9 34
6 | heptadecanoic acid C17.0 32,47 27,2 29
7 | octadecanoic acid C18:.0 34,83 76,4 3,0
total 769,0 2,3
MUFA 1| cis-10-heptadecenoic acid C17:1n10c 32,55 3,0 0,7
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2 | 9-heksadecenoic acid Ci16:1 30,66 16,9 0,8
3| trans-9-octadecenoic acid C18:1 not 34,45 147,8 3,8
4| cis-11-octadecenoic acid C18:1 nlic 34,60 29,2 29
6 | cis-13-octadecenoic acid C18:1n13c 34,62 7,1 0,9
total 204,0 1,8
Cis,Cis-9,12-octadecadienoic

PUFA 1|acid C18:2 35,16 5,3 1,6
219,11, 13-octadecadiencic acid | C18:3 34,27 21,1 2,0
total 26,4 1,8

Cream/biomass/light/mix (1 to 1)
1 | decanoic acid C10:.0 17,31 39,3 3,9
2 | dodecanoic acid C12:.0 22,36 92,4 2,6
SFA 3 | 12-methyl-tridecanoic acid i-C14:0 26,15 2,6 3,7
4 | tridecanoic acid C13.0 24,72 35 3,1
5| tetradecanoic acid C14.0 26,67 156,7 2,8
6 | pentadecanolic acid C15.0 28,45 49,5 2,1
7 | hexadecanoic acid C16:.0 31,06 215,5 1,6
8 | octadecanoic acid C18.0 34,83 99,5 3,7
total 659,0 29
1 | 4-decenoic acid C10:1 17,12 45 31
2 | 9-hexadecenoic acid Ci16:1 30,66 55,9 3,5
MUFA 3| cis-10-heptadecenoic acid C17:1n10c 32,55 34,5 2,5
4 | trans-9-octadecenoic acid C18:1 not 34,45 139,3 3,7
5| cis-13-octadecenoic acid C18:1nl3c 34,62 36,2 2,1
6 | cis-11-eicosenoic acid C20:1n9 42,92 48,2 2,4
7 | cis-13-docosenoic acid C22:1n9 47,93 10,8 15
total 329,4 2,7

cis,cis-9,12-octadecadienoic

PUFA 1|acid C18:2 34,27 11,4 15
total 11,4 15

Cream/biomass/darkness (1 to 1)
1| octanoic acid C8:.0 11,76 45 1,7
2 | decanoic acid C10:.0 17,31 38,3 2,4
SFA 3 | dodecanoic acid C12:0 22,36 85,8 3,5
4 | tetradecanoic acid C14.0 26,67 152,8 21
5 | pentadecanolic acid C15.0 28,45 27,0 1,4
6 | hexadecanoic acid C16:0 31,06 296,5 3,0
7 | heptadecanoic acid C17:.0 32,47 0,2 2,8
8 | octadecanoic acid C18.0 34,83 98,9 1,0
total 704,0 2,2
1| 4-decenoic acid C10:1 17,12 3,6 11
MUEA 2 | 9-heksadecenoic acid C16:1 30,66 21,6 2,0
3 | cis-10-heptadecenoic acid C17:1 n10c 32,55 3.9 3,0
4| trans-9-octadecenoic acid C18:1 not 34,45 202,1 1,7
5| cis-11-octadecenoic acid C18:1 nlic 34,60 24,6 2,0
6 | cis-13-octadecenoic acid C18:1nl3c 34,62 4,6 0,9
total 260,4 18
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cis,cis-9,12-octadecadienoic

PUFA 1|acid C18:2 34,27 27,5 0,7
219,11, 13-octadecadiencic acid | C18:3 35,16 6,8 0,4
total 34,3 0,7
Cream/biomass/darkness/mix (1 to 1)
1 | decanoic acid C10:.0 17,31 28,9 0,7
SFA 2 | dodecanoic acid C12:.0 22,36 57,5 3,2
3 | tetradecanoic acid C14:.0 26,67 1374 14
4| pentadecanolic acid C15.0 28,45 25,7 2,6
5 | hexadecanoic acid C16:.0 31,06 303,2 24
6 | octadecanoic acid C18:.0 34,83 126,2 1,2
total 678,9 19
1| 7-hexadecanoic acid 30,64 20,7 0,9
MUFA 2 | cis-10-heptadecenoic acid C17:1 n10c 32,55 41 0,7
3| trans-9-octadecenoic acid C18:1 not 34,45 209,2 0,5
4 | cis-11-octadecenoic acid C18:1 nllc 34,60 43,6 12
5| cis-13-octadecenoic acid C18:1n13c 34,62 9,8 1,9
total 287,4 1,0
cis,cis-9,12-octadecadienoic
PUFA 1|acid C18:2 34,27 25,8 2,0
219,11, 13-octadecadiencic acid | C18:3 35,16 7,7 2,5
total 33,5 2,0
Cream/Lyophil/light (1 to 1)
1 | heptadecanoic acid C17.0 32,47 14,5 1,3
2 | pentadecanolic acid C15.0 28,45 16,5 3,7
SFA 3| octanoic acid C8:0 11,76 19,0 24
4| decanoic acid C10.0 17,31 34,3 1,0
5 | octadecanoic acid C18.0 34,83 54,0 0,9
6 | dodecanoic acid C12:.0 22,36 56,0 2,5
7 | tetradecanoic acid C14.0 26,67 95,5 2,5
8 | hexadecanoic acid C16:0 31,06 364,2 3,0
total 654,0 2,2
1| 4-decenoic acid C10:1 17,12 3,2 0,9
MUEA 2 | 7-hexadecenoic acid Ci16:1 30,64 23,7 0,7
3 | cis-10-heptadecenoic acid C17:1 n10c 32,55 1,6 0,6
4| trans-9-octadecenoic acid C18:1 not 34,45 232,1 2,0
5| cis-11-octadecenoic acid C18:1nlic 34,6 28,3 2,4
6 | cis-13-octadecenoic acid C18:1 nl3c 34,62 18,1 2,1
total 307,0 15
cis,cis-9,12-octadecadienoic
PUFA 1|acid C18:2 34,27 30,5 2,5
219,11, 13-octadecadienoic acid | C18:3 35,16 7.4 3,0
total 37,9 2,5
Cream/Lyophil/light/mix (1 to 1)
SFA 1| octanoic acid C8:.0 11,76 4,1 1,6
2 | decanoic acid C10:.0 17,31 44,6 14
3| dodecanoic acid C12:.0 22,36 106,9 1,9
4 | tetradecanoic acid C14.0 26,67 157,8 2,0
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5 | pentadecanolic acid C15.0 28,45 26,4 3,8
6 | hexadecanoic acid C16:0 31,06 2847 34
7 | heptadecanoic acid C17:.0 32,47 14,7 0,9
8 | octadecanoic acid C18.0 34,83 85,8 0,7
total 725,0 2,0
1| 4-decenoic acid C10:1 17,12 472 0,7
MUFA 2 | 7-hexadecenoic acid Cil6:1 30,64 21,1 2,5
3| cis-10-heptadecenoic acid C17:1n10c 32,55 3,6 3,0
4| trans-9-octadecenoic acid C18:1 not 34,45 174,5 24
5| cis-11-octadecenoic acid Cl18:1nlic 34,6 33,8 2,7
6 | cis-13-octadecenoic acid C18:1nl3c 34,62 4,8 15
total 242,0 2,1
cis,cis-9,12-octadecadienoic
PUFA 1|acid C18:2 34,27 26,5 2,5
219,11, 13-octadecadiencic acid | C18:3 35,16 57 3,7
total 32,2 2,5
Cream/Lyophil/darkness (1 to 1)
1| octanoic acid C8:.0 11,76 29,0 2,4
2 | decanoic acid C10:.0 17,31 51,1 1,7
SFA 3| dodecanoic acid C12:0 22,36 87,2 3,0
4 | tetradecanoic acid C14.0 26,67 1474 2,9
5 | pentadecanolic acid C15.0 28,45 26,1 2,7
6 | hexadecanoic acid C16:0 31,06 280,5 3,0
7 | heptadecanoic acid C17.0 32,47 14,6 1,7
8 | octadecanoic acid C18.0 34,83 86,1 2,0
total 722,0 24
1| 4-decenoic acid C10:1 17,12 5,0 0,9
MUEA 2 | 7-hexadecenoic acid C16:1 30,64 194 0,7
3 | cis-10-heptadecenoic acid C17:1 n10c 32,55 3,5 3,0
4| trans-9-octadecenoic acid C18:1 not 34,45 175,4 25
5| cis-11-octadecenoic acid C18:1 nlic 34,6 36,9 34
7 | cis-13-octadecenoic acid C18:1 nl3c 34,62 6,8 1,0
total 247,0 1,9
cis,cis-9,12-octadecadienoic
PUFA 1|acid C18:2 34,27 24,6 2,0
219,11, 13-octadecadiencic acid | C18:3 35,16 59 2,5
total 30,5 2,3
Cream/Lyophil/darkness/mix (1 to 1)
1| hexanoic acid C6:.0 6,33 34 15
SFA 2 | octanoic acid C8.0 11,76 57 24
3| decanoic acid C10:.0 17,31 19,9 3,0
4 | dodecanoic acid C12:.0 22,36 72,3 3,2
5 | tetradecanoic acid C14.0 26,67 141,3 14
6 | pentadecanolic acid C15.0 28,45 20,4 2,0
7 | hexadecanoic acid C16:.0 31,06 315,6 34
8 | heptadecanoic acid C17.0 32,47 15,0 0,9
9 | octadecanoic acid C18:.0 34,83 100,4 0,9
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total 694,0 2,1
1 | 7-hexadecenoic acid Ci16:1 30,64 20,0 0,7
MUFA 2 | cis-10-heptadecenoic acid C17:1 n10c 32,55 3,5 2,3
3 | trans-9-octadecenoic acid C18:1 not 34,45 213,8 12
4| cis-11-octadecenoic acid C18:1 nlic 34,6 34,7 2,3
total 272,0 1,6

cis,cis-9,12-octadecadienoic
PUFA 1|acid C18:2 34,27 27,4 1,6
219,11, 13-octadecadiencic acid | C18:3 35,16 57 1,7
total 33,1 1,7

Cream/biomass/light (3to 1)

1 | decanoic acid C10:.0 17,31 267,8 0,8
2 | dodecanoic acid C12:.0 22,36 80,0 0,7
SFA 3| tridecanoic acid C13.0 24,72 2,8 15
4 | 12-methyl-tridecanoic acid i-C14:0 26,15 4,3 2,4
5| 12-methyl-tetradecanoic acid | i-C14:0 28,5 85,9 2,1
6 | tetradecanoic acid C14.0 26,67 36,9 2,0
7 | pentadecanolic acid C15.0 28,45 115,7 1,0
8 | hexadecanoic acid C16:.0 31,06 89,9 0,9
9 | heptadecanoic acid C17.0 32,47 20,7 0,2
10 | octadecanoic acid C18.0 34,83 58 0,6
total 709,8 1,2
1| 4-decenoic acid C10:1 17,12 31 3,0
MUFA 2 | 9-heksadecenoic acid C16:1 30,66 88,6 2,0
3| cis-10-heptadecenoic acid C17:1n10c 32,55 94,2 12
4 | trans-9-octadecenoic acid C18:1 not 34,45 94,4 0,8
total 280,3 18

cis,cis-9,12-octadecadienoic
PUFA 1|acid C18:2 34,27 9,9 0,9
total 9,9 0,9

Cream/biomass/light/mix (3 to 1)

1| octanoic acid C8:.0 11,76 8,4 12
2 | decanoic acid C10:.0 17,31 35,7 3,0
SFA 3 | dodecanoic acid C12:0 22,36 69,7 2,5
4 | tetradecanoic acid C14.0 26,67 148,4 14
5 | pentadecanolic acid C15.0 28,45 27,3 2,7
6 | hexadecanoic acid C16:0 31,06 254,2 2,1
7 | heptadecanoic acid C17:.0 32,47 51,2 3,0
8 | octadecanoic acid C18.0 34,83 98,6 12
total 693,5 2,1
1| 4-decenoic acid C10:1 17,12 3,8 2,1
MUFA 2 | 9-heksadecenoic acid Ci16:1 30,66 21,9 1,4
3| cis-10-heptadecenoic acid C17:1n10c 32,55 43 1,9
4| trans-9-octadecenoic acid C18:1 not 34,45 210,1 3,0
5| cis-13-octadecenoic acid C18:1 nl3c 34,62 37,1 14
total 277,2 2,0

PUFA cis,cis-9,12-octadecadienoic
1|acid C18:2 34,27 20,8 2,0
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219,11, 13-octadecadienoic acid ‘ C18:3 35,16 8,5 3,0
total 29,3 3,0
Cream/biomass/darkness (3 to 1)
1 | decanoic acid C10:.0 17,31 19,7 0,7
2 | dodecanoic acid C12:.0 22,36 70,4 2,0
SFA 3 | tetradecanoic acid C14:.0 26,67 144,3 2,0
4 | pentadecanolic acid C15.0 28,45 27,0 1,6
5 | hexadecanoic acid C16:.0 31,06 298,6 1,6
6 | heptadecanoic acid C17.0 32,47 17,1 0,9
7 | octadecanoic acid C18:.0 34,83 116,4 0,7
total 693,5 14
1| 9-heksadecenoic acid C16:1 30,66 21,4 0,9
MUFA 2 | cis-10-heptadecenoic acid C17:1 n10c 32,55 3.8 0,4
3| trans-9-octadecenoic acid C18:1 not 34,45 204,4 2,5
4| cis-11-octadecenoic acid C18:1 nlic 34,6 39,7 2,1
5| cis-13-octadecenoic acid C18:1 nl3c 34,62 9,1 19
total 278,4 1,6
cis,cis-9,12-octadecadienoic
PUFA 1|acid C18:2 34,27 27,3 0,2
219,11, 13-octadecadiencic acid | C18:3 35,16 7,3 0,2
total 34,6 0,2
Cream/biomass/darkness/mix (3 to 1)
1 | decanoic acid C10.0 17,3 30,3 0,2
2 | dodecanoic acid C12:.0 22,4 80,4 0,2
SFA 3| tetradecanoic acid C14.0 26,7 145,5 04
4 | pentadecanolic acid C15.0 28,5 26,9 0,6
5 | hexadecanoic acid C16:0 31,1 288,3 1,8
6 | heptadecanoic acid C17.0 32,5 11,7 1,1
7 | octadecanoic acid C18.0 34,8 119,9 0,2
total 703,0 0,6
1 | 9-heksadecenoic acid Ci16:1 30,7 21,3 34
MUFA 2 | cis-10-heptadecenoic acid C17:1 n10c 32,6 4,0 2,6
3 | trans-9-octadecenoic acid C18:1 not 34,5 202,8 3,5
4 | 7-hexadecenoic acid C16:1 27,6 26,2 2,8
5| cis-13-octadecenoic acid C18:1nl3c 34,6 8,8 0,3
total 263,1 2,5
cis,cis-9,12-octadecadienoic
PUFA 1|acid I C18:2 34,3 26,6 0,6
219,11, 13-octadecadienoic acid | C18:3 35,2 7,2 0,1
total 33,8 0,4
Cream/Lyophil/light (3to 1)
SEA 1| octanoic acid C8:.0 11,76 27,4 04
2 | decanoic acid C10:.0 17,31 50,6 2,6
3| dodecanoic acid C12:.0 22,36 86,7 3,0
4 | tetradecanoic acid C14.0 26,67 154,1 21
5 | pentadecanolic acid C15.0 28,45 25,6 24
6 | hexadecanoic acid C16:.0 31,06 285,5 3,0
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7 | heptadecanoic acid C17:.0 32,47 13,7 15
8 | octadecanoic acid C18.0 34,83 82,4 3,1
total 726,0 2,3
1| 4-decenoic acid C10:1 17,12 5,0 0,8
MUFA 2 | 7-hexadecenoic acid Ci16:1 30,64 20,5 0,7
3 | cis-10-heptadecenoic acid C17:1 n10c 32,55 35 3,0
4| trans-9-octadecenoic acid C18:1 not 34,45 176,7 24
5| cis-11-octadecenoic acid Cl18:1nlic 34,6 11,4 3,0
6 | cis-13-octadecenoic acid C18:1nl3c 34,62 26,9 1,0
total 2440 18
Cis,cis-9,12-octadecadienoic

PUFA 1|acid C18:2 34,27 24,6 0,6
219,11, 13-octadecadienoic acid | C18:3 35,16 54 0,6
total 30,0 0,6

Cream/Lyophil/light/mix (3to 1)
1 | hexanoic acid C6:0 6,33 34 2,5
3| octanoic acid C8:.0 11,76 52 1,3
SFA 4| decanoic acid C10:.0 17,31 28,6 14
5| dodecanoic acid C12:.0 22,36 76,8 3,0
6 | tetradecanoic acid C14.0 26,67 142,0 3,7
7 | pentadecanolic acid C15.0 28,45 22,3 2,6
8 | hexadecanoic acid C16:0 31,06 326,2 14
9 | heptadecanoic acid C17.0 32,47 14,0 3,6
10 | octadecanoic acid C18.0 34,83 89,5 15
total 708,0 2,3
1| cis-9-tetradecenoic acid Cl4:1 21,3 17,4 14
MUFA 2| trans-9-octadecenoic acid C18:1 not 3445 2364 09
3| cis-11-eicosenoic acid C20:1n9 41 11,2 14
total 265,0 1,2

Cis,Cis-9,12-octadecadienoic

PUFA 1|acid C18:2 35,16 5,0 0,9
219,11, 13-octadecadiencic acid | C18:3 34,27 22,7 0,4
total 27,7 0,7

Cream/Lyophil/darkness (3 to 1)
1| octanoic acid C8.0 11,76 9,4 0,7
2 | decanoic acid C10:.0 17,31 39,2 3.2
SFA 3| dodecanoic acid C12:0 22,36 80,3 15
4 | tetradecanoic acid C14.0 26,67 147,2 2,7
5 | pentadecanolic acid C15.0 28,45 20,4 15
6 | hexadecanoic acid C16:0 31,06 3125 0,9
7 | heptadecanoic acid C17:.0 32,47 10,6 04
8 | octadecanoic acid C18.0 34,83 91,4 31
total 711,0 1,8
MUFA 1| 4-decenoic acid C10:1 17,12 3,1 0,7
2 | 7-hexadecenoic acid Cl6:1 30,64 19,2 2,5
3| cis-10-heptadecenoic acid C17:1n10c 32,55 3,5 3,0
4| trans-9-octadecenoic acid C18:1 not 34,45 200,6 3,7
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5| cis-11-octadecenoic acid C18:1nlic 34,6 21,2 2,1
6 | cis-13-octadecenoic acid C18:1nl3c 34,62 124 2,0
total 260,0 2,3

cis,cis-9,12-octadecadienoic
PUFA 1|acid C18:2 35,16 5,7 0,9
219,11, 13-octadecadiencic acid | C18:3 34,27 23,4 0,9
total 29,1 0,9

Cream/Lyophil/darkness/mix (3 to 1)

1| octanoic acid C8:.0 11,76 7,2 0,7
2 | decanoic acid C10:.0 17,31 26,9 0,6
SFA 3| dodecanoic acid C12:0 2236 1212 0,6
4 | tetradecanoic acid C14.0 26,67 201,9 0,7
5 | pentadecanalic acid C15.0 28,45 26,2 15
6 | hexadecanoic acid C16:0 31,06 302,9 0,8
7 | heptadecanoic acid C17.0 32,47 7.4 0,9
8 | octadecanoic acid C18.0 34,83 30,3 1,0
total 724,0 0,9
1 | 4-decenoic acid C10:1 17,12 16,2 3,8
MUEA 2 | 7-hexadecenoic acid Ci16:1 30,64 28,3 34
3| cis-10-heptadecenoic acid C17:1n10c 32,55 4,0 0,9
4| trans-9-octadecenoic acid C18:1 not 34,45 145,5 2,1
5] cis-11-octadecenoic acid C18:1nllc 34,6 18,3 2,6
6 | cis-13-octadecenoic acid C18:1nl3c 34,62 34,7 0,6
total 247,0 2,2

cis,cis-9,12-octadecadienoic
PUFA 1|acid C18:2 34,27 23,0 0,6
219,11, 13-octadecadiencic acid | C18:3 35,16 5,9 0,6
total 28,9 0,6

Where: SFA is saturated fatty acid, MUFA is monounsaturated fatty acid, PUFA is polyunsaturated fatty acid; tr
isretention time; RSD isrelative standard deviation.
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Table S2. Changesin vitamin D3 content in cream samples incubated under different conditions over 48 h.

Creamto ng gt
bar&;tiegla Abbreviation Full name 6h 2ah 48h
(Viv)

cL cream/Light 0,00 + 0,00 0,00 + 0,00 0,00 + 0,00

Control | cL/mix cream/Light/mix 0,00 + 0,00 0,00 + 0,00 0,00 + 0,00

samples cD cream/Darkness 0,00 = 0,00 0,00 = 0,00 0,00 + 0,00
cD/mix cream/Darkness/mix 0,00 + 0,00 0,00 + 0,00 0,00 + 0,00
cBL cream/Biomass/Light 0,00 + 0,00 0,00 + 0,00 1,06 £0,01"
cBL/mix cream/Biomass/Light/mix 0,00 + 0,00 0,05+ 0,01 0,40+ 0,03
cBD cream/Biomass/Darkness 0,10+ 0,01 0,70 + 0,00 0,89 + 0,02

1ol TeBD/mix creanyBiomass/Darkness/mix 0,18+0,01° | 0,70+0,01" | 1,02+0,02"
cLL cream/Lyophil/Light 0,00 + 0,00 0,48 + 0,03 1,39+0,31"
cLL/mix cream/Lyophil/Light/mix 0,00 + 0,00 0,07 £ 0,02 0,76 £ 0,01
cLD cream/Lyophil/Darkness 0,00 + 0,00 0,08 £ 0,02 0,64 +0,01"
cLD/mix cream/Lyophil/Darkness/mix 0,53 +0,02" 1,36 £ 0,22 1,71 £ 0,00
cBL cream/Biomass/Light 0,72+ 0,01 0,89+ 0,01 9.81+0,01"
cBL/mix cream/Biomass/Light/mix 0,02 +0,01" 0,50 +0,01" 0,99 + 0,02
cBD cream/Biomass/Darkness 1,06 £ 0,03 1,88 + 0,02 6,58+ 0,01
cBD/mix cream/Biomass/Darkness/mix 0,34 +0,02" 0,65+ 0,02 1,04 + 0,00

Stol cLL cream/Lyophil/Light 2,01 +£0,02" 2,12+0,31" 15,96 +0,31"
cLL/mix cream/Lyophil/Light/mix 0,46 +0,31" 0,45+ 0,02 1,48 £ 0,02
cLD cream/Lyophil/Darkness 0,98+ 0,01 1,01 £0,01° 3,64+0,01"
cLD/mix cream/L yophil/Darkness/mix 0,00 + 0,00 0,32 + 0,00 0,84 + 0,00

Where: control cream samples incubated at light non-mixing (cL), mixing (cL/mix), dark non-mixing (cD) and
mixing conditions (cD/mix); cream samples incubated with L. plantarum biomass at 1:1 (v/v) ratio at light non-
mixing (cBL (1:1)), mixing (cBL/mix (1:1)), dark non-mixing (cBD (1:1)) and mixing conditions (cBD/mix (1:1));
cream samples incubated with L. plantarum lyophilisate at 1:1 (v/v) ratio at light non-mixing (cLL (1:1)), mixing
(cLL/mix (1:1)), dark non-mixing (cLD (1:1)) and mixing conditions (cLD/mix (1:1)); cream samples incubated
with L. plantarum biomass at 3:1 (v/v) ratio at light non-mixing (cBL (3:1)), mixing (cBL/mix (3:1)), dark non-
mixing (cBD (3:1)) and mixing conditions (cBD/mix (3:1)); cream samples incubated with L. plantarum
lyophilisate at 3:1 (v/v) ratio at light non-mixing (cLL (3:1)), mixing (cLL/mix (3:1)), dark non-mixing (cLD (3:1))

and mixing conditions (cLD/mix (3:1)); " is standard deviation (SD).
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ruthenium(in)
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This study sought to elucidate the molecular principles by which bovine lactoferrin (bLF) governs ruthe-
nium(in) coordination and to assess how protein-guided binding translates into structural and biological
effects. The protein was modified using potassium aquapentachlororuthenate(in) (K>[RuCls(H,O)]) as a
metal precursor. The obtained LF-Ru systems were comprehensively examined using spectroscopic
(spectrofluorimetry, DLS, ATR-FTIR, SRCD), spectrometric (ICP-OES), microscopic (LM, SEM-EDS,
TEM-EDS), scattering (SAXS), and electrophoretic (SDS-PAGE) techniques. Antibacterial activity was evalu-
ated for LF and LF-100Ru against Gram-positive (Enterococcus faecalis) and Gram-negative (Escherichia
coli, Klebsiella pneumoniae) bacteria. The cellular response to LF-Ru complexes was investigated using
murine fibroblast (L929), human hepatocellular carcinoma (HepG2), and human colorectal adeno-
carcinoma (Caco-2) cell lines. Molecular docking indicated favorable Ru(in) binding in histidine-containing
regions related to native metal-binding motifs. Molecular dynamics simulations supported conformational
stability upon metal binding, whereas quantum-mechanical calculations on simplified residue models
were used only to assess qualitative donor preferences. The adsorption isotherm was better described by
the Langmuir model, indicating saturation-like binding of Ru(i) to accessible LF regions at low and mod-
erate loading. At the highest precursor concentrations, BET-style analysis together with TEM observations
suggested additional secondary Ru accumulation within the protein matrix. Fluorescence quenching
demonstrated strong interactions in the LF—Ru system (K, = 1.789 x 10* M~Y). Desorption studies indi-
cated only minor metal release from LF-100Ru after incubation in simulated gastric and intestinal fluids.
Importantly, LF-100Ru reduced the viability of HepG2 and Caco-2 cells while showing comparatively low
toxicity toward normal L929 fibroblasts under the tested conditions, indicating a differential cellular
response.
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Protein—-metal interactions play a significant role in biological
systems by controlling catalysis, oxygen transport and storage,
electron transfer, structural organization of biomolecules, and
cellular signaling and regulatory processes." Understanding
the mechanisms of molecular interactions in protein-metal
systems is of great value for the design and development of
promising therapeutic strategies.’

Ruthenium (Ru) complexes are recognized by their wide
therapeutic spectrum, including antitumor, antibacterial, and
antioxidant activities.>* The multiplicity of Ru oxidation states
(from —II to +VIII) enables the synthesis of diverse complexes
with a broad range of biological interactions and new mecha-
nisms of action, including DNA damage, ROS-mediated apop-
tosis, and antimetastatic activity.” Among them, Ru(m) and
Ru(m) coordination compounds are considered the most appli-
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cable due to them having the highest chemical stability. Lastly,
Ru(m) complexes are considered a better alternative to com-
monly implemented platinum drugs for cancer treatment,
which is mainly attributed to their lower toxicity and better
drug resistance.®” However, the most promising Ru(u) drug
candidates, namely NAMI-A and KP1019, did not achieve the
expected efficiency in clinical chemotherapy studies due to
severe side effects and limited bioavailability.® A series of limit-
ations necessitated the search for safer and at the same time
efficient strategies for cancer treatment.

Targeted therapy is a relatively new and advanced approach
in cancer therapy that is not as widely implemented as chemo-
therapy. The key principle of targeted therapy is based on
drugs interacting with specific molecular targets (proteins, e.g.
receptors, enzymes, factors) responsible for the survival and
proliferation of cancer cells.” Several advantages offered by tar-
geted therapy, such as improved selectivity and better tolerabil-
ity by the patient, enabled the development of diverse drug-
delivery systems. In this case, a series of emerging challenges
related to targeting efficiency, stability of delivery systems, and
their biocompatibility must be overcome.

In recent decades, bovine lactoferrin (bLF), a member of
the transferrin family of proteins, has been recognized as a
potential carrier for biologically active substances, e.g. metal
ions, nanoparticles, fatty acids, nucleic acids, lipopolysacchar-
ides, vitamins, and other proteins.'®'' Additionally, bLF is
known to be a biodegradable, non-toxic, and non-immuno-
genic protein that shows antibacterial, antivirus, antioxidant,
anti-inflammatory and anticancer activities."> This diverse
spectrum of biological properties makes bLF an attractive can-
didate for biomedical applications. It is well defined as a large
glycoprotein (M,, ~ 77-91 kDa) characterized by a high binding
affinity for iron (K, ~ 10*° M~").''® Therefore, LF naturally
acts as an iron carrier, enabling its efficient intestinal absorp-
tion through a receptor-mediated endocytosis mechanism."*

LF receptors (LFRs) are expressed on the surface of various
types of cells, e.g. intestinal epithelial cells, hepatocytes, fibro-
blasts, lymphocytes, neurons, neutrophils, and macrophages."®
What is important is that the overexpression of LFRs in cancer
cells has been reported, suggesting high potential of LF as a
drug carrier for targeted anticancer therapy.'® It is worthwhile
noting the ability of ruthenium to mimic iron for binding to
transferrin family proteins; thus it might be assumed that Ru
uptake occurs in a similar way to that of Fe - by receptor-
mediated endocytosis. Previous studies have primarily focused
on investigating interactions between Ru(m) complexes and
transferrin (TF); however, information regarding the LF-Ru
binding mechanism remains limited."” It was shown that
KP1019 coordinated to the specific iron-binding sites of
human apo-transferrin (apo-hTF) in a 2:1 molar ratio,
whereas at higher molar ratios, it bound non-specifically.'®
Analogously, Levina et al. noticed that KP1019 competed for
the iron-binding site in holo-TF, which led to disruption inter-
actions between TF and the TF receptor (TFR), resulting in
poor metal uptake.'® In contrast, Wang et al. demonstrated
that TF-mediated uptake of Ru(m) by human Caucasian pro-
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myelocytic leukemia (HL-60) cells was not affected by co-
ordinated Fe(w), as the two metals occupied distinct binding
sites.?® Although LF and TF belong to the same protein family
and share about 60% sequence homology, their structural
differences are substantial.>! For instance, iron release from
LF occurs approximately 100 times more slowly than from TF;
thus its structure shows a higher resistance to proteolytic
digestion.?* Besides, the isoelectric point of LF is considerably
higher (approximately 8-9) compared to TF, which is in the
range of around 5-6.>> The protein isoelectric point signifi-
cantly affects surface charge properties and, consequently, the
tendency to engage in electrostatic interactions with other
molecules.”® Thus, the design of LF-Ru complexes will allow
for significant improvement of the delivery of Ru(m) complexes
through receptor-mediated pathways.>®> Importantly, the
design of LF-Ru complexes may provide new insights into
both the structural characteristics and biological activity of the
functionalized biomolecule.

This study aims to uncover the molecular principles govern-
ing Ru(m) coordination within LF and to evaluate how such
protein-guided binding translates into structural and biologi-
cal outcomes. For this purpose, potassium aquapentachloror-
uthenate(u) (K,[RuCls5(H,0)]) was selected as a precursor. In
contrast to commonly used Ru(m) precursors such as ruthe-
nium(m) chloride hydrate (RuCl;-xH,0), K,[RuCls(H,0O)] is a
well-defined coordination complex with enhanced hydrolytic
stability in aqueous solution and reduced tendency toward
uncontrolled polymerization.>*>® Consequently, its use for LF
modification provides greater control and reproducibility in
binding studies and the preparation of LF-Ru complexes. The
given Ru(m) complex was not previously recognized by any
specific biological properties; however, it is characterized by
high solubility in water and compactness, and therefore we
assume it may be easily bound within the LF biomolecule. The
nature of interactions in the synthesized LF-Ru complexes was
analyzed by a number of spectroscopic (fluorescence spec-
troscopy, ATR-FTIR, DLS), spectrometric (ICP-OES), scattering
(SAXS), microscopic (LM, SEM-EDS, TEM-EDS), and electromi-
gration (SDS-PAGE) techniques. The application of a number
of computational methods, including molecular docking,
molecular dynamics (MD), and density functional theory
(DFT), enabled filling the gap with experimental data. The bio-
logical activity of the LF-Ru complexes was assessed by testing
their antibacterial properties against Gram-negative (E. coli,
K. pneumoniae) and Gram-positive (E. faecalis) bacteria. The
impact of the LF-Ru complexes on cell viability along with
their cytotoxicity was examined on several cell lines, including
murine fibroblast (L929), human hepatocellular carcinoma
(HepG2), and human colorectal adenocarcinoma (Caco-2).

2. Experimental
2.1. Materials

The bovine lactoferrin (bLF) used for analysis was the same as
in the previous study.”>® Potassium aquapentachlororuthenate
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(m) (K[RuCls(H,O)]), glacial acetic acid (CH3;COOH), and
sodium acetate (CH3;COONa) were purchased from Sigma
Aldrich (St Louis, Missouri, USA).

2.2. Batch isotherm study of Ru(m) binding to LF

The mechanism of LF-Ru binding was analyzed by using a
batch sorption approach. In this study, potassium aquapenta-
chlororuthenate(u) was applied as the ruthenium precursor.
Appropriate amounts of the Ru(ur) complex were dissolved in
0.1 M acetic buffer (pH 4) at the following concentrations:
1.25, 2.5, 5, 10, 25, 50, 75, 100, 150, 250, and 500 mg L™
Similarly, LF was suspended in acetic buffer (pH 4) at a con-
centration of 1000 mg L™' and then mixed with the Ru(m)
complex solution at a ratio of 1:1 (v/v). The Ru-to-protein
molar ratios in the respective mixtures were 0.27/1, 0.53/1,
1.07/1, 2.14/1, 5.34/1, 10.68/1, 16.02/1, 21.36/1, 32.04/1, 53.40/1,
and 106.79/1 (mol Ru per mol LF). The reaction mixture was
incubated for 24 h at 37 °C and 400 rpm using an Eppendorf
ThermoMixer (Hamburg, Germany). Afterwards, it was trans-
ferred to an Amicon-0.5 centrifugal filter with a 3 kDa mole-
cular weight cut-off (MWCO) and centrifuged at 14 000 rpm
for 5 min to separate the formed complex and the unbound
metal ions. The collected filtrate was dissolved in 2% nitric
acid and then the Ru(m) concentration was determined by
ICP-OES.

2.3. Kinetic study of Ru(m) binding to LF

The mechanism of LF-Ru complex formation was further
investigated by performing a kinetic binding study. Initially,
the LF solution (1000 mg L™') was mixed with the Ru(m)
complex solution at two different concentrations (10 and
100 mg L™") at a ratio of 1:1 (v/v). The mixture was incubated
(37 °C; 400 rpm) for different time periods, namely 2, 5, 10, 20,
30, 60, 120, 300, 450, 600, and 1440 min. Unbound Ru(m) was
quantified using the same procedure as that described in the
previous step.

2.4. Preparation of LF-Ru complexes

Based on the isothermal and kinetic studies, three concen-
trations of potassium aquapentachlororuthenate(m) (1.25,
100, and 500 mg L~') were selected for the large-scale
synthesis of LF-Ru complexes, designated as LF-1.25Ru,
LF-100Ru, and LF-500Ru, respectively. According to the iso-
thermal study, the molar ratios of bound Ru to bLF in the
complexes were determined to be 0.10/1, 8.43/1, and 28.85/1
(mol Ru per mol LF), respectively. The synthesis conditions
were identical to those described in section 2.2. After 24 h of
incubation, the reaction mixture was transferred to Amicon-
15 centrifugal filters with a 3 kDa MWCO and centrifuged
(6000 rpm, 4 °C, 40 min). The concentrate containing the
LF-Ru complex was washed twice with distilled water and
subsequently freeze-dried (—54 °C, 0.080 mbar) overnight
using a lyophilizer (Labconco, Kansas City, MO, USA) until a
dry powder was obtained.
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2.5. Study of the fluorescence properties of the LF-Ru
complex
2.5.1. 3D spectra measurements. Initially, LF and

LF-100Ru were dissolved in deionized water at a concen-
tration of 100 mg L~'. The 3D fluorescence spectra were
recorded using a Jasco FP-8300 spectrofluorometer (JASCO,
Easton, MD, USA) at specific excitation (200-730 nm) and
emission (210-750 nm) ranges. The measurements were
performed at an interval of 5 nm and a scan speed of
5000 nm min~".

2.5.2. Analysis of the quenching mechanism in the LF-Ru
system. A series of solutions of the Ru(m) complex with con-
centrations of 1.25, 2.5, 5, 10, 25, 50, 75, 100, 150, 250, and
500 mg L~ were prepared for the Stern-Volmer experiment.
The protein solution (1000 mg L™") was mixed with the metal
complex in a 1:1 (v/v) ratio. The specific maximum emission
wavelength was used according to the previously recorded 3D
spectra of LF (Fig. S1). The changes in fluorescence intensity
were analyzed with a Varioskan™ LUX Multimode Microplate
Reader (Thermo Fisher Scientific, Waltham, MA, USA) at e/
Aem = 280/330 nm.

2.6. Particle size and zeta potential measurements

The changes in hydrodynamic diameter and zeta potential of
the LF-100Ru complex and LF dispersed in different media
(distilled water and 0.1 acetic buffer at pH 4) at a concentration
of 1000 mg L™" were analyzed using a Malvern Zetasizer Nano
ZS (Malvern Instruments, UK). DTS0012 and DTS1070 cuvettes
were used for the particle size and zeta potential measure-
ments, respectively. The analyses were performed at 25 °C with
an equilibration time of 120 s by using a manual mode of
runs.

2.7. Attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR)

The lyophilized samples of bLF, LF-1.25Ru, LF-100Ru, and
LF-500Ru were analyzed in the MIR range (3500-900 cm™?)
with a resolution of 4 cm™" using an Alpha FTIR spectro-
meter (Bruker, Billerica, MA, USA) equipped with a
diamond crystal. The collected spectra were subjected to
baseline correction using the second derivative method
(zeroes) followed by normalization using the OriginPro
2024 software (OriginLab Corporation, Northampton, MA,
USA). The amide I band (1720-1580 cm™') was deconvo-
luted using the second derivative method (to identify
hidden peaks) combined with the Savitzky-Golay smooth-
ing derivative method with a polynomial order of 2 and a
window of 20 points. The areas of the fitted peaks were cal-
culated using the Gaussian function. The achieved coeffi-
cient of determination (R?) was 0.999 and a chi-square tol-
erance value of 1 x 107® was reached for each sample. The
percentage of each secondary structure type was deter-
mined as the ratio of the area of the individual fitted peak
(assigned to a given secondary structure) to the sum of the
areas of all fitted peaks.
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2.8. Synchrotron radiation circular dichroism (SRCD) study

Circular dichroism (CD) spectra of protein samples were
recorded on the AU-CD beamline of the ASTRID2 synchrotron
radiation source at the Department of Physics and Astronomy,
Aarhus University, Denmark. The spectra were collected at
25 °C using a Hellma quartz suprasil cuvette type 121.000 with
a nominal 0.1 mm path length under a nitrogen atmosphere.
The CD spectra were collected every 1 nm with an average of 2
per measurement. The final CD spectra were calculated as the
smoothed average of five independently measured and base-
line corrected spectra recorded between 178 and 280 nm. The
spectra were smoothed using a seven point Savitzy—-Golay filter.
The protein concentration was determined using the biuret
method. The secondary structure content of analyzed proteins
was calculated using BestSel.*°

2.9. Small angle X-ray scattering (SAXS) analysis

SAXS curves were collected at beamline P12 of the Petra III
storage ring at DESY (Deutsches Elektronen-Synchrotron) in
Hamburg.®" Protein samples (20 pL) were analyzed either in
deionized water or in phosphate buffer, and the corresponding
solvent/buffer was used for background subtraction. Before
measurement, the samples were centrifuged to remove aggre-
gates. All data were collected at 15 °C with a scattering vector
(s) range of 0.0088-5 nm™", and overlays of the merged data
sets were used to detect concentration-dependent scattering in
the lowest s region. All SAXS data were processed using the
ATSAS package.®” Integration, scaling and buffer subtraction
were performed using the PRIMUS program. The resulting
curves were used for all further calculations and reconstruc-
tions. Models were calculated using DAMMIF.*® Structural
parameters and theoretical intensities were calculated using
CRYSOL.** The radius of gyration (R,), maximum diameter
(Dmax) and pair-distance distribution function p(r) were deter-
mined using GNOM.*

2.10. Microscopy imaging

2.10.1. Light microscopy (LM) and scanning electron
microscopy with energy-dispersive X-ray spectroscopy
(SEM-EDS). Small amounts of the dried bLF, LF-1.25Ru, LF-
100Ru, and LF-500Ru samples were mounted on carbon
adhesive disks (Leit Tabs) and fixed onto SEM specimen stubs.
The morphology and elemental composition were examined
using an Axio Zoom.V16 light microscope (Carl Zeiss
Microscopy GmbH, Jena, Germany) and an EVO 15 scanning
electron microscope (Carl Zeiss Microscopy GmbH,
Oberkochen, Germany) equipped with a backscattered electron
detector (BSE) and a SmartEDS energy dispersive X-ray spectro-
meter (EDS).

2.10.2. Transmission electron microscopy with energy-dis-
persive X-ray spectroscopy (TEM-EDS). TEM samples were pre-
pared by dispersing a few milligrams of the material in 99.8%
anhydrous ethanol, followed by sonication for 5 s in an ultra-
sonic bath. Subsequently, a 5 pL aliquot of the resulting sus-
pension was deposited onto a carbon-coated copper grid with

Inorg. Chem. Front.

View Article Online

Inorganic Chemistry Frontiers

holes (Lacey type, Cu 400 mesh, Plano). The solvent was
allowed to evaporate under ambient conditions, and the dried
material adhering to the grid was subjected to TEM analysis.
The prepared samples were analyzed with a Tecnai X-Twin
transmission electron microscope (FEI Company, Hillsboro,
OR, USA) equipped with a dark field detector (BF), a high-
angle annular dark field detector (HAADF), and an Edax RTEM
energy dispersive X-ray spectrometer (EDS).

2.11. Desorption study

Primarily, the LF-100Ru complex was dissolved in water to
prepare a solution at a concentration of 10000 mg L.
Samples were mixed with gastric (pH 1.4) and intestinal fluids
(pH 7.25), prepared according to European Pharmacopeia
guidelines,®® at a 1:4 ratio (v/v) and then incubated at 37 °C
for 1, 2, and 3 h. Afterwards, the reaction mixture was trans-
ferred to Amicon centrifugal filters (cut-off 3 kDa) and centri-
fuged for 5 min at 14000 rpm. The remaining filtrate was
appropriately dissolved in 2% HNO; and the amount of
released Ru(m) ions was analyzed using ICP-OES. In parallel,
the LF-100Ru solution (10000 mg L) was mineralized in
aqua regia at 80 °C for 3 h to determine the initial concen-
tration of Ru(m) in the complex.

2.12. SDS-PAGE analysis

The electrophoretic separation of LF and the LF-100Ru
complex was performed in 4-12% polyacrylamide gel (Thermo
Scientific, Waltham, MA, USA) under non-reducing conditions.
Non-reducing conditions were achieved by adding 5 pL of 4x
Bolt lithium dodecyl sulfate (LDS) Sample Buffer (Thermo
Scientific, Waltham, MA, USA) to 15 pL of the sample.
Electrophoresis was run at 200 V for 22 min using the 1x MES
running buffer. Band visualization was performed by gel incu-
bation for 1 h in Coomassie Blue R-350, followed by overnight
destaining in deionized water.

2.13. Peptic digestion kinetics

Peptic digestion kinetics were investigated in a similar way to
the procedure previously described by Pryshchepa et al?’
Initially, a pepsin stock solution (2000 U mL™") was prepared
in deionized water and subsequently diluted to 5 U mL™" with
simulated gastric fluid. The substrates, LF and the 100LF-Ru
complex, were individually dissolved in water to obtain
working solutions at a concentration of 5000 mg L~'. The
enzyme/substrate mixture was prepared at a 0.1 U per 100 pg
ratio, in which the final protein concentration was 1000 mg
L7". A series of samples were incubated in an Eppendorf
ThermoMixer (Hamburg, Germany) at 37 °C for 1, 2, 5, 15, and
30 min. The reaction was terminated by adding 0.7 M Na,CO;
(35% of the total sample volume) to the reaction mixture.
Finally, all samples were analyzed by SDS-PAGE in reducing
mode. Reducing conditions were achieved by adding 2 pL of
10x Bolt Sample Reducing Agent (Thermo Scientific, Waltham,
MA, USA) containing 500 mM dithiothreitol (DTT) per 20 pL of
the total reaction mixture.
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2.14. Molecular docking in LF-Ru systems

Holo- and apo X-ray crystallography bLF structures were used for
docking. In the PDB database, there is only one holo- (iron-satu-
rated) X-ray crystallography bLF with two high affinity metal
coordination sites — histidine 253 and 595. This structure (PDB
ID: 1BLF) with a resolution of 2.80 A comprises residues
5-689.3% Also, there is only one apo- (iron-free) X-ray crystallogra-
phy structure of bLF (PDB ID: 40QO), with a resolution of
2.42 A, which comprises residues 342-689.° In this structure,
the histidine 253 residue is missing; thus, only the histidine 595
site can be studied. Protein structures were prepared in the
Protein Preparation Module of the Schrodinger Suite.*’
Hydrogen atoms were added to the structure, and bond orders
and disulfide bonds were assigned. Protein protonation states
were assigned using PROPKA at pH 4.0.*' The protein energy
minimization was performed in the OPLS4 force field.*> The
[RuCl5(H,0)]>~ complex was constructed using Maestro and sub-
jected to DFT geometry optimization and single point energy cal-
culations using Jaguar, an application of the Schrodinger
Suite.*® For geometry optimization, B3LYP-D3 was used with the
LANL2DZ basis set for the Ru atom and 6-31G** for the remain-
ing atoms. The calculations were conducted in water solvent
using the polarizable continuum model. After geometry optimiz-
ation, electrostatic potential charges were determined using
single point energy calculations, with the total complex charge
set to —2. In MetalDock, the ruthenium geometry optimization
and single point energy calculations were part of the automated
workflow, and were executed using ORCA 5.0.4.** DFT calcu-
lations utilized the B3LYP theory and the def2-TZVP basis set for
all atoms. Molecular docking was performed in the Schrodinger
Suite using the Glide application®® and in the MetalDock** work-
flow, which uses the AutoDock4 docking engine. Two Glide-
specific docking methods were used: standard precision and
induced fit docking.*® The docking grid box was centered on the
protein histidine residues 253 and 595. MetalDock is an open-
source workflow specifically developed for molecular docking of
metal complexes to biomolecules. The vacancy in the first
coordination sphere of the Ru atom was indicated, and a
dummy atom was added to the metal complex for direct coordi-
nation of the metal atom to a protein residue. Molecular
docking was also performed using AutoDock4 as a docking tool.

2.15. Molecular dynamics (MD) and density functional
theory (DFT) studies

We carried out theoretical calculations in two stages: (1) DFT
and (2) classical MD. In the DFT calculations, we optimized
the structure of individual amino acids, the isolated
[RuCls(H,0)]>~ complex, and the [RuCl5(H,0)]*” complex
interacting with amino acids to obtain their minimum-energy
ground-state configurations utilizing the Gaussian09 code.*”
The B3LYP hybrid functional was employed, with the GENECP
keyword used to define the LANL2DZ basis set for Ru(u), while
the 6-31G basis set was applied for Cl, H, O, C, and N
atoms.*®*® The optimized structures and corresponding elec-
tron density distributions were visualized using GaussView 5.0.
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Guided by the molecular docking results, only selected amino
acids were considered for quantum mechanical calculations to
reduce the computational cost. For each system, all possible
binding sites were examined, and the most favorable configur-
ation corresponding to the lowest ground-state energy was
chosen for further interaction analysis.

For classical MD simulations, the initial structure of bovine
lactoferrin (bLF) was obtained from the RCSB Protein Data
Bank: 1BLF for the holo-form and 40QO for the apo-form.
After molecular docking of the three modeled configurations,
the highest-scoring pose in each case was used as the starting
structure for MD simulations. GROMACS was used for simu-
lations with the CHARMM force field for the protein residues,
and EasyPARAM-derived parameters were used for [RuCls]*",
respectively.’*>> Before the MD run, the protein with the
[RuCl;]*~ complex was solvated with SPC/E water molecules in
a cubic box of 10 nm in edge length.>® The total energy of the
system was minimized to relax bonds and remove possible
structural clashes. Particle Mesh Ewald (PME) was used to cal-
culate long-range electrostatic interactions, and the cut-off for
non-bonded interactions was set to 1.2 nm. After minimiz-
ation, the system was heated to 300 K under the NVT ensemble
using a Langevin thermostat. Subsequently, the system was
equilibrated under the NPT ensemble at 1 bar and 310 K. Each
equilibration step lasted 100 ps. Production runs were contin-
ued for 30 ns, after which the trajectories were analyzed and
the root mean square deviation (RMSD) was calculated.

2.16. Resazurin-based assessment of the antibacterial activity
of LF and LF-100Ru

The antibacterial response of LF and LF-100Ru was evaluated
using three bacterial strains: Escherichia coli ATCC 33876,
Enterococcus faecalis ATCC 51299, and Klebsiella pneumoniae
B34. Initially, bacteria were inoculated in Mueller-Hinton
broth (MHB) and incubated for 24 h under aerobic conditions.
Afterwards, the prepared 0.5 McFarland bacterial suspension
was diluted 100-fold. A series of solutions of LF and LF-100Ru
were prepared in MHB at concentrations of 10 000, 5000, 2500,
1250, 625, and 312.5 mg L™". Then, 100 pL of bacterial suspen-
sion was mixed with 100 pL of the analyzed samples in a
96-well plate and incubated overnight at 37 °C. The bacterial
suspension and culture medium alone were used as the posi-
tive and negative controls, respectively. Subsequently, 10 pL of
resazurin solution (100 mg L™') was added to each well and
the plate was additionally incubated at 37 °C for 1 h. Bacterial
viability was determined from the changes in fluorescence
intensity at Aey/Aem = 560/590 nm using a Varioskan™ LUX
Multimode Microplate Reader. All analyses were performed in
triplicate for both samples and controls. The value of the nega-
tive control was subtracted from each analyzed sample and
from the positive control. The fluorescence value of the posi-
tive control was taken as 100% bacterial viability.

2.17. Invitro cell line assessment

The cytotoxic potential of the LF-Ru complexes was assessed
on the L929 murine fibroblast cell line and human epithelial
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colorectal adenocarcinoma Caco-2 cells, both obtained from
the American Type Culture Collection (ATCC), as well as on
hepatocellular carcinoma HepG2 cells acquired from the
European Collection of Authenticated Cell Cultures (Sigma
Aldrich). All cell lines were cultured in high-glucose
Dulbecco’s modified Eagle’s medium (DMEM; Biowest) sup-
plemented with 10% fetal bovine serum (Biological Industries)
and antibiotics, namely penicillin (100 U mL™") and streptomy-
cin (100 pg mL ™) (Capricorn Scientific GmbH). Cultures were
incubated at 37 °C in a humidified incubator under a 5% CO,
atmosphere. Subculturing was performed routinely, 2-3 times
a week, using a 0.05% trypsin-EDTA solution (Capricorn
Scientific GmbH) once the cells reached approximately 70%
confluence.

2.17.1. Cell viability by the MTT assay. The proliferative
response of cells to LF-Ru complexes was assessed via the
MTT assay (3-(4,5-dimethylthiazolyl)-2,5-diphenyltetrazolium
bromide; Thermo Fisher Scientific). Initially, L929, HepG2,
and Caco-2 cells were seeded into 96-well culture plates (Jet
Biofil) at a concentration of 5 x 10* cells per mL within 100 pL
of supplemented DMEM per well and pre-incubated at 37 °C
for 24 h. Following this incubation, cells were exposed to the
LF-Ru complexes for 48 h. Stock solutions of the complexes
were prepared and then subjected to serial dilutions in the
medium to obtain the final concentrations of 625, 1250, 2500
and 5000 mg L™, respectively. Furthermore, a control sample
containing unmodified lactoferrin was prepared, with
additional concentrations of 20 000 and 10 000 mg L™". After
treatment, the medium was removed and replaced with 100 pL
of MTT solution (0.5 mg mL™") prepared in PBS. Plates were
incubated for 2 h at 37 °C to allow for formazan formation.
After the incubation period, the MTT reagent was carefully
removed, followed by the addition of 50 pL of absolute
dimethyl sulfoxide (DMSO) to each well. The plates were gently
agitated for 10 min. Absorbance readings were then taken at
570 nm and a reference wavelength of 630 nm, using a
Varioscan™ LUX Multimode Microplate Reader. Viability per-
centages were calculated by comparing the treated cells to the
untreated controls designated as 100% viable. All tests were
conducted in five separate replicates. Additionally, obser-
vations of cell shape and density were made with an Olympus
EP50 inverted phase-contrast microscope.

2.17.2. Measurement of cytotoxic effects through LDH
activity. The cytotoxic effects were quantified by measuring
lactate dehydrogenase (LDH) release using the CytoTox96 Non-
Radioactive Cytotoxicity Assay Kit (Promega, Madison, WI,
USA), following the manufacturer’s protocol. Each condition
was analysed in quintuplicate. For analysis, 50 pL of culture
supernatants collected after 48 h of incubation with the test
substances from L929 murine fibroblasts, human epithelial col-
orectal adenocarcinoma Caco-2 cells, and hepatocellular carci-
noma HepG2 cells were transferred to a new 96-well plate (Jet
Biofil). The CytoTox96 reagent was freshly prepared by combin-
ing the assay buffer with the substrate mixture. The positive
controls, representing 100% LDH release, were generated by
treating cells with 0.8% Triton X-100 for 45 min. The negative
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controls included untreated cells in the culture medium, while
blanks contained the medium alone or the medium with the
specified test substance, which were applied in order to elimin-
ate background effects in the measurements. Subsequently,
50 pL of the reagent was added to each well, followed by incu-
bation for 30 min at 21 °C in the dark. The reaction was halted
by adding 50 pL of the stop solution. LDH release, reflecting
membrane damage, was measured from the absorbance at
490 nm using a Varioskan™ LUX Multimode Microplate
Reader. The results are presented as mean values + standard
deviation (SD). Statistical analysis was performed using one-
way ANOVA with Tukey’s post hoc test for multiple comparisons.
All computations were carried out using GraphPad Prism 8.0.2
software (La Jolla, CA, USA). The levels of significance are rep-
resented as follows: * p < 0.05; ** p < 0.01; *** p < 0.001. For
instances where cell viability surpassed the control values of
the same concentration of LF, statistical significance was
marked with a ‘4’ symbol instead of an asterisk.

3. Results and discussion

3.1. Isotherm study

The binding behavior in the LF-Ru systems was investigated
through the application of two isotherm models, namely the
Langmuir and Freundlich models (Fig. 1A). A detailed descrip-
tion of the isotherm models and thermodynamic parameters
used to analyze Ru(w) binding to LF is provided in the SI.

The calculated sorption parameters for both applied
models are shown in Table 1.

The experimental sorption capacity ranged from 0.12 to
36.4 mg g~ '. The determined molar ratios of bound Ru to bLF
in the formed LF-Ru complexes are shown in Table 2. The g.q/
Ceq relationship was better fitted by the Langmuir model (R* =
0.993) than by the Freundlich model (R* = 0.969), indicating a
saturation-like binding of Ru(m) to a limited number of acces-
sible LF regions under the studied conditions.>* The calcu-
lated maximum sorption capacity (¢max) Was 56.9 mg g%, con-
firming a substantial affinity of Ru species for LF. The pre-
viously determined gy of Fe(m) for LF was 36.3 mg g~ *.>

Remarkably, R; decreased as C, increased, consistent with
the used relationship. The determined dimensionless equili-
brium parameter (R;, = 0.28-0.99) indicates favorable LF-Ru for-
mation. Although the experimental data were better fitted by the
Langmuir model, a Freundlich contribution should not be
excluded, suggesting that the system is not perfectly uniform
across the entire loading range. The heterogeneity factor (1/n <
1) likewise supports favorable binding.>® To further probe the
high-loading behavior, the data were additionally examined
using a modified BET-style representation. The resulting plot
suggests that, after an initial saturation-like binding regime, a
secondary accumulation step may occur at higher Ru precursor
concentrations (Fig. 1B). In this context, the BET-type interpret-
ation should be treated as a phenomenological description of
high-loading behavior rather than as proof of classical multilayer
adsorption on a porous solid. In particular, it may reflect sec-
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Fig. 1

Table 1 Sorption parameters for Freundlich and Langmuir models

Freundlich model Langmuir model

Ky [mg Gmax [ME K [L
no g7l s R g mg] s R
1.63 3.24 45.8 0.969 56.9 0.033 10.3 0.993

ondary Ru accumulation or aggregation within the protein
matrix instead of a strictly defined surface multilayer. This
interpretation is more consistent with the TEM observations
obtained for LF-500Ru, where Ru-rich domains were detected
only at the highest loading. The calculated binding efficiency of
Ru(m) on LF ranged from 24.0 to 49.6% (Fig. 1C). It increased
from 37.5 to 49.0-49.6% as the initial Ru(m) complex concen-
tration increased from 1.25 to 10 mg L™". Subsequently, the
efficiency decreased from 44.8 to 24.0% over the 25-500 mg L™"
range, supporting progressive saturation of the most accessible
binding regions. The calculated change in Gibbs free energy
(AG) ranged from —19.6 to —16.6 k] mol™" across the tested con-
centrations, confirming that LF-Ru formation is spontaneous
under the given conditions (7 = 310 K). For comparison, the pre-
viously determined AG values for the LF-Ag system ranged from
—25 to —11 kJ mol™.%”

3.2. Kinetic study

To evaluate the kinetics of LF-Ru binding, the two initial Ru
(m) complex concentrations, namely 10 and 100 mg L™, were
tested (Fig. 2).

A detailed description of the kinetic models used to evalu-
ate Ru(m) binding to LF is provided in the SI. Thus, a zero-
order kinetic model was applied to evaluate the changes in Ru
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(A) Isotherm of Ru(m) sorption onto LF, (B) modified BET isotherm, and (C) bar chart of the sorption efficiency of Ru(i) on LF.

(m) concentration over time (C,). For 10 mg L™ as the initial
metal complex concentration, a fast metal binding to LF
within 2 min (k, = 0.48 mg L™" min~") was observed, resulting
in a decrease of the initial Ru(m) concentration (C,) from
1.39 mg L™" to a C, of 0.42 mg L™" (Fig. 2A). In the next step
(5-30 min), a gradual increase in C, from 0.55 to 0.93 mg L™"
was observed. This phenomenon might be associated with
structural changes in LF, leading to metal desorption and sub-
sequent relocation of Ru(m) to more favorable binding sites.
The obtained Weber-Morris plot indicated fast transport of Ru
() from the solution to the protein surface, which is generally
described as boundary layer diffusion and/or external mass
transfer (Fig. 2B).>” Subsequently, a sharp decrease in sorption
capacity was observed, which might be caused by the release
of weakly bound Ru(m). Finally, the formed LF-Ru system
reached equilibrium after 30 min. The calculated sorption
efficiency (%E) ranged from 29.2 to 69.7% over the analyzed
time period (Fig. 2C). The results are comparable to a zero-
order kinetic plot, showing the highest percentage of bound
Ru(m) in 2 min, followed by gradual metal desorption and a
decrease in sorption efficiency. After 30 min of incubation, the
sorption efficiency remained nearly constant (29.2-35.3%),
suggesting that the protein had reached its Ru(u)-binding
equilibrium, possibly due to saturation of accessible binding
sites. In the case of 100 mg L™" as the initial complex concen-
tration, Ru(m) binding to LF was a one-step process which
occurred rapidly (ko = 3.14 mg L™" min~") in 2 min (Fig. 2D). A
minor desorption of Ru(u) occurred in the range of 2-20 min
which corresponded to C, ~ 9-11 mg L. The observed fluctu-
ations might be caused by rearrangements in the LF structure
followed by redistribution of the bound Ru(m). The Weber-
Morris model confirmed fast binding of metal ions on the
external surface (Fig. 2E). It was shown that intra-particle

Table 2 Molar ratios of n(Ru)/n(LF) in the obtained LF-Ru complexes (mol Ru per mol LF)

n(Ru)/n(LF)
LF-1.25Ru LF-2.5Ru LF-5Ru LF-10Ru LF-25Ru LF-50Ru LF-75Ru LF-100Ru LF-150Ru LF-250Ru LF-500Ru
0.10/1 0.22/1 0.48/1 0.94/1 2.21/1 4.10/1 6.89/1 8.43/1 13.91/1 21.70/1 28.85/1
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Fig. 2
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(A and D) Zero-order kinetic model of LF—Ru binding, (B and E) Weber—Morris intra-particle diffusion model and (C and F) bar chart of the

efficiency of Ru(i) sorption onto LF at the applied initial Ru(il) complex concentrations of (A—C) 10 mg L™ and (D—F) 100 mg L.

diffusion was not a key rate-limiting step; thus the Ru(ur) ions
initially bound on the protein surface underwent a brief redis-
tribution before the system reached equilibrium. The calcu-
lated sorption efficiency was relatively constant over the whole
time period and ranged from 30.5 to 39.9%, indicating greater
stability and faster saturation of the LF-Ru complex at a
higher initial concentration of the applied complex (Fig. 2F).*®

3.3. 3D fluorescence spectroscopy analysis

Fig. 3 presents the 3D spectra of LF and the LF-100Ru
complex. All registered peaks are labelled in Table 3. Two main
peaks at Adex/Aem = 280/330 nm and Aex/Adem = 225/327 nm are
observed in the 3D fluorescence spectra of LF which might be
assigned to aromatic amino acids.

The maximum emission peak was slightly blue-shifted
from 329 to 328 nm and from 327 to 324 nm after LF-Ru
complex formation, which might be explained by less exposure
of aromatic amino acid residues, especially Trp, to the polar
solvent and rearrangement of their microenvironment to one
that is more hydrophobic.>® Such changes in polarity near Trp
could provide more compact and stable protein confor-
mation.®® The additional peak arising at Aeg/Aem = 265/531 nm
was attributed to the quartz cuvette (Fig. S2). Despite this, the
evident fluorescence quenching from 6219 to 3006 a.u. con-
firms the binding of Ru(i) to bLF. More detailed insights into
the nature of the interactions between the fluorophore and
quencher were obtained from the Stern-Volmer experiment
presented in the next subsection.

Inorg. Chem. Front.

3.4. Analysis of the LF-Ru quenching mechanism

The changes in LF fluorescence intensity were examined in a
broad range of concentrations of the Ru(m) complex (quencher).
Addition of the Ru(m) complex to the LF solution induced an
effective decrease in protein fluorescence intensity (Fig. 4A).

Quenching mechanisms were analyzed with the application
of the Stern-Volmer eqn (1):

Fo/F =1+ Ksv[Q] =1+ Kq70[Q] (1)

where F and F, are the fluorescence intensities of LF with and
without the added quencher, Kgy is the Stern-Volmer constant
(M), [Q] is the concentration of the quencher (M), K is the
quenching rate constant (M), and 7, is the fluorescence time
of the fluorophore without the quencher, which is typically
equal to 107 s.

The evident quenching of fluorescence intensity confirms
the binding of Ru(m) to bLF. Based on the Stern-Volmer plot,
a linear relationship (R*> = 0.9895) was observed at low Ru(u)
concentrations, up to 0.2 mM, corresponding to a 16: 1 molar
ratio of metal to protein. The determined Ksy (Fig. 4B) was
(2.044 + 0.094) x 10* M™" in the mentioned concentration
range, which indicates a high availability of fluorophores to
quencher molecules.®! For example, the calculated Kgy for the
system of human transferrin (hTF) and the pentachloro
complex of Ru(m) with a bidentate carbazole-pyridine car-
boxylic acid ligand was equal to 1.09 x 10° M~".°> As observed,
the plot curved upwards at higher metal concentrations. The
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Fig. 3 3D spectra of (A) LF and (B) the LF-100Ru complex dissolved in deionized water at a concentration of 100 mg L™

Table 3 Peaks observed on 3D fluorescence spectra of LF and the LF—
100Ru complex (100 mg L™

Peak 1 Peak 2

Aex Aem Intensity Aex Aem Intensity
Sample [nm] [nm] [a.u.] [nm] [nm] [a.u.]
bLF 280 329 9634 225 327 6219
bLF- 280 328 4397 225 324 3006
100Ru

positive curvature of the Stern-Volmer plot might be explained
by the complicated nature of quenching effects. In general, the
fluorescence quenching might be described as either a
dynamic mechanism or a static mechanism. Dynamic quench-
ing is characterized by collisional interactions between the bio-
molecule and quencher molecules in an excited state, while a
static mechanism involves the formation of a non-fluorescent
ground-state complex.®® The static quenching phenomenon is
commonly observed at high concentrations of the quencher.®*
Thus, we can suggest that the fluorophore-quencher complex
forms at [Q] > 0.2 mM, whereas collision occurs at lower con-
centrations. Consequently, the obtained plot reflects the com-
bination of both dynamic and static fluorescence quenching
mechanisms.®® Besides, the calculated K, was equal to 2.044 x
10'> M~" which is much higher than the maximum value of K,
for dynamic quenching. For a more accurate determination of
the quenching mechanism, the changes in K, should be corre-
lated with temperature.®® Alternatively, the positive curvature
might also be associated with the unequal accessibility of
fluorophores to the quencher.®® Indeed, the bLF molecule con-
tains 13 Trp residues, each of which might be differently
exposed to the Ru(m) complex.®”

For a more detailed analysis of the LF-Ru binding mecha-
nism, the double logarithmic eqn (2) was applied and the rele-
vant plot was designed (Fig. 4C):

log[(Fo — F)/F] = log Ka + n log[Q] (2)

This journal is © the Partner Organisations 2026

where K, is the binding constant and 7 is the number of
binding sites.

The double log plot of LF-Ru binding showed good linear-
ity (R* = 0.9958) (Fig. 4D). The calculated K, was (1.789 =
0.0002) x 10* M~" and n was 0.998 + 0.029, indicating strong
interactions in the LF-Ru system. Under the tested conditions,
this result is best interpreted as one dominant fluorescence-
reporting binding event rather than definitive proof that only
one Ru-binding site exists in the LF molecule. Similar binding
parameters were previously reported for the LF-gallic acid
system (T = 298 K), where the determined K, was 1.17 x 10*
M and 7 was 1.08.°® Likewise, Yan et al. indicated K, and n
values of (1.190 + 0.012) x 10* M™* and 1.27 + 0.02, respect-
ively, for the LF-ginsenoside (LF-Re) system at 298 K.* In con-
trast, the calculated K, and n values for the apo-hTF/TM34
ruthenium system were (37.44 + 1.27) x 10* M~' and 1.186,
respectively.”®

3.5. Characterization of the LF and LF-Ru hydrodynamic size
and zeta potential changes

DLS results revealed substantial changes in LF size depending
on the medium used and the presence of the metal complex
(Fig. 5A).

In the case of LF at pH 4, the presence of small particles of
7.5 and 43.8 nm as well as bigger aggregates of 5560 nm was
observed; nevertheless, their contribution was much lower in
comparison with LF dispersed in water. Remarkably, a notable
decrease in the hydrodynamic diameter of LF after binding to
the ruthenium complex was observed. The individual sharp
peak at 24.3 nm indicates the formation of a monodisperse
system. Based on this, ruthenium might be involved in stabiliz-
ation of the LF structure, preventing protein aggregation. This
suggestion was also confirmed by zeta potential measurements.

All analyzed samples displayed a positive zeta potential under
the established conditions (Fig. 5B). As expected, LF dispersed
in water formed the least stable colloidal system ({ = 9.3 +
0.5 mV), since the pH of the given medium (pH 7) was near the
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Fig. 4 (A) Stern—Volmer plots for fluorescence quenching in the presence of the ruthenium complex, (B) zoomed-in image of the selected region
of Ru(i) complex concentration, (C) double Stern—Volmer plots for fluorescence quenching for the LF-Ru system analyzed at 298 K, and (D)

zoomed-in image of the corresponding range of log ¢ (Ru complex).

Fig. 5 (A) Particle size distribution and (B) zeta potential of LF and the LF-100Ru complex.

protein isoelectric point (plI). Previously, Pryshchepa et al. indi-
cated that the pI of bLF was about 7.4 + 0.2.”" In contrast, LF dis-
solved at pH 4 exhibited a more positively charged surface; thus
its zeta potential was ¢ = 11.6 + 0.8 mV. Similarly, Bokkhim et al.

Inorg. Chem. Front.

showed that the ¢ of native LF was +18 at pH 4, and it decreased
to +10 mV at pH 7.”> A more acidic medium typically promotes
the protonation of amino (-NH,) functional groups, leading to
increased zeta potential.”® Samples with zeta potentials higher
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than +20 mV and lower than —20 mV are described as stable.”
Both LF samples, dispersed in water and in acetic buffer,
formed fairly unstable colloids. The addition of the Ru(ur)
complex significantly affected the LF charge properties. Indeed,
LF-Ru showed the highest zeta potential ({ = 23.8 + 0.8 mV)
among all analyzed samples, thereby forming the most stable
colloidal system. The evident increase in zeta potential could be
related to conformational changes in the LF structure after Ru
(m) binding that led to improved surface availability of positively
changed amino acids, such as lysine, arginine, and histidine.”
Besides, Ru(u) might be potentially involved in interaction with
carboxylate groups (-COO™), inducing the neutralization of nega-
tive charge in the LF molecule.”

3.6. ATR-FTIR

ATR-FTIR analysis was performed to identify the protein func-
tional groups involved in the binding with metal ions.
Moreover, the observed shifting of amide bands provided
information on the changes in the LF secondary structure. The
obtained ATR-FTIR spectra of LF and the respective LF-Ru
complexes are shown in Fig. 6.

The characteristic amide A band observed in the range of
3300-3100 cm ™" assigned to stretching vibrations of N-H and
O-H of the LF functional groups was blue-shifted as the
amount of bound Ru(m) in the protein increased.”® These
changes indicate that complexed Ru(m) might affect the
strength of hydrogen bonding in the polypeptide backbone. In
turn, a peak found at 3100-3050 cm™' was attributed to
stretching vibrations of N-H (amide B band). Similar to amide
A, it was shifted to a shorter wavelength from 3061 to
3065 cm™. The characteristic bands observed in the ranges of
2965-2960, 2925-2920, and 2875-2870 cm ™! might be attribu-
ted to the stretching vibrations of asymmetric -CH;, asym-
metric -CH, and symmetric ~CH,, respectively.”””®

Fig. 6 ATR-FTIR spectra of LF and LF—Ru complexes.
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The range of 1700-1600 cm™" is characteristic of the amide I
band and is commonly used for the determination of secondary
structure content in the protein since it is considered to be less
affected by amino acid side chain vibrations in contrast to
amide II and amide II1.”**® It mainly corresponds to the stretch-
ing vibrations of C=0 (80%) coupled with the C-N (20%) group
in the peptide backbone whose peak position might differ
depending on the characteristic secondary structure type, e.g.
p-sheet (1640-1610 cm™'), random coil (1650-1640 cm™%),
o-helix (1660-1650 cm™'), or p-turn (1690-1660 cm™*).%!
Deconvolution of the amide I band allowed us to distinguish the
contribution of each type of secondary structure (Fig. 7).

Indeed, p-sheet (50.3%) was the dominant type of second-
ary structure present in bLF, followed by f-turn (37.3%),
a-helix/random coil (11.1%), and aggregated p-sheet (1.3%)
(Fig. 8).

A significant increase in o-helix content after Ru(m) com-
plexation indicated that the protein adopted a more stable and
ordered conformation, particularly in the LF-100Ru sample,
which is consistent with our fluorescence results. A similar
tendency was previously observed by Chen et al., resulting in
LF complexation with lactose.®” On the other hand, Alhazmi
et al. reported that the binding of metal ions, such as Fe(u), Ir
(m), and Pt(wv), to BSA caused a visible decrease in a-helix
content.®? It was also indicated that the decrease in o-helix
content resulted in AgNP immobilization onto BSA.%*
Interestingly, Hadden et al. reported minor differences in the
secondary structure of iron unsaturated and saturated hLF.%
Slight changes in the o-/B-structure ratios observed for LF-
1.25Ru and LF-100Ru indicate conformational rearrangements
dependent on the amount of bound metal. Besides, loss of
a-helix was observed in the LF-500Ru complex simultaneously
with the increase of random coil structure. Thus, we can
assume that excess bound Ru(um) might negatively affect the
stability of the protein, leading to its partial unfolding.
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Fig. 7 Amide | band deconvolution results.

Fig. 8 Changes in the secondary structure composition of LF after its
modification with Ru(m).

1 and

The amide II band was observed at 1580-1490 cm™
could be assigned to N-H bending coupled with C-N stretch-
ing vibrations.®® A blue shift from 1517 to 1526 and 1524 cm™"
and a red-shift from 1517 to 1515 cm™" were observed in the
case of LF-1.25Ru, LF-100Ru, and LF-500Ru, respectively, con-
firming the conformational changes in the LF induced by

binding with the Ru(ur) complex. Although the given region is
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characteristic of a p-sheet structure, it might additionally
overlap with the tyrosine C-C ring stretching vibration.®>%”-%%
Similarly, peak shifts were observed in the 1240-1230 cm™
and 1165-1160 cm™" ranges, which are also characteristic of
the tyrosine side chain.?® Based on this, we can suggest that
tyrosine might be potentially involved in the binding with Ru
(m). In turn, the peaks observed at 1450-1440 and
1400-1380 cm™" could arise from the -CH; asymmetric and
symmetric bending vibrations of the amino acid side chains,
respectively.’® Despite this, the range 1400-1380 cm™' might
be attributed to aspartic acid side chain vibrations. Thus, the
blue shift of the following absorption band from 1389 to 1395
and 1393 cm™' for LF-1.25Ru and LF-100Ru, respectively,
might be a result of the interaction between Ru(in) and the car-
boxyl group of aspartic acid.®® The characteristic region of the
amide III band is shown at 1350-1200 cm™" which mainly
includes N-H bending and C-N stretching vibrations.’"*> The
peaks appearing at 1310-1305 cm™' and 1240-1230 cm™*
confirm the presence of a-helix and f-sheet structures, respect-
ively, in LF and LF-Ru samples.”’ In turn, the range
1200-950 cm™" is considered a carbohydrate fingerprint and
the appeared peaks might be attributed to the carbohydrate
residues (C-O, C-C stretching and C-O-H deformation
vibrations) of LF as a glycosylated protein.”®%*°* The peak

1

1
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Table 4 Comparison of the secondary structure content between experimental and theoretical data

Theoretical Experimental

Type of secondary structure 1BLF 40Q0 1 2 3 4 5 LF LF-1.25Ru LF-100Ru
a-Helix Helix 1 regular 17.4 17.8 17.4 17.9 17.4 17.4 17.4 16.1 16.7 17.3

Helix 2 distorted 12.2 12.1 12.2 11.4 12.2 12.2 12.2 0.0 0.0 0.0
Antiparallel p-sheet Anti 1 left-twisted 0.0 0.0 0.0 0.0 0.0 0.0 0.0 14.1 13.6 11.8

Anti 2-relaxed 1.7 1.2 1.9 1.9 1.2 1.2 1.7 23.7 25.8 24.3

Anti 3 right-twisted 10.4 10.7 10.6 9.4 10.6 10.6 10.3 1.6 2.6 1.9
Parallel p-sheet 5.5 6.0 4.9 5.4 5.3 5.3 5.3 0.0 0.0 0.0
f-Turn 18.3 15.6 18.7 17.4 17.5 17.5 17.5 13.3 111 12.4
Others (random coil) 34.5 36.6 34.3 36.6 35.8 35.8 35.6 31.3 30.2 32.3

This analysis was performed using the BestSel algorithm, where 1 =

glide_His253_holo_1BLF, 2 = glide_His595_apo_40QO, 3 =

glide_His595_holo_1BLF, 4 = metaldock_His253_holo_1BLF, and 5 = metaldock_His595_apo_40QO.

shifting in the following region after Ru(m) complexation
might be caused by the difference in accessibility of glycans
resulting in LF conformational changes. Besides, the peak
found at 1054 cm™" might be attributed to the tryptophan side
chain (C=C or C-N stretching and C-H bending vibrations).”
As shown, Ru(umr) complexation caused shifts in the peak posi-
tions, which may be directly associated with conformational
modifications in the bLF structure.

3.7.  Synchrotron radiation circular dichroism (SRCD)

The following technique was used for studying the changes in
bLF secondary structure resulting in Ru(m) binding. The appli-
cation of the BestSel algorithm allowed for the calculation of
secondary structure content from theoretical models. A com-
parison of the results obtained for the theoretical structures
and the experimental data is shown in Table 4 and SRCD
spectra are shown in Fig. 9.

The secondary structure element contents calculated for the
apo- and holo-forms based on their crystal structures showed
only minor differences. Likewise, superposition of the crystal
structures indicates that iron ions did not cause significant
changes in the spatial organization of bLF (Fig. 10).

In the next step, analysis of the models with docked Ru(m)
was carried out. Metal ions did not induce structural changes
in the LF structure. As observed, the secondary structure
content of the crystallographic and experimental structures of
LF showed differences. This might be caused by the high flexi-
bility of LF (random-coil content >30%). On the other hand,
the experimental data show that metal complexation does not
cause significant changes in the secondary structure of LF
with increasing concentrations of Ru(ui). This behavior indi-
cates that Ru(m) binds to the LF molecule in a stable manner,
without disturbing its secondary structure. As shown, the
B-structure was a predominant secondary structure in all ana-
lyzed samples with contents ranging from 38 to 42%. The total
B-structure percentage for LF-1.25 and LF-100Ru samples was
in good agreement with FTIR results; nevertheless, the content
of individual structures differed. Remarkably, Ru(ur) complexa-
tion with LF promoted only a minor increase in o-helix

This journal is © the Partner Organisations 2026

Fig. 9 SRCD spectra of the analyzed samples (black — native LF, red —
LF-1.25Ru, blue — LF-100Ru).

content which is not consistent with previous FTIR results of
amide I band deconvolution.

The differences in secondary structure content obtained
from FTIR and SRCD analyses can be attributed to the specific
sensitivities and inherent limitations of each technique. As
mentioned previously, CD spectroscopy is considered a more
reliable method for quantifying a-helical structures, whereas
FTIR spectroscopy is generally more sensitive to p-sheet struc-
tures.”® For example, some amino acid side chains, particularly
aspartic acid and glutamic acid, may contribute slightly to
peptide bond vibrations in the amide I region
(1700-1600 cm™"), potentially affecting FTIR band assign-
ments.”” On the other hand, a major limitation of CD analysis
arises from spectral overlap between peptide backbone signals
and contributions from aromatic and sulfur-containing amino
acid side chains.’® Therefore, some authors recommend per-
forming CD measurements at wavelengths below 178 nm to
minimize such interference and improve secondary structure
discrimination.’®

3.8. Small angle X-ray scattering

SAXS is a powerful method for studying the structure and oli-
gomerization of proteins in solution and enables calculations
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Fig. 10 Comparison of the spatial structures of the analyzed crystal structures and models with docked ruthenium ions (A — 1BLF, B — 40Q0, C -
glide_His253_holo_1BLF, D — glide_His595_apo_40QO, E — metaldock_His253_holo_1BLF, F — metaldock_His595_apo_40QO).

Table 5 Comparison of structural parameters for crystal structures and analyzed models with docked ruthenium

ions, where 1

glide_His253_holo_1BLF, 2 = glide_His595_apo_40Q0O, 3 = glide_His595_holo_1BLF, 4 = metaldock_His253_holo_1BLF, and 5 =
metaldock_His595_apo_40Q0O

Structural parameters 1BLF 40Q0 1 2 3 4 5

Ry [nm] 3.65 3.68 3.66 3.65 3.65 3.65 3.65

Dax [nm] 9.88 10.3 10.2 9.95 9.96 9.96 _ 9.96
Volume [A’] 1.2149 x 10° 1.2386 x 10° 1.2517 x 10° 1.2517 x 10° 1.2517 x 10° 1.2517 x 10° 1.2517 x 10°

of structural parameters for crystal structures or theoretical
structures. Structural parameters for the analyzed models and
experimental data are summarized in Tables 5 and 6,
respectively.

The formation of aggregates may be related to changes in
the protein surface charge. To assess the influence of the
medium, measurements were performed in both water and
phosphate buffer. The linearity of the Guinier region con-

Inorg. Chem. Front.

firmed that the analyzed LF solutions were monodisperse
under the respective conditions. Based on SAXS data, LF
existed predominantly as a dimer in water but as a monomer
in phosphate buffer.

The radius of gyration (R,) of the monomer calculated
using CRYSOL is 3.6 nm. The R, value determined for LF in
phosphate buffer was also approximately 3.6 nm, whereas for
LF analyzed in water it was about 6 nm. The maximum particle
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Table 6 SAXS data collection and structural parameters for LF and LF—
Ru complexes

Sample
Structural parameters LF LF-1.25Ru LF-100Ru LF-500Ru
R, (from p(r)) (nm) 5.33 6.06 6.54 5.60
R, (from Guinier) (nm)  5.17  5.89 6.75 5.78
Dpnax (nm) 17.28 18.18 19.55 19.51

diameter (Dp.) likewise supported dimerization of LF in
water, and the calculated volume led to the same conclusion.
Analysis of the pair-distance distribution function and the
ab initio models indicated an elongated dimer, suggesting
association of the monomers along their longitudinal axes.
Together, these results show that the ionic strength of the
solution strongly influences LF oligomerization: LF behaves
predominantly as a monomer in phosphate buffer but as a
dimer in water.

Ru(m) interacted with LF and caused measurable changes
in its structural parameters. However, only the two lowest pre-
cursor concentrations led to an increase in particle size (R
and Dy,,y), whereas the highest concentration decreased the
apparent dimer size. This effect is likely related to the higher
ionic strength of the solution. Kratky plots provide qualitative
information on protein flexibility and unfolding (Fig. 11). The
analysis indicates that LF is a highly flexible protein and that
Ru(m) modification does not markedly alter the dynamics of
the LF polypeptide chain. Within the resolution of the SAXS
experiment, ruthenium binding therefore does not appear to
disrupt the global LF structure.

3.9. Microscopy study

3.9.1. LM and SEM-EDS. According to the LM images, the
LF structure is represented by large irregular plates (Fig. 12A).
On the other hand, the surface of LF-Ru complexes
became more crushed and granular, resulting in lyophilization
(Fig. 12D, G and J). Besides, characteristic changes in the color
of the LF-Ru complex with the measurable metal
concentration were observed (Fig. 12]). According to the SEM
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images, the morphology of the LF surface might be described
as smooth-plated (Fig. 12B). In turn, the structure of the LF-
Ru complexes was characterized by a higher fragmentation
degree and increased roughness (Fig. 12E, H and K). The
energy-dispersive X-ray spectra indicated carbon (C), nitrogen
(N), oxygen (0O), and sulfur (S) in all analyzed samples, which
are known as key elements that form the protein structure
(Fig. 12C, F, I and L). The previously determined weight ratio
of C:N:0:S for LF was 54:18:24:1.4, which is consistent
with the obtained results.>® Remarkably, EDS results con-
firmed an abundance of ruthenium (Ru) element in LF-500Ru
(Fig. 12L) samples whose content in the analyzed area was
2.48%. Moreover, the low amounts of iron (Fe), in the range of
0.11-0.18%, observed in all analyzed samples might be
explained by the natural ability of LF to chelate Fe(m) ions;
thus the initial iron saturation degree was 17% in non-modi-
fied LE.'®°

3.9.2. TEM imaging. The obtained TEM images indicated
significant changes in the LF microstructure with the increase
in bound Ru(m) (Fig. 13). The remarkable increase in C percen-
tage in all samples may be associated with the use of a carbon
grid for the analysis. As observed, the LF-1.25Ru sample was
mainly characterized by an amorphous protein matrix
(Fig. 13A-C). Ruthenium was not detected in the analyzed
region, which may be attributed to its low content and to the
limited quantitative reliability of EDS in such nanometer-scale
regions. The darker domains observed in LF-100Ru may
correspond to local Ru-rich regions (Fig. 13E-G). At this stage,
these observations should be interpreted cautiously as evi-
dence of heterogeneous Ru accumulation rather than defini-
tive proof of nucleation centers. Analogously to the SEM-EDS
results, Ru was detected in LF-500Ru samples (Fig. 13L) at
0.36%. According to the TEM images of LF-500Ru, spherical
heterogeneous metal nanoparticles were present (Fig. 13I-K).
The particle size ranged from 5 to 10 nm. Lattice fringes
visible in the magnified area were consistent with nano-
structured crystalline RuO,, for which the measured interpla-
nar distance (d-spacing) was 3.06 A. This d-spacing is charac-
teristic of rutile-type RuO, and corresponds to the (110)
plane.'**

Fig. 11 SAXS data of LF and LF-Ru complexes: (A) experimental X-ray scattering data plotted as a function of the scattering angle for LF, (B) pair-
distance distribution function, and (C) Kratky plot for the analyzed samples, where LF — black line, LF in phosphate buffer — red line, LF-1.25Ru -

blue line, LF-100Ru - green line, LF-500Ru - violet line.
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Fig. 12
and (J-L) LF-~500Ru.

Protein-assisted synthesis of metal nanoparticles is widely
recognized as a green synthetic approach. For example, He
et al. reported BSA-assisted synthesis of RuO, nanoparticles
with a mean size of about 7 nm,'%* whereas RuO, nanoparticles
obtained by green synthesis from Murraya koenigii leaves were
found in the range of 5-12 nm.'® Interestingly, Kaur et al.
suggested that arginine, lysine, and tyrosine may participate in
electron-transfer processes during metal-ion reduction,'®* and
dissolved oxygen can in turn promote oxidation, leading to
metal-oxide nanoparticle formation.'®® However, in the present
system, TEM evidence for RuO,-like NPs was obtained only for

Inorg. Chem. Front.

View Article Online
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Images of (A, D, G and J) LM, (B, E, H and K) SEM, and (C, F, | and L) EDS spectra recorded for (A-C) LF, (D—F) LF-1.25Ru, (G-I) LF-100Ru,

LF-500Ru, corresponding to the highest Ru loading. Therefore,
any link between LF residues, charge-transfer processes, and
nanoparticle growth should be treated as a possible high-
loading scenario rather than as a general mechanism of LF-Ru
complex formation. The present data do not allow us to con-
clude that nanoparticle formation contributes to the biological
response of LF-1.25Ru or LF-100Ru.

3.10. Desorption study

As indicated, no significant Ru release from LF-100Ru was
observed under simulated intestinal conditions over 3 h,
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Fig. 13 TEM images of (A—C) LF-1.25Ru, (E-G) LF-100Ru, and (I-K) LF-500Ru and the elemental composition based on EDS results for (D) LF—

1.25Ru, (H) LF-=100Ru, and (L) LF-500Ru.

whereas metal loss under simulated gastric conditions without
enzymes did not exceed 1.5% over the same time. Indeed,
Marques et al. observed a similar trend in iron release from LF
incubated at pH 2 and 7.4 within short time intervals.’® The
evident metal desorption was noticed only after 16 h of incu-
bation at pH 2. Previously, Majka et al. confirmed the high
sensitivity of LF iron saturation to pH conditions. Thus, the
iron content in bLF decreased to about 1% after 24 h of dialy-
sis in citrate buffer at pH 2.'%® Besides, Fe(m) release from bLF
incubated in 0.1 M hydrochloric acid (pH 1.2) and phosphate
buffer (pH 6.8) for over 2 h accounted for about 58 and 1.1%
of the metal, respectively.>® Based on the desorption study
results, a strong binding affinity between bLF and Ru(m) in the
formed complex can be assumed, which is consistent with the
isotherm and fluorescence study findings. Previously,
Raimondi et al. related low metal desorption to an effectively
irreversible binding process.”” From a practical perspective,
the high stability of LF-100Ru in physiological fluids may posi-
tively influence the potential bioavailability of the synthesized
complex.

This journal is © the Partner Organisations 2026

3.11. SDS-PAGE study
SDS-PAGE results indicated a minor difference in electrophor-
etic mobility between LF and LF-100Ru. The molecular
masses of LF and LF-Ru separated under non-reducing con-
ditions were found to be 80 and 77 kDa, respectively (Fig. 14A).
In contrast, the sizes of LF and LF-100Ru were about 90
and 89 kDa under reducing conditions. Previously, a similar
phenomenon during the separation of native LF and the LF-Fe
complex was noted.>® The authors related the changes in LF
electrophoretic mobility under different modes to the loss of
the biomolecule’s metal binding properties after the addition
of a reducing agent. Additionally, high molecular weight aggre-
gates at M,, > 150 kDa were noted in all samples in both redu-
cing and non-reducing modes, which indicated that their
association was not regulated via disulfide covalent bonds."®”
The results of pepsin digestion kinetics confirmed a high
sensitivity of both samples, LF and the LF complex, to gastric
conditions (Fig. 14B). Remarkably, LF-Ru was more stable
than LF at the initial stage of digestion (1 min). However, the
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Fig. 14
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(A) SDS-PAGE mass profiling of (1, 3) LF and (2, 4) the LF-100Ru complex performed under (1, 2) non-reducing and (3, 4) reducing con-

ditions; (B) pepsin digestion kinetics of (3, 5, 7, 9, and 11) LF and (4, 6, 8, 10, and 12) the LF-100Ru complex performed after 1, 2, 5, 15, and 30 min of
substrate incubation with the enzyme; control samples of (1) LF and (2) LF-100Ru.

LF structure showed a higher resistance to pepsin in the later
stages (2-30 min). Previously, Pryshchepa et al. observed the
complete digestion of LF and the LF-Ag complex after 30 min
of sample incubation with the enzyme.?” Taking into account
the results of the control digestion, the LF-Ru structure exhi-
bits significantly greater sensitivity to SGF containing pepsin
than to SGF alone. Although the desorption study results con-
firmed a strong binding affinity in the formed LF-Ru com-
plexes, the high digestibility of LF-Ru under gastric conditions
minimizes its delivery efficiency to the target place (intestine).
Numerous previous studies have demonstrated the potential of
protein hydrolysates to act as carriers for various metal ions,
including Fe(u), Ca(u), and Zn(u), resulting in enhanced bioac-
cessibility and bioavailability.'°® The binding affinity of a par-
ticular peptide for a metal is mainly influenced by its amino
acid sequence, molecular mass, and steric effects.'*®
Regarding Ru(m), several amino acids, including histidine
(His), cysteine (Cys), lysine (Lys), aspartic acid (Asp), and gluta-
mic acid (Glu), were mentioned as the most significant
ligands.'®*''% Despite this, other residues, e.g. tyrosine (Tyr),
phenylalanine (Phe), glycine (Gly), alanine (Ala), and leucine
(Leu) residues, might be successfully involved in the binding
of Ru(m). Thus, it can be assumed that efficient peptic diges-
tion does not necessarily result in metal release, as Ru(ur) may
remain coordinated to peptide fragments generated during
digestion. Conversely, the loss of the LF primary structure
during proteolysis may impair recognition by specific cellular
receptors, potentially reducing metal uptake.''! To preserve
the integrity of the LF-Ru system and facilitate its controlled,
site-specific release in the intestine, the application of an
appropriate encapsulation approach may be required.
Previously, Kilic et al. tested bovine serum albumin-tannic
acid (BSA-TA) microcapsules in order to enhance the LF bio-
availability."*> The proposed delivery system effectively pro-

Inorg. Chem. Front.

tected LF against gastric degradation, thus enabling protein
release in the small intestine. Moreover, Niu et al. showed that
LF encapsulated in a pectin-based colloidal system retained
approximately 47 + 1.4% of its native structure after 30 min of
in vitro gastric digestion, demonstrating a significantly higher
degree of protection compared to non-encapsulated LF, for
which only 7 + 1.1% of the native structure remained.""®

3.12. Molecular docking in the LF-Ru complex

3.12.1. Ligand complex - geometry optimization and
single-point calculation. Geometry optimization of the
[RuCl;(H,O)]>~ complex performed using the Schrédinger
Suite produced Ru-Cl bond lengths ranging from 2.27 to
2.35 A, consistent with reported experimental values.''* The
electrostatic potential (ESP) atomic charge on the Ru atom was
+0.92, and the complex exhibited a near-octahedral geometry
with bond angles of 94-96°. For comparison, geometry optim-
ization performed using ORCA within the MetalDock workflow
resulted in slightly longer Ru-Cl bond lengths (2.34-2.43 A)
and a lower Ru atomic charge (+0.52), likely due to differences
in the applied basis sets. Nevertheless, the complex geometry
remained close to octahedral with bond angles ranging from
94 to 98°.

3.12.2. Molecular docking - H253 site (holo-structure, PDB
ID: 1BLF). The potential binding of the Ru(u) complex to bLF
was investigated using molecular docking. Prior to docking,
the coordinated water molecule was removed from the
[RuCl;(H,O)]*~ complex, as it is expected to dissociate in
aqueous biological environments. The DFT-optimized
[RuCl;]*~ complex was treated as rigid during docking to pre-
serve its geometry (Fig. S3).

Rigid docking using Glide produced a docking score of
—8.708 keal mol™", with an initial Ru-Ne (His253) distance of
3.76 A. After local minimization of the histidine residue, this
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distance decreased to 2.37 A, indicating the formation of a
coordination bond between Ru and His253 (Fig. 15A and B).
The chloride ligands formed salt bridges with positively
charged residues (K210, K301, R121) and halogen bonds with
Y92, Y192, K210, and K301. The Ru center also interacted with
D297 and formed m-cation interactions with Y92 and Y192,
which are known to coordinate Fe*" in the native complex. The
coordination bond preserved an octahedral geometry with
angles of 88.5-92.7°. Distance-constrained docking shortened
the Ru-N bond to 2.26 A but significantly worsened the
docking score (—2.006 kcal mol™). Similarly, induced-fit
docking produced a less favorable pose (—4.104 kcal mol™?)
with a Ru-His distance exceeding 4 A, indicating that rigid
docking provided the most favorable configuration.

To confirm the docking pose, the MetalDock workflow was
applied. A comparable orientation was obtained, with an
initial Ru-Ne distance of 2.48 A, which decreased to 2.61 A
after histidine minimization (Fig. 15C and D). The estimated
binding free energy was —6.83 kecal mol ™", and the interaction
pattern closely resembled the Glide result, although one
coordination angle (78.4°) slightly deviated from ideal octa-
hedral geometry.

3.12.3. Molecular docking - H595 site (holo-structure, PDB
ID: 1BLF). Docking at the alternative His595 site was also eval-
uated. This region forms a sterically constrained environment,
and most Glide poses positioned the complex 5-7 A from the
Ne atom of His595. The closest pose showed a Ru-Ne distance
of 3.24 A with a docking score of —2.411 kcal mol ™, suggesting
that coordination bond formation is unlikely (Fig. 15E and F).
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Similarly, MetalDock docking at this site failed to produce a
stable coordination geometry, with the Ru atom remaining
approximately 4 A from the His595 Ne atom.

3.12.4. Molecular docking - H595 site (apo-structure, PDB
ID: 40QO0). Docking was also performed using the apo-bLF
structure. In this case, the solvent-exposed C-lobe provided
greater spatial accessibility around His595, facilitating ligand
binding. The best Glide pose showed a Ru-Ne distance of 2.6 A
with a docking score of —3.803 kcal mol™* and the coordi-
nation bond geometry featured angles close to 90° (Fig. 15G).
MetalDock produced an even closer pose with a Ru-Ne dis-
tance of 2.46 A and an estimated binding free energy of
—7.02 kecal mol™". This configuration was additionally stabil-
ized by interactions with nearby residues, including D395
(Fig. 15H).

3.13. Molecular dynamics

Classical MD simulations were performed to elucidate the
interaction mechanism between the [RuCl;]*~ complex and
three structural configurations of bovine lactoferrin (bLF). The
equilibrated structures obtained after 30 ns of production
simulation are shown in Fig. 16. The initial configurations for
each system were derived from the molecular docking results
to ensure realistic starting orientations of the metal complex
within or near the protein binding regions. Throughout the
simulation, the [RuCl;]*~ complex exhibited a stable associ-
ation with several amino acid residues of bLF through short-
range non-covalent interactions, including hydrogen bonding,
halogen contacts, and van der Waals forces. In the apo-bLF

Fig. 15 Molecular docking of the Ru(i) complex to bLF H253 and H595 sites. (A and B) Glide docking to holo-bLF site H253 (PDB ID 1BLF): (A) Ru
complex interactions with the residues surrounding the coordination site H253, (B) distance and geometry of the coordination bond to H253 (non-
covalent interactions are omitted for clarity); (C and D) MetalDock docking to holo-bLF site H253 (PDB ID 1BLF): (C) Ru complex interactions with
the residues surrounding H253, (D) distance and geometry of the coordination bond to H253; (E and F) glide docking to holo-bLF site H595 (PDB ID
1BLF): (E) Ru complex interactions with the residues surrounding the coordination site H595, (F) distance and geometry of the coordination bond to
H595; (G and H) docking to apo-bLF site H595 (PDB ID 40Q0): Ru complex interactions and coordination bond obtained using (G) glide and (H)
MetalDock. Salt bridges in light pink and halogen bonds in magenta; n—cation interactions in green.
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Fig. 16 MD snapshot of BLF with the metal complex after the production run of (A and B) Apo_blf, Holo_blf at His253 (C and D), and His595 (E and
F), respectively. The metal complex is shown in (B), (D), and (F) as lime spheres.

system, the complex remained near the protein surface, stabil-
ized by surrounding water molecules that formed a well-
defined solvation shell. The closest interaction distances were
measured as 3.18 A between the Ru atom and Cys335 (HB2)
and 2.06 A between Arg349 (HE) and the Cl5 atom of the
complex after 28 ns of simulation. By the end of 30 ns, the
complex maintained solvation but shifted slightly away from
the protein surface, indicating dynamic yet non-dissociative
behavior. For the 1BLF-His253 configuration, the metal
complex localized near the His253 site, forming comparatively

Inorg. Chem. Front.

stronger and more stable interactions with several residues:
Lys28-HZ2 (2.10 A), Arg39-HE (2.15 A), and Thr35-HG1
(2.16 A). In contrast, in the 1BLF-His595 configuration, the
complex stabilized closer to the protein surface with the short-
est distances observed for Lys27-HZ2 (1.93 A) and Lys100-HZ1
(4.53 A). These observations suggest that arginine and lysine
residues play dominant roles in anchoring the complex
through short polar contacts, followed by contributions from
cysteine and threonine residues. The chlorine atoms of the
complex were particularly involved in halogen bonding and
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Fig. 17 Changes in bacterial viability + SD after treatment with (A) LF and (B) the LF-100Ru complex.

weak dispersion interactions with the side-chain donor atoms
of these residues. Collectively, these results indicate that both
polar and weakly hydrophobic residues cooperatively stabilize
the metal complex on the bLF surface, in good agreement with
the molecular docking predictions.

The structural stability and conformational behavior of
bovine lactoferrin (bLF) upon complexation with the metal
complex were evaluated through root mean square deviation
(RMSD) analysis, as shown in Fig. S4. RMSD quantifies the
average displacement of atomic positions relative to the refer-
ence structure and serves as a sensitive indicator of backbone
stability and equilibration during molecular dynamics simu-
lations. In all three systems, namely apo-bLF, His253-bound,
and His595-bound, an initial rise in RMSD was observed
during the first few nanoseconds, corresponding to the relax-
ation of the protein from its docked conformation toward an
energetically favorable state. The apo-bLF configuration
showed large fluctuations throughout the simulation, indicat-
ing higher conformational flexibility in the absence of the
metal complex. In contrast, both holo-systems showed a more
gradual RMSD stabilization after approximately 20 ns, reflect-
ing that the protein-metal complex systems had reached equi-
librium without any major structural distortion. Among the
two holo-configurations, the His253-bound complex main-
tained the lowest and most stable RMSD plateau suggesting
that the coordination of the [RuCl;]>~ anion at this site
enhances the rigidity of the surrounding structural domain
and promotes overall backbone stability. The equilibrated
His595-bound complex exhibited a slightly higher RMSD
plateau with moderate fluctuations, implying greater local
flexibility near the binding interface. The absence of continu-
ous RMSD drift beyond 20 ns confirms that none of the
systems experienced large-scale unfolding or denaturation
under the simulated conditions. Collectively, the RMSD pro-
files demonstrate that the Ru(umr) complexation exerts a stabiliz-
ing influence on bLF, particularly at the His253 binding
site, likely through persistent polar and halogen-mediated
interactions that restrict large-amplitude backbone motions.

This journal is © the Partner Organisations 2026

Furthermore, to complement the MD analysis, density func-
tional theory (DFT) calculations were performed on model
complexes formed between the [RuCl;]>~ species and represen-
tative amino acid functional groups. These calculations are
provided in the SI and were designed to study the intrinsic
donor preferences of the Ru(m) center toward N-, O-, and
S-donor atoms of individual amino acids (Figs. S5 and S6).

3.14. Antibacterial activity of LF and LF-100Ru

The ability of both LF and LF-100Ru to affect the growth of
the selected bacterial strains, namely, E. coli ATCC 33876,
E. faecalis ATCC 51299, and KI. pneumoniae B34, was evaluated
over a wide concentration range of 312.5-10 000 mg L™ using
a resazurin-based assay. This concentration range corresponds
to 3.30-105.4 mg L™' of Ru in LF-100Ru. According to the
obtained results, both LF and the LF-100Ru complex affected
the viability of the analyzed bacterial strains (Fig. 17). It was
observed that the viability of E. coli notably decreased from 92
to 8% as the protein concentration increased. Previously,
Biernbaum et al. determined that the MIC values of pure LF
and raw LF found in bovine milk for E. coli were 3500 and
14 000 mg L™, respectively.'’® Moreover, it was indicated that
LF-Zn and LF-Cu complexes were characterized by higher anti-
bacterial activity against E. coli than native and apo-LF.''®'"”
The authors assumed that the greater antibacterial potential of
metal-modified LF complexes might be associated with their
ability to interact with bacterial cell surface, thereby resulting
in its damage (bactericidal effect). On the other hand, LF-Mn
complexes exhibited moderate antibacterial activity towards
E. coli and were less effective than native and apo-LF but more
effective than holo-LF."*® The enhanced activity of apo-LF can
be attributed to its bacteriostatic mechanism, characterized by
iron sequestration and the consequent inhibition of bacterial
growth. Based on our results, treatment with LF-100Ru at the
highest concentration resulted in a reduction of E. coli viability
to only 64%. Thus, we can assume that Ru(m) bound to LF
may negatively affect the protein’s inhibitory activity, either
due to the potential occupation of iron-binding sites by the
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incorporated metal ions or weaker interactions with the bac-
terial cell membrane. As observed, supplementation with LF
promoted the growth of E. faecalis; thus, its viability was posi-
tively correlated with the protein concentration and increased
two-fold at 10 000 mg L™" of LF. In the case of LF-100Ru, the
viability of E. faecalis ranged from 50 to 107%, depending on
the applied complex concentration. Remarkably, the highest
inhibitory potential of LF-100Ru was observed at a concen-
tration of 2500 mg L™'. Previously, it was confirmed that
E. faecalis strains were highly resistant to LF and the protein
supplementation may facilitate bacterial growth.'*® Previously,
Garbe et al. explained this phenomenon with the ability of
E. faecalis to use glycans found in the LF structure as nutri-
ents."®® In contrast, Milanowski et al. indicated that the MIC
value of LF-Ag for E. faecalis was 1250 mg L~" which might be
associated with the formation of a nanocomplex characterized
by a high antibacterial efficiency.'*""'**> Previous studies indi-
cated that Ru-based complexes exhibited a much higher anti-
bacterial effect toward Gram-positive species than towards
Gram-negative bacteria.'®® For instance, ruthenium incorpor-
ation significantly enhanced the antimicrobial activity of shiki-
mate cross-linked chitosan composites against S. aureus.”
Indeed, no significant antibacterial effect of LF was observed
against K. pneumoniae, whose viability remained relatively con-
stant over the entire concentration range. On the other hand,
treatment with LF-100Ru at a concentration of 10 000 mg L™
caused a decrease in bacterial viability to 78%. Remarkably,
Murata et al. reported that LF at a concentration of 8000 mg
L7 inhibited the growth of K. pneumoniae by 50%.">* In con-
trast, Kutila et al. reported that the antimicrobial activity of LF
exhibited strain-dependent variability against
K. pneumoniae."®® 1t is worth noting that the tested concen-
tration range primarily allows for the evaluation of biocompat-
ibility and interaction trends rather than therapeutic antibac-
terial efficacy. For instance, the determined MIC values of era-
vacycline, the popular synthetic antibiotic, against clinical iso-
lates of E. coli, E. faecalis, and K. pneumoniae were 0.5, 0.25,
and 2 mg L', respectively.'*® Furthermore, the MIC values of
a series of carbene-Ru(u) complexes against E. coli ranged
from 800 to 1000 mg L™, whereas the MIC of ampicillin was
3.12 mg L™."*7 Overall, these findings indicate that Ru(m)
coordination modifies the biological response of LF in a
strain-dependent manner.

In relation to the obtained digestion results, it is worth
noting that LF-derived peptides, including LF1-11, lactoferri-
cin, and lactoferrampin, exhibit strong antibacterial activity
and may be more effective against bacteria than intact LF.'*®
The reported MIC values for LF and lactoferricin against
Staphylococcus aureus were 500 and 8 mg L', respectively.">*
These N-terminal peptides are highly basic (pI ~ 9.7-11.7) and
interact strongly with negatively charged lipopolysaccharides
(LPS), leading to membrane destabilization and subsequent
bacterial damage.'*® The desorption study results confirmed
the strong binding of Ru(i) to the protein; therefore, it can be
assumed that Ru(m) bound to LF fragments may influence
their local charge distribution, potentially modulating the
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strength of peptide-membrane interactions. Despite this, pre-
vious structural modelling and MIC studies have demonstrated
that the relative positioning of cationic residues flanking the
B-strand in lactoferricin, as well as their orientation with
respect to hydrophobic tryptophan residues, determines the
efficiency of membrane interaction and disruption.'*® On the
other hand, Tomita et al. reported that the addition of iron
(0.1 M FeSO,4) had no effect on the antibacterial activity of
pepsin-derived LF peptides against E. coli, confirming their
iron-independent (bactericidal) mechanism of action, in con-
trast to intact LF."****! In contrast, calcium and magnesium
ions at concentrations higher than 0.1 M significantly reduced
the activity of lactoferricin by interfering with peptide-mem-
brane interactions."** Since the present study does not directly
address peptide-level interactions with Ru(m), this aspect
remains unclear and could represent an interesting direction
for future investigation.

3.15. Cytotoxicity of LF-Ru complexes and their impact on
cell viability

To evaluate the effects of the three LF-Ru complexes tested at
four different concentrations (625, 1250, 2500 and 5000 mg
L") on cell viability and membrane integrity, two complemen-
tary assays were performed using L1929 fibroblasts,
HepG2 hepatic cells and Caco-2 intestinal epithelial cells. The
MTT and LDH assays were performed to evaluate the biological
response of the cells to LF-Ru treatment. The MTT assay
(Fig. 18A-C) assesses metabolic activity as an indicator of cell
viability, while the LDH assay (Fig. 19A-C) measures mem-
brane integrity, providing complementary information on
potential cytotoxic effects. The calculated concentrations of Ru
in the respective LF-Ru complexes are shown in Table 7.

For the L929 cell line (Fig. 18A), non-modified LF exhibited
cytotoxic effects at 20 000 and 10 000 mg L™", as evidenced by
a significant reduction in cell viability to approximately 50 and
52%, respectively. Therefore, subsequent studies of LF-Ru
complexes began at 5000 mg L', a concentration at which LF
alone showed only borderline cytotoxicity, with viability
around 70%. At 2500 mg L™" and below, LF no longer exhibi-
ted toxic effects, and a progressive increase in cell proliferation
was observed as the concentration decreased. The LF-Ru com-
plexes did not show clear cytotoxicity toward L929 cells under
most conditions. However, a decrease in cell viability was
observed for LF-100Ru at 625 mg L™* and for LF-1.25Ru at
1250 mg L™, with viability reaching 72 and 74%, respectively;
these results were accompanied by relatively high standard
deviations. Notably, at 5000 mg L™*, all three LF-Ru complexes
significantly enhanced cell proliferation compared with LF,
suggesting that Ru incorporation may reduce the adverse effect
of high LF concentrations in this model. The LDH assay
results for L929 (Fig. 19A) confirmed the cytotoxicity of high-
dose LF, showing a dose-dependent increase in LDH release at
20000, 10000, and 5000 mg L', indicative of membrane
damage and loss of integrity. In contrast, lower LF concen-
trations (<1250 mg L") showed LDH levels comparable to the
cellular control. Among the LF-Ru complexes, LF-500Ru
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Fig. 18 Viability of (A) L929 fibroblasts, (B) HepG2 cells, and (C) Caco-2 cells following 48 h of incubation with LF, LF-1.25Ru, LF-100Ru, and LF—
500Ru was assessed relative to untreated cells (defined as 100%). Results are presented as the mean + SEM from five independent replicates.
Statistical significance is denoted as: * p < 0.05, ** p < 0.01, *** p < 0.001. Comparisons against the LF control are indicated by pound signs (# p <
0.05, ## p < 0.01, ### p < 0.001). A dashed line represents the established cytotoxicity threshold.

Fig. 19 LDH release from (A) L929 fibroblasts, (B) HepG2 cells, and (C) Caco-2 cells after 48 h of exposure to LF, LF-1.25Ru, LF-100Ru, and LF—
500Ru was measured as an indicator of membrane integrity and cytotoxicity, and expressed relative to untreated controls (set as 100%). Data are
reported as mean + SEM from five independent experiments. Statistical significance is indicated as follows: * p < 0.05, ** p < 0.01, *** p < 0.001.
Comparisons against the LF-treated group are marked with pound signs (# p < 0.05, ## p < 0.01, ### p < 0.001). The cytotoxicity threshold is

denoted by a dashed horizontal line.

Table 7 Ruthenium concentration in the tested LF-Ru complexes

LF-1.25Ru LF-100Ru LF-500Ru
Concentration
of the added Ruthenium concentration
LF-Ru
complex [mg Ru Ru Ru Ru Ru Ru
L] (mgL™] [wM] [mgL™'] [uM] [mgL™'] [uM]
5000 0.62 6.12 52.7 521.2 175.8 1739.6
2500 0.31 3.06 26.3 260.6 87.9 869.8
1250 0.15 1.53 13.2 130.3 44.0 434.9
625 0.08 0.77 6.6 65.2 22.0 217.5

induced only minimal LDH release across all tested concen-
trations, aligning with the MTT results. Similarly, LF-100Ru
displayed low LDH activity (~11-17%). LF-1.25Ru consistently
elevated LDH release (~18-25%) across all tested concen-
trations and therefore showed the highest membrane-dama-
ging tendency among the analyzed formulations, although the
overall cytotoxicity remained below 30%.

HepG?2 cells (Fig. 18B) exhibited a response to LF similar to
that of L1929 cells. Concentrations of 20000, 10000, and
5000 mg L' led to a marked decline in viability, to approxi-

This journal is © the Partner Organisations 2026

mately 25, 54, and 61%, respectively. In contrast, LF-500Ru
showed a potential stimulatory effect on HepG2 cells at all
tested concentrations, with viability at or above 100% and no
clear indication of cytotoxicity. While these values did not
differ significantly from the cellular control, significant
improvements relative to LF-treated cells were observed at 5000
and 2500 mg L', suggesting a more favorable response
profile. LF-100Ru at 5000 mg L~ showed cytotoxicity compar-
able to that of LF, with viability around 61%, whereas lower
concentrations (625-2500 mg L™') did not show overt cyto-
toxicity but remained close to the threshold level. LF-1.25Ru
did not display clear cytotoxicity; the 5000 mg L™' dose was
borderline, while lower concentrations did not differ signifi-
cantly from either control. The LDH assay results for HepG2
(Fig. 19B) supported the MTT findings. LF induced a strong,
dose-dependent increase in LDH release, with the highest
membrane disruption observed at 20000 mg L™, reaching
approximately 21%. All three LF-Ru complexes showed low
LDH levels at 625-1250 mg L™, consistent with good cellular
tolerance. At 5000 mg L™", elevated LDH activity was recorded
for LF-500Ru (~29%), LF-1.25Ru (~25%), and LF-100Ru
(~16%). Despite this increase, the MTT data indicated
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enhanced cell viability in the presence of LF-500Ru and LF-
1.25Ru, suggesting that the observed LDH release may reflect
transient stress responses rather than classical cytolytic effects.

In Caco-2 cells (Fig. 18C), LF exhibited no cytotoxic activity
across the entire concentration range, highlighting its good
biocompatibility with intestinal epithelial cells. By contrast,
LF-500Ru induced a significant reduction in viability (approxi-
mately 34-39%) across all tested concentrations (625-5000 mg
L"), without a clear dose-response trend. LF-100Ru was cyto-
toxic only at 5000 mg L™", while lower concentrations were well
tolerated. The LF-1.25Ru complex reduced cell viability at con-
centrations ranging from 5000 to 1250 mg L™, demonstrating
high cytotoxicity (approximately 37-41%). The concentration
of 625 mg L' was considered borderline, with cell viability
reaching 75%. Interestingly, LDH measurements in Caco-2
cells (Fig. 19C) revealed low levels of enzyme release across all
conditions, regardless of compound or concentration. LDH
values remained comparable to the cellular control, indicating
preserved membrane integrity and the absence of acute cell
damage. This apparent discrepancy with MTT results — where
a reduction in metabolic activity was observed, particularly for
LF-500Ru - suggests a non-cytolytic mechanism of action. The
data indicate that these complexes may exert cytostatic effects,
inhibiting proliferation or metabolic function (e.g., via cell
cycle arrest or mild stress induction), without disrupting mem-
brane structures or inducing necrotic cell death.

The results obtained from the MTT and LDH assays provide
important insight into the cellular response to LF and LF-Ru
complexes across different models. While LF induced cytotoxic
effects in L929 and HepG2 cells at higher concentrations, it
did not affect the viability of Caco-2 cells, which is consistent
with the known compatibility of LF with intestinal epithelial
models. For example, Matsuzaki et al. demonstrated that intact
bovine LF was actively taken up and released by Caco-2 entero-
cytes without compromising cell integrity.*** Zhao et al. like-
wise showed that bLF enhanced Caco-2 viability in a concen-
tration-dependent manner at 50-200 mg L™' and improved
transepithelial electrical resistance (TEER) together with tight-
junction protein expression.’*® LF-Ru complexes displayed
cell-line- and loading-dependent effects rather than a uniform
toxicity pattern. LF-500Ru enhanced viability in HepG2 and
1929 cells under several conditions, but the same formulation
reduced metabolic activity in Caco-2 cells, indicating that its
response is context dependent. The most intriguing obser-
vations were made in the Caco-2 model, where decreases in
metabolic activity occurred together with minimal LDH
release. This pattern suggests a predominantly non-cytolytic
effect, more consistent with cytostatic or metabolic modu-
lation than with acute membrane damage. In the present
study, LF-100Ru was relatively well tolerated by normal 1929
fibroblasts, while a decrease in viability was observed for
HepG2 and Caco-2 cancer cells at 5000 mg L™ (corresponding
to 521.2 pM Ru). These findings indicate a differential cellular
response under the tested conditions rather than pharmaco-
logical selectivity. For comparison, cisplatin has been reported
to induce approximately 90% loss of colorectal cancer cell via-
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bility (HT29 and SW480) at 10 uM, whereas KP1019 reduces
cell viability by about 50% (ICs,) at 50-80 pM, depending on
the cell line."* Similarly, the IC5, values of a series of Ru()
polypyridyl complexes and cisplatin against HepG2 cells were
17.7-25.3 pM and 11.5 pM, respectively.’*® Notably, the corres-
ponding free ligands did not exhibit cytotoxicity. Such obser-
vations highlight that Ru-based systems often exhibit biologi-
cal effects at comparatively higher concentrations than plati-
num drugs. In contrast, although NAMI-A demonstrated sig-
nificant antimetastatic activity, it did not decrease the viability
of mammary adenocarcinoma (TS/A), oral carcinoma (KB), or
melanoma (B16-F10) cell lines even at 100 uM,"®” and its
reported ICs, against HT-29 cells was 339 pM."*® Accordingly,
the assays performed in this study were intended primarily to
evaluate biocompatibility and preliminary cellular responses
rather than therapeutic efficacy.

Cellular morphology was evaluated after 48 h of incubation
using an inverted phase-contrast microscope. All images are
shown in the SI. Representative images of L929 fibroblasts
(Fig. S7), HepG2 hepatocytes (Fig. S8), and Caco-2 epithelial
cells (Fig. S9) are presented after exposure to all three LF-Ru
complexes at 5000 and 625 mg L™ together with the respective
controls.

The comparative analysis of cell morphology was consistent
with the results of the MTT and LDH assays, further confirm-
ing the observed cytotoxic or biocompatible effects of the
tested compounds. Microscopic analysis of 1929 fibroblasts
revealed a typical spindle-shaped morphology and uniform
adherence, consistent with healthy cell architecture. No signs
of cytotoxic damage were observed. The LF-500Ru complex
was suspended directly in the culture medium, which explains
the presence of dark particulate matter visible in all its
micrographs.

Phase-contrast microscopy of HepG2 cells revealed mor-
phology consistent with the biochemical assays. In cultures
treated with LF-500Ru, both tested concentrations (5000 and
625 mg L") preserved normal epithelial features: the cells
remained polygonal, tightly packed, and adherent, indicating
good cytocompatibility. This was particularly evident at 625 mg
L™, where the image was not disturbed by visible particles of
the complex. Treatment with LF-100Ru at 5000 mg L™" led to
visible morphological alterations, including cell rounding,
partial detachment, and decreased confluence, consistent with
cytotoxicity; however, at 625 mg L', most cells maintained
near-normal morphology. For LF-1.25Ru, cells exposed to
5000 mg L' showed minor morphological changes, such as
reduced density and occasional rounding, whereas at 625 mg
L™, the monolayer structure remained largely intact.

In the control and LF-treated cells at both 5000 and 625 mg
L™, Caco-2 cells maintained a characteristic cobblestone-like
morphology and dense monolayer structure, indicative of high
viability and the absence of overt cytotoxicity. Microscopic
evaluation of Caco-2 cells after treatment with LF-Ru com-
plexes revealed changes that were generally consistent with the
viability and LDH results, although not all biochemical effects
were mirrored by marked structural damage. Although the
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MTT assay showed reduced metabolic activity for LF-Ru com-
plexes at 5000 mg L', phase-contrast microscopy revealed
only minor morphological changes at both tested concen-
trations (5000 and 625 mg L"). The cells displayed reduced
density but largely retained their epithelial cobblestone mor-
phology, with only minor signs of reduced confluence and
focal detachment. These results suggest that metabolic activity
was impaired, as confirmed by the MTT assay, whereas overall
membrane integrity and basic cell architecture remained rela-
tively preserved, consistent with the low LDH release observed
in these samples.

4. Conclusions

In the present work, bLF was successfully modified with Ru(i)
ions and the resulting LF-Ru systems were characterized using
complementary experimental and computational methods.
Batch sorption experiments revealed saturation-like binding
behavior, with binding efficiencies ranging from 24.0 to
49.6%. Thermodynamic analysis indicated favorable and spon-
taneous LF-Ru formation (AG < 0). Kinetic studies showed
that most Ru(ur) uptake occurred rapidly within approximately
2 min and was followed by only minor redistribution before
equilibrium was reached. Fluorescence quenching confirmed
strong interactions in the LF-Ru system; however, the n ~ 1
result should be interpreted as one dominant fluorescence-
reporting binding event rather than proof that only one Ru-
binding site exists in lactoferrin. Desorption experiments
demonstrated only minor Ru release from LF-100Ru in SGF
and SIF without enzymes, indicating high stability of this for-
mulation under the tested conditions. At the same time,
pepsin digestion showed rapid loss of the intact LF scaffold in
SGF, suggesting that although Ru may remain associated with
digestion fragments, receptor-mediated delivery of intact LF-
Ru could be limited without additional formulation strategies.
ATR-FTIR suggested loading-dependent conformational
rearrangements, whereas SRCD and SAXS indicated that the
overall secondary structure and solution flexibility of LF were
largely preserved. Molecular docking and MD simulations
identified His253 in holo-bLF as the most favorable modeled
binding region and supported stable association of the
[RuCls*~ species through polar and halogen-mediated con-
tacts. DFT calculations on simplified residue models were
used only as qualitative descriptors of donor preference and
do not define the actual coordination environment in folded
LF. TEM data further suggest that Ru-rich domains and RuO,-
like nanoparticles may arise only at the highest loading (LF-
500Ru), indicating a secondary high-loading phenomenon
rather than a general mechanism of LF-Ru formation.
Biologically, antibacterial activity was evaluated for LF and LF-
100Ru, whereas desorption was studied for LF-100Ru. Selected
LF-Ru formulations produced differential cellular responses
in vitro: LF-100Ru was relatively well tolerated by L929 fibro-
blasts but reduced metabolic activity in HepG2 and Caco-2
cells at 5000 mg L', while the Caco-2 response was largely
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non-cytolytic according to the LDH data. Together, these
results show that lactoferrin can act as an active coordination
scaffold for Ru(m), but the final biological outcome depends
strongly on Ru loading and on whether the system remains a
protein-bound complex or proceeds to secondary Ru accumu-
lation at high precursor concentrations.
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e |sotherm study
Description of the isotherm models and thermodynamic parameters used to analyze Ru(lll)
bindingtoLF
The nature of LF-Ru binding was analyzed by application of two most common isotherm models, such
as Langmuir and Freundlich models. The Langmuir model describes the monolayer sorption on the
homogeneous sites which are characterized by the equal binding affinity. The model might be expressed
asfollowing relationship (1):
Oeq = (OmaxKLCe)/(1 + K C) (1)
where gg, is the amount of bounded Ru(I11) per LF [mg/g], Omax IS the maximum amount of bounded
Ru(l11) per LF[mg/g], Ceistheequilibrium concentration of Ru(l11) [mg/L], K isthe Langmuir constant
[L/mg].
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In order to estimate the sorption favorability the dimensionless equilibrium parameter (R.) might be
calculated as follows (2):

RL = 1(1+K . Cy) 2
where Cyistheinitial Ru(l11) concentration [mg/L]. Based on the R, value, the sorption process might
be defined as: 1) irreversible (R, = 0); 2) favorable (0 < R_ < 1); 3) linear (R_ =1), and 4) unfavorable
(RL>1)1L

In turn, Freundlich model is relevant mathematical model characterizing the multilayer sorption onto
heterogeneous surface which might be presented by the following relationship (3):

g = KeC (3)
where Kristhe Freundlich constant [mg/g] and n is the intensity of sorption.

The sorption efficiency of metal binding onto LF was calculated as follows (4):

%E = 100%(Co — Ceq)/Co 4
The spontaneity of LF-Ru complex formation was assessed by cal culating of the change of Gibbs free
energy (AG) expressed as (5):

AG =-RT InKp (5)

where R is the gas constant which is equal to 8.314 J(K-mol), T is the temperature used for LF-Ru

synthesis (310 K), Kp isthe distribution coefficient [L/g] which is calculated as the following ratio (6):

Kb = Ot/ Ceq (6)
e Kinetic study

Description of the kinetic models applied to Ru(l11) bindingto LF

In order to describe the kinetics of LF-Ru formation, zero-order kinetic model was applied. The

following model represent a system where the rate of reaction is not affected by the concentration of

reagents (7):

Ci = Co—kot (7)

where C; is the concentration of Ru(l1) at time, Cy is the initial concentration of Ru(lll) at t = 0 min

[mg/L], ko isthe zero-order kinetic constant [mg/(L-min)], and t is the time of reaction [min].

Despite it, the application of Weber-Morris model (8) provided the information if the rate of LF-Ru

complex formation is limited by intra-particle diffusion step %

G = kigt®® + 1 (8)

where q; isthe sorption capacity [mg/g] of Ru(l1l) onto LF at time, kiq isthe intra-particle diffusion rate

constant [mg/(g-\/ min)], | is aconstant indicating the thickness of the boundary layer [mg/g].
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o  3-D fluorescence spectroscopy analysis
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Figure S1. 3D-spectra of bLF dissolved in acetic buffer (pH 4) at the concentration of 100 mg/L.

Figure S2. 3D-spectra of empty quartz cuvette.

e Molecular docking in L F-Ru complex

Figure S3. DFT-optimized structure of the [RuCls(H,0)]2 complex showing Ru-ligand bond lengths (A,
magenta) and el ectrostatic potential-derived atomic charges (black).
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e Molecular Dynamics

Figure S4. The RMSD of bLF systems with and without metal complex.

DFT study

To complement the molecular dynamics (MD) simulations, density functional theory (DFT) calculations
were carried out to explore the electronic interactions between the [RuCls]> complex and representative
amino-acid functional groups. Whereas MD describes how the complex approaches and remains
associated with the protein over time, the DFT calculations were intended only to provide a simplified
picture of how the Ru(l11) center may interact chemically with typical donor atoms present on the protein
surface. Geometry optimizations were first performed for the isolated metal complex and for individual
amino acids. These optimized structures were then used to construct model systems in which the
[RuCls)? speciesinteracts with selected residues suggested by the MD simulations (threonine, cysteine,
lysine, and arginine). For each amino acid-complex pair, the candidate configurationswere fully relaxed
and the lowest-energy structure was taken asthe preferred interaction geometry. The resulting optimized
structures are shown in Figure Sb.

The adsorption energy (E) which quantifies the strength of the interaction, was calculated using the
following relation 2 (9):

Eat = Ecomplex = (Emetal-complex + Eamino-acid) )
where Enea-complex aNd Eamino-acia @€ the total energies of the isolated metal complex and amino acids,

whereas Ecompiex 1S total energy of metal-complex adsorbed amino acids, respectively.
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Figure S5. The geometric optimized structure of (A) metal complex, interaction of metal complex with
(B) threonine, (C) cysteine, (D) lysine, and (E) arginine.

A more negative adsorption energy implies a stronger and more exergonic interaction, reflecting a
greater intrinsic affinity between the metal complex and the isolated amino-acid model #. For threonine,
the nearest contact occurs between a chlorine atom of the complex and a hydrogen atom from the
hydroxyl group at a distance of 2.18 A, with an adsorption energy of -4.95 eV. Similarly, cysteine,
lysine, and arginine display minimum approach distances of 2.63 A, 3.07 A, and 2.65 A with respective
adsorption energies of -4.39 eV, -5.03 eV, and -5.33 eV. Among these simplified models, lysine and
arginine show the most negative adsorption energies, consistent with comparatively strong electrostatic
attraction between their donor groups and the negatively charged metal complex. These values should
be interpreted as qualitative donor-affinity trends rather than as direct descriptors of the folded-protein
coordination environment.

The interaction trends obtained from the DFT cal culations are broadly consistent with the classical MD
simulation results, supporting the general donor preferences observed in the trgjectory anaysis. Minor
guantitative differences in adsorption energies and distances can be attributed to methodological
differences between the two computational approaches. It should be emphasized that the amino acids
were treated as isolated molecules and therefore do not represent the full environment of the folded
protein, where steric constraints, neighboring residues, long-range electrostatics, solvent competition,
and cooperative effects can substantially influence binding. Hence, the DFT results are not used to define
the actual binding sitein lactoferrin. Instead, they are interpreted only as qualitative indicators of which
donor groups are chemically capable of stabilizing the complex. The specific residue contacts discussed
in the main text are derived primarily from the MD tragjectory analysis.

In molecular systems, the highest occupied molecular orbital (HOM O) and lowest unoccupied molecul ar

orbital (LUMO) are often used as frontier-orbital descriptors of possible charge redistribution, chemical
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reactivity, and redox behavior 56. Figure S6 presents the HOMO, LUMO, and Mulliken charge
distributions for the isolated metal complex and for the simplified amino-acid adducts.

Figure S6. Schematic representation of HOMO, LUMO, and charge redistribution upon interaction of
the metal complex with specific amino acid residues of bLF.

In these model systems, the orbital distributions change after complex formation, indicating that
interaction with N-, O-, and S-donor groups can alter the electronic structure of the Ru species. The
largest orbital rearrangements are observed for arginine and cysteine, whereas lysine and threonine show
more moderate changes. Mulliken charge analysis likewise indicates residue-dependent redistribution
of electron density after adduct formation. These observations are consistent with partial electronic

communication between the metal complex and the isolated donor groups. However, because these

6
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calculations were carried out on simplified residue models in the absence of the full protein matrix,
solvent competition, and neighboring residues, they should not be interpreted as direct evidence for the
extent or direction of charge transfer in folded lactoferrin. Instead, they provide only a qualitative
indication that coordination to different donor types can perturb the electronic structure of the Ru
complex to different extents.

e Cytotoxicity of LF-Ru complexes and their impact on cell viability

Figure S7. Images of L929 fibroblasts growing on the (A) control, (B-C) LF, (D-E) LF-500Ru, (F-G)
LF-100Ruand (H-1) LF-1.25Ru for 2 days. Detailed information regarding the type and concentration
of the samplesis provided in the figure.
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Figure S8. Images of HepG2 growing on the (A) control, (B-C) LF, (D-E) LF-500Ru, (F-G) LF-100Ru
and (H-1) LF-1.25Ru for 2 days. Detailed information regarding the type and concentration of the

samplesis provided in the figure.
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Figure S9. Images of Caco-2 cells growing on the (A) contral, (B-C) LF, (D-E) LF-500Ru, (F-G) LF-
100Ru and (H-I) LF-1.25Ru for 2 days. Detailed information regarding the type and concentration of
the samplesis provided in the figure.
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Podsumowaniei wnioski

Prace wchodzace w sktad rozprawy doktorskiej obejmuja zagadnienia zwigzane z
kompleksowa analizg biokoloidow pochodzenia mleczarskiego oraz oceng mozliwosci ich
funkcjonalngl modyfikacji. W pracy [P1] przeprowadzono modyfikacje kazeiny jonami srebra
oraz scharakteryzowano otrzymane uklady kazeina-srebro pod wzgledem ich wlasciwosci
fizykochemicznych i aktywnosci biologicznej. W pracy [P2] usystematyzowano aktualny stan
wiedzy dotyczacy laktoferyny bydlecej, ze szczegdlnym uwzglednieniem jg struktury, metod
izolagji, technik analitycznych oraz wtasciwosci biologicznych. Praca [P3] dotyczyta wptywu
ultrafiltracji na wlasciwosci fizykochemiczne laktoferyny bydlecej oraz znaczenia tego procesu
w przygotowaniu probek do analiz instrumentalnych. W pracy [P4] oceniono wplyw
Lactiplantibacillus plantarum na sktad $mietanki, w tym na zawarto$¢ witaminy D3 oraz profil
kwasow tluszczowych. Z kolei praca [P5] poswigcona zostata badaniu molekularnych
mechanizmow wigzania rutenu(lll) przez laktoferyng bydlgca oraz charakterystyce zmian
strukturalnych i efektow biologicznych towarzyszacych tworzeniu uktadow LF-Ru.

Rozprawe mozna interpretowaé jako odpowiedz na dwa rownolegle procesy zachodzace we
wspotczesnym mleczarstwie. Pierwszy z nich ma charakter rynkowy i polega na przechodzeniu
od modelu opartego na produkcji masowej do modelu wysokiej waloryzacji surowca, w ktérym
o konkurencyjnosci decyduje zdolno$¢ do wydzielania, stabilizacji oraz funkcjonalizacji
wyspecjalizowanych frakcji mleka. Drugi ma charakter naukowy i dotyczy zmiany sposobu
myslenia o biokoloidach mlecznych: zamiast traktowac je wytacznie jako sktadniki Zywnosci,
postrzega si¢ je jako programowalne uklady molekularne zdolne do transportu, koordynacji
metali oraz ksztaltowania aktywnoS$ci biologicznej. W tym sensie przedstawione wyniki
wpisuja si¢ w aktualne tendencje rozwoju sektora, w ktorym granice migdzy technologia
zywnosci, nutraceutyka i biomateriatami staja si¢ coraz mniej wyrazne [1-5,9-17,28-30].
Bioragc pod uwage wyniki przedstawione w publikacjach wchodzacych w sklad rozprawy

doktorskiej mozna zrobi¢ nastgpujace wnioski:

e W pracy [P1] wykazano, ze kompleks amoniakalny srebra (Ag(NHz3)2]") stanowi stabilny
prekursor do modyfikacji kazeiny w warunkach alkalicznych, ktory rowniez zapewnia
stabilno$¢ koloidalng biatka. Sorpcja srebra na kazeinie ma charakter nigjednorodny oraz
wieloetapowy, na co wskazuje |epsze dopasowanie danych eksperymentalnych do modelu
Freundlicha. Potwierdzono rowniez, ze kazeina jest skuteczng matrycg do immobilizacji

jonoéw Ag(l), a jej odsalanie prowadzi do istotnego zwigkszenia maksymalnej pojemnosci
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sorpeyjng (gmax) z 157,1 do 258,2 mg/g, podkreslajac istotne znaczenie soli micelarnych w
mechanizmie wigzania metalu.

Zwigzanie metalu prowadzi do zmian w organizacji miceli kazeinowych, obejmujacych
wzrost ich rozmiaru hydrodynamicznego oraz modyfikacje konformacji biatka. Analiza
ATR-FTIR wykazata, ze wigzanie Ag(l) przez kazeing moze zachodzi¢ zaréwno z udziatem
powierzchniowych grup funkcyjnych reszt kwasu asparaginowego (Asp) oraz kwasu
glutaminowego (Glu), jak i micelarnych reszt fosfoserynowych.

Stwierdzono, ze w trakcie modyfikacji kazeiny srebrem dochodzi do powstawania
nanoczastek srebra (AgNPs), co potwierdzono w analizach mikroskopowych STEM.
Uzyskane wyniki wskazuja, ze kazeina moze stanowi¢ matryc¢ sprzyjajaca formowaniu
nanostruktur srebra. Wige, mozna wywnioskowac ze wigzanie Ag(l) z kazeing przebiega
dwuetapowo i obejmuje poczatkowe wigzanie jondw metalu przez grupy funkcyjne biatka,
a nastepnie ich cze$ciowa bioredukcje.

Zaobserwowano, ze kompleksy srebro-kazeina (Ag-CN) wykazuja aktywno$¢
przeciwbakteryjng wobec bakterii Gram-dodatnich (Staphylococcus aureus) oraz Gram-
ujemnych (Klebsiella pneumoniae), przy jednoczesnie nizszej Cytotoksycznosci wobec
komorek fibroblastow mysich L929 niz wolne jony srebra. Otrzymane wyniki wskazuja, ze
biatkowe uktady no$nikowe typu Ag-CN moga ogranicza¢ niepozadane dziatanie wolnego
metalu co moze Stanowi¢ podstawe do projektowania efektywnych preparatow
antyseptycznych o kontrolowanych wtasciwos$ciach.

W pracy [P3] wykazano, ze ultrafiltracja (UF) jest uzytecznym oraz nieniszczacym etapem
przygotowania probek laktoferyny bydlecej do dalszych analiz. Obecnosé
niskoczasteczkowych zanieczyszczen w preparatach LF, takich jak sole 1 peptydy, moze
by¢ zwigzana zardbwno z wykorzystaniem wysoko ste¢zonych roztworow buforowych w
procesie izolacji biatka, jak 1 z jego dlugotrwalym przechowywaniem w niewtasciwych
warunkach. Jak wykazano, proces UF nie powodowat istotnych zmian masy czgsteczkowej
biatka, lecz wptywatl na morfologi¢ jego powierzchni co réwniez moze by¢ wynikiem
zamrazania oraz nast¢gpnie przeprowadzonej liofilizacji probki. Stwierdzono, ze przed
ultrafiltracjg obecnos$¢ soli oraz innych niskoczasteczkowych zanieczyszczen prowadzita
do supresji sygnatu laktoferyny, obnizajac jako$¢ analiz spektrometrycznych oraz
utrudniajgc prawidlows identyfikacje biatka. Zastosowanie ultrafiltracji, poprzez usunigcie

soli 1 innych niskoczasteczkowych zanieczyszczen, doprowadzilo do wzrostu

.....
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analizie MALDI-TOF/MS, co wyrazono wzrostem pokrycia sekwencji z 52,7% do 61,6%
oraz pokrycia intensywno$ci z 84,5% do 89,2%. Wynik ten ma istotne znaczenie
metodologiczne, poniewaz zwigksza reprezentatywno$¢ probki, poprawia powtarzalnosé
oznaczen oraz podnosi wiarygodno$¢ uzyskiwanych danych. Ma to istotne znaczenie dla
dalszych badan nad aktywnos$cig biologiczng LF, poniewaz umozliwia bardziej precyzyjna
oceng zalezno$ci miedzy jej strukturg a funkcjg biologiczna, w tym réwniez mechanizmow
warunkujacych swoiste interakcje z receptorami koméorkowymi.

Po raz pierwszy oceniono wptyw dodanego szczepu Lactiplantibacillus plantarum B/00401
na skuteczno$¢ wzbogacania $mietanki w witaming D3, przy czym efektywnos$¢ procesu
byla uzalezniona od warunkéw inkubacji, zwlaszcza ekspozycji na §wiatto, mieszania,
czasu inkubacji, stosunku $mietanki do bakterii oraz formy inokulum. Najkorzystniejsze
wyniki uzyskano dla liofilizatu L. plantarum B/00401, co potwierdza znaczenie formy
technologiczng szczepu dla jego aktywnosci metabolicznej. Przewaga tego rozwigzania
nad tradycyjng fortyfikacja jest naturalna biosynteza witaminy D3, ktérej towarzyszy
jednoczesne podwyzszenie warto$ci odzywczej produktu. Stwierdzono, ze $mietanka
stanowi obiecujaca matryce do wzbogacania w witaming D3, a zastosowanie szczepu
Lactiplantibacillus plantarum B/00401 jest obiecujacym sposobem biofortyfikagji
produktow mleczarskich.

Wykazano ponadto, ze suplementacja $mietanki szczepem L. plantarum B/00401 prowadzi
do modyfikacji profilu kwasow tluszczowych, obejmujacej spadek udzialu nasyconych
kwasow tluszczowych (SFA) oraz wzrost udzialu jednonienasyconych kwasow
tluszczowych (MUFA). Uzyskane zmiany moga zwigksza¢ warto$¢ prozdrowotng
produktu, cho¢ réwnoczes$nie wymagaja uwzglednienia potencjalnego wptywu na trwatosé
oraz zmiang¢ okresu przydatno$ci produktu koncowego.

Na podstawie badan izotermicznych przedstawionych w pracy [P5] wykazano, ze tworzenie
uktadow LF-Ru przebiega spontanicznie oraz z wysokim powinowactwem laktoferyny do
Ru(111). Lepsze dopasowanie danych eksperymentalnych do modelu Langmuira wskazuje,
ze dominujgcym mechanizmem wigzania metalu jest nasyceniowe obsadzanie ograniczone
liczby dostepnych miejsc wigzania w strukturze biatka.

Z wynikéw badan spektroskopowych, t.j. spektrofluorymetria, DLS, ATR-FTIR, SRCD
wynika, ze odziatywanie Ru(Ill) z LF prowadzi do zmian w jg organizacji strukturalnej,
ktére przejawiaty si¢ wygaszaniem fluorescencji, niewielkim przesunigeciem maksimow

emisji, zmiang Srednicy hydrodynamicznej, wzrostem potencjalu zeta, a takze lokalnymi

198



modyfikacjami w obrebie struktury drugorzedowej. Jednoczesnie, wyniki SAXS
potwierdzity, ze kompleksowanie Ru(lll) przez LF prowadzi do zmian rozmiaru oraz
organizacji przestrzennej uktadu w roztworze, jednak bez istotnej destabilizacji globalnej
struktury biatka co z kolei tez byto potwierdzone metodami obliczeniowymi.

e 7 badan desorpcji wynika, ze otrzymane uktady LF-Ru wykazuja ograniczone uwalnianie
rutenu w symulowanych ptynach zotadkowym oraz jelitowym, niezawierajagcych enzymow
trawiennych, co potwierdza wysokie powinowactwo metalu do biatka w utworzonych
kompleksach. Wskazuje to na potencjalng przydatno$¢ LF jako nosnika jonoéw rutenu. Z
drugigj jednak strony anadiza SDS-PAGE po trawieniu pepsyng wykazala catkowitg
degradacj¢ komplekséw w czasie 30 minut, co podkre§la potrzeb¢ ich dodatkowej
enkapsulacji w celu ochrony integralnosci uktadu w warunkach fizjologicznych oraz
umozliwienia jego efektywnego dostarczenia do miejsca docel owego.

e Stwierdzono, ze kompleksowanie Ru(ll1) przez LF modyfikuje jej odpowiedz biologiczng
w sposob zalezny od badanego modelu komorkowego. LF-Ru wykazywat nizsza tolerancje
w komorkach nowotworowych HepG2 1 Caco-2 niz w prawidlowych fibroblastach 1929,
co sugeruje zroznicowang odpowiedz komoérkowa oraz wskazuje na potencjalng

przydatnos¢ uktadéw LF-Ru w dalszych badaniach biomedycznych.

Na tej podstawie mozna stwierdzi¢, ze moje badania tworza nowa perspektywe wykorzystania
surowcoOw mlecznych. Kazeina zostala ukazana jako wielofunkcyjna matryca koordynacyjna
oraz biomaterialowa, zdolna do tworzenia ukladow antyseptycznych o potencjale
wdrozeniowym. Laktoferyna zostata przedstawiona jako sktadnik premium, ktoérego znaczenie
nie ogranicza si¢ do funkcji odzywczej, lecz obejmuje rol¢ aktywnego rusztowania dla
kompleksow metali i zaawansowanych systemow celowanego transportu. Smietanka natomiast
zostala potraktowana jako reaktywna matryca biofortyfikacji, w ktdorej procesy metaboliczne i
koloidalne moga by¢ sterowane w celu uzyskania produktu o podwyzszonej wartosci
zdrowotnej. L.acznie wyniki te wzmacniaja teze, ze przyszto§¢ mleczarstwa bedzie opierata sie
nie tylko na przetwarzaniu mleka, lecz na $wiadomym projektowaniu funkcjonalnosci jego

frakgji [12-17,28-30).
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Streszczenie

W niniejszej pracy opracowano metodologie kompleksowej analizy prostych ukiladow
koloidalnych pochodzenia mleczarskiego, obejmujacych biatka mleka, tj. kazeing i laktoferyne,
oraz bardziej zlozonych uktadéw, takich jak $mietanka. Badane uklady byly poddane
ukierunkowanej modyfikacji w celu ksztaltowania ich wilasciwosci funkcjonalnych oraz
poszerzenia mozliwosci aplikacyjnych. Podjety kierunek badan jest istotny, poniewaz pozwala
on rozwigzywac problemy zwigzane z ograniczong funkcjonalno$cig naturalnych sktadnikow
mleka, projektowaniem zywnos$ci wzbogacanej, poprawa jako$ci analiz dotyczacych biatek
oraz opracowywaniem nowych uktadéw nos$nikowych 1 bioaktywnych o potencjale
aplikacyjnym dla przemystu mleczarskiego oraz obszaru biomedycznego.

W ramach pracy opracowano metod¢ naturalnego wzbogacania $mietanki w witaming D3 z
wykorzystaniem Lactiplantibacillus plantarum. Wykazano, ze skuteczno$¢ biosyntezy
witaminy D3 zalezy od warunkéw prowadzenia procesu, a najkorzystniejsze wyniki uzyskano
przy zastosowaniu liofilizowang formy bakterii, w warunkach bez mieszaniai przy ekspozycji
na S$wiatlo. Stwierdzono rowniez, ze zastosowanie bakterii wptywa na profil kwasow
thuszczowych $mietanki, prowadzac do spadku udziatu nasyconych kwaséw thuszczowych
(SFA) oraz wzrostu udziatu jednonienasyconych kwasow thuszczowych (MUFA), co moze
sprzyjaé poprawie wlasciwosci prozdrowotnych produktu.

Istotnym elementem badan byta takze charakterystyka fizykochemiczna laktoferyny bydlece;j
(bLF). Wykazano, ze stabilnos$¢ tego uktadu biatkowego zalezy od pH oraz sily jonowej, a
obecno$¢ niskoczasteczkowych zanieczyszczen, takich jak sole i peptydy, moze pogarszaé¢
jakos¢ analiz. Zastosowanie ultrafiltracji (UF) umozliwito skuteczne oczyszczenie probki bez
istotnego wplywu na mase czasteczkowg biatka, a jednoczes$nie poprawito reprezentatywnos¢
probki oraz wiarygodnos¢ wynikoéw identyfikacji uzyskiwanych metoda MALDI-TOF/MS.
Wyniki te potwierdzity znaczenie odpowiedniego przygotowania probek w dalszych badaniach
nad wlasciwosciami fizykochemicznymi oraz biologicznymi LF.

Modyfikacja biatlek mleka jonami metali stanowi obiecujgcg platforme do projektowania
uktadéw bioaktywnych o ulepszonej lub rozszerzonej funkcjonalno$ci. W niniejszej pracy
przeprowadzono modyfikacje kazeiny (CN) jonami srebra Ag(l), a takze funkcjonalizacj¢ LF
jonami rutenu Ru(l11). Na podstawie badan izotermicznych wykazano, ze sorpcja Ag(l) przez
kazeing ma charakter heterogeniczny oraz wieloetapowy, a przeprowadzone odsalanie biatka
zwigksza jego zdolnos¢ do wigzania srebra. Wykazano rowniez, ze zwigzanie Ag(I) prowadzi

do zmian w organizacji miceli kazeinowych oraz konformacji biatka. Wyniki badan
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spektroskopowych oraz mikroskopowych wskazuja, ze proces ten obejmuje poczatkowe
wigzanie Ag(]) przez grupy funkcyjne kazeiny, a nastgpnie cze$ciowa bioredukcje prowadzaca
do powstawania nanoczastek srebra oraz tworzenia nanokompleksow Ag-CN. Otrzymane
uktady Ag-CN wykazywaly aktywnoS$¢ przeciwbakteryjng przy jednocze$nie nizszej
cytotoksyczno$ci niz wolne jony srebra, co wskazuje na ich potencjal w projektowaniu
biokompatybilnych preparatéw antyseptycznych.

Z kolel wyniki badan izotermicznych oraz kinetycznych wskazuja ze tworzenie si¢
kompleksow LF-Ru przebiega samorzutnie i w krotkim czasie, a mechanizm wigzania Ru(III)
moze by¢ okreslony jako nasyceniowy, polegajacy na stopniowym zajmowaniu ograniCczonej
liczby dostgpnych miejsc wigzania. Wyniki badan spektroskopowych, SAXS oraz analiz
obliczeniowych potwierdzity, ze obecnos¢ Ru(Ill) wywotuje zmiany w organizacji
strukturalng oraz wiasciwosciach fizykochemicznych LF, nie prowadzac jednak do istotnego
zaburzenia jg globalnej stabilnosci. Otrzymane kompleksy LF-Ru charakteryzowaty sig
ograniczonym uwalnianiem rutenu, natomiast ich szybka degradacja pod wptywem pepsyny
wskazuje na potrzebe zastosowania dodatkowej enkapsulacji w celu zachowania integralno$ci
uktadu w warunkach fizjologicznych. Jednocze$nie wykazano, ze zwigzanie Ru(IIl) wptywa na
odpowiedz biologiczng LF, zmniejszajac zywotno$¢ komorek nowotworowych przy
jednoczesnie wigkszej tolerancji ze strony fibroblastow, co potwierdza potencjat biomedyczny
tych uktadow.

W ujeciu aplikacyjnym praca ta pokazuje, ze mleko oraz jego frakcje moga by¢ traktowane
jako surowce platformowe dla nowoczesnego mleczarstwa wysokiej wartosci dodane;.
Zaproponowane podej$cie laczy analize rynku z poglebionym chemizmem oddzialywan i
wskazuje, ze kazeina, laktoferyna oraz $mietanka moga pehi¢ role wykraczajace poza ich
klasyczne funkcje zZywieniowe: odpowiednio no$nika antyseptycznego, aktywnego
rusztowania koordynacyjnego oraz matrycy naturalng biofortyfikacji. Tym samym rozprawa
Wwzmacnia koncepcje przetworstwa mleczarskiego opartego na selektywnym odzysku frakcji,
precyzyjnym projektowaniu ich wtasciwosci 1 kierowaniu ich do zastosowan funkcjonalnych,

nutraceutycznych oraz biomaterialowych.
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Abstract

In this work, a methodology was developed for the comprehensive analysis of simple dairy-
derived colloidal systems, including milk proteins such as casein and lactoferrin, as well as
more complex systems such as cream. The investigated systems were subjected to targeted
modification in order to tailor their functional propertiesand broaden their application potential.
This research direction is important because it helps address problems related to the limited
functionality of natural milk components, the design of fortified foods, the improvement of
protein-related analytical quality, and the development of new carrier and bioactive systems
with application potential in the dairy industry and the biomedical field.

As part of this work, a method for the natural enrichment of cream with vitamin D3 using
Lactiplantibacillus plantarum was developed. It was demonstrated that the efficiency of
vitamin D3 biosynthesis depends on the process conditions, and the most favorabl e resultswere
obtained when the Iyophilized form of the bacteria was used under non-mixing conditions and
light exposure. It was a so found that the application of the bacteria affected the fatty acid profile
of the cream, leading to a decrease in the proportion of saturated fatty acids (SFA) and an
increase in the proportion of monounsaturated fatty acids (MUFA), which may contribute to
improving the health-promoting properties of the product.

An important part of the study also involved the physicochemical characterization of bovine
lactoferrin (bLF). It was shown that the stability of this protein system depends on pH and ionic
strength, and that the presence of low-molecular-weight impurities, such as salts and peptides,
may deteriorate the quality of the analyses. The application of ultrafiltration (UF) enabled
effective purification of the sample without significantly affecting the molecular mass of the
protein, while at the same time improving sample representativeness and the reliability of
identification results obtained by MALDI-TOF/MS. These findings confirmed the importance
of proper sample preparation for further studies on the physicochemical and biological
properties of LF.

The modification of milk proteins with metal ions constitutes a promising platform for
designing bioactive systemswith improved or expanded functionality. In thiswork, casein (CN)
was modified with silver ions Ag(l), and LF was functionalized with ruthenium ions Ru(ll1).
Based on isothermal studies, it was shown that the sorption of Ag(l) by casein is heterogeneous
and multi-step in nature, and that protein desalting increasesits ability to bind silver. It was also
demonstrated that Ag(l) binding leads to changes in the organization of casein micellesand in

protein conformation. Spectroscopic and microscopic results indicated that this process
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involves the initial binding of Ag(l) by functional groups of casein, followed by partial
bioreduction leading to the formation of silver nanoparticles and Ag-CN nanocomplexes. The
resulting Ag-CN systems exhibited antibacterial activity together with lower cytotoxicity than
free silver ions, indicating their potential for the design of biocompatible antiseptic
formulations.

In turn, the results of isothermal and kinetic studies indicated that the formation of LF-Ru
complexes proceeds spontaneously and within a short time, and that the Ru(lll) binding
mechanism may be described as saturation-like, involving the gradual occupation of alimited
number of accessible binding sites. The results of spectroscopic studies, SAXS, and
computational analyses confirmed that the presence of Ru(l11) induces changesin the structural
organization and physicochemical properties of LF, without causing significant disruption of
its global stability. The obtained LF-Ru complexes were characterized by limited ruthenium
release, whereas their rapid degradation under the action of pepsin indicated the need for
additional encapsulation in order to preserve system integrity under physiological conditions.
At the same time, it was demonstrated that Ru(l11) binding affects the biological response of
LF, decreasing the viability of cancer cells while being better tolerated by fibroblasts, which
confirms the biomedical potential of these systems.

From an application-oriented perspective, thiswork demonstrates that milk and itsfractions can
be regarded as platform raw materials for modern high-value dairy processing. The proposed
approach combines market-oriented analysis with an in-depth understanding of interaction
chemistry and shows that casein, lactoferrin, and cream can perform roles that go beyond their
classical nutritional functions, namely as an antiseptic carrier, an active coordination scaffold,
and a matrix for natura biofortification, respectively. Thus, the dissertation reinforces the
concept of dairy processing based on the selective recovery of fractions, the precise design of

their properties, and their targeted use in functional, nutraceutical, and biomaterial applications.
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8. Tetiana Dyrda-Terniuk, Pawet Pomastowski. 33rd Annua Conference Biomaterials in
Medicine and Veterinary Medicine (Rytro, Polska, 10.10.2024-13.10.2024) - ,.The
Comprehensive Study on Lactoferrin-Ruthenium Complexes: Methodology of Preparation,
Binding Mechanism, and Biological Properties” (poster).
9. Tetiana Dyrda-Terniuk, Pawet Pomastowski. V Ogoélnopolskie Forum Chemii
Nieorganiczngj (Warszawa, Polska, 20.03.2025-22.03.2025) — ,,Synthesis and analysis of the
mechanism of |actoferrin-ruthenium complex formation (LF-Ru)” (poster).
10. Tetiana Dyrda-Terniuk, Pawel Pomastowski. 34th Annual Conference Biomaterials in
Medicine and Veterinary Medicine (Rytro, Polska, 09.10.2025-12.10.2025) - ,,The
Comprehensive Study on Lactoferrin-Ruthenium Complexes. Methodology of Preparation,
Binding Mechanism, and Biological Properties” (poster).

Wspotautorstwo
1. Tetiana Dyrda-Terniuk, Pawet Pomastowski. 33rd Annua Conference Biomaterials in
Medicine and Veterinary Medicine (Rytro, Polska, 10.10.2024-13.10.2024) — ,,Understanding

the effect of ultrafiltration on the physicochemical and structural aspects of bovine lactoferrin”.

2. Tetiana Dyrda-Terniuk, Oleksandra Pryshchepa, Kinga Robotnik, Pawel Pomastowski.

11th Nordic Plasma Conference on Plasma Spectrochemistry (Loen, Norwegia, 09.06.2024-
13.06.2024) — ,,Mechanistic understanding and biomedical implications of d-electron metal-
protein interactions in dairy proteins”.

3. Oleksandra Pryshchepa, Tetiana Dyrda-Terniuk, Kamil Szpotkowski, f.ukasz Skowronski,
Pawet Pomastowski. XVII International Conferences on Lactoferrin: structure, function and
applications (Mazatlan, Meksyk, 09.11.2025-13.11.2025) — ,,High-yield batch isolation of
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lactoferrin using magnetically recoverable core - shell FexOy@SiO: sorbents and
ruthenium(l1l) - lactoferrin complexes for theranostics”.

4. Dorota Bialczak, Tetiana Dyrda-Terniuk, VioricaRallean, Aleksandra B. Florkiewicz,

Justyna Walczak-Skierska, Joanna Rudnicka, Pawel Pomastowski. International Scientific
Conference on Neurodegenerative Disorders and the Gut-Brain Axis (Torun, Polska,
08.04.2025-09.04.2025) — ,,The impact of Lactiplantibacillus plantarum on the cream
composition: insight into changes of vitamin D3 content and fatty acid composition”.

e Finansowanie badan i wyjazdow zagranicznych

- Dofinansowanie konferencji zagraniczng w ramach Programu PROM — Migdzynarodowa
wymiana stypendialna doktorantéw i kadry akademickiej (czerwiec 2022).

- Dofinansowanie badan w ramach konkursu IDUB/granty dla doktorantow (mobilnos¢ i
badania), VI edycja

Tytul finansowanego projektu: ,,Evaluation the impact of ultrafiltration process on the
glycosylation heterogeneity in bovine lactoferrin”.

- Dofinansowanie badan w ramach konkursu IDUB/granty dla doktorantow (mobilno$¢ i
badania), IX edycja

Tytul finansowanego projektu: ,,The comprehensive investigation on lactoferrin-ruthenium
complex formation: insight into isothermal and kinetic studies”.

- Dofinansowanie konferencji zagranicznych w ramach konkursu Minigrant AST (11/2022) —
Praga, Czechy oraz Minigrant AST (11/2024) — Messina, Wtochy.

e Udzial w szkoleniach
- Udzial w szkoleniach z obstugi aparatury oraz analiz ICP-OES (Pro-Environment Polska).
e Udzial w seminariach

- Udziatl w seminarium pt. ,,Biophysical characterization of proteins” (Warszawa, 05.12.2023-
06.12.2023) organizowane przez A.P. Instruments Sp. z 0. o.

e Wspolorganizacja konferencji

- Wspotorganizacja Polskiego Kongresu Serowarskiego pod patronatem Interdyscyplinarnego
Centrum Nowoczesnych Technologii Uniwersytetu Mikotaja Kopernika w Toruniu (Znin,
Polska, 9-11 pazdziernik 2023).

- Wspotorganizacja Migedzynarodowej Konferencji Naukowe;j ,,Choroby neurodegeneracyjne a

0$ mozgowo-jelitowa’ (Torun, Polska, 8-9 kwietnia 2025).
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https://omega.umk.pl/info/conference/UMKConf2357?r=projectmain&ps=20&title=Konferencje%2B%2528wydarzenia%2529%2B%25E2%2580%2593%2BChoroby%2Bneurodegeneracyjne%2Ba%2Bo%25C5%259B%2Bm%25C3%25B3zgowo-jelitowa%2B%25E2%2580%2593%2BUniwersytet%2BMiko%25C5%2582aja%2BKopernika%2Bw%2BToruniu+title&lang=pl&pn=1
https://omega.umk.pl/info/conference/UMKConf2357?r=projectmain&ps=20&title=Konferencje%2B%2528wydarzenia%2529%2B%25E2%2580%2593%2BChoroby%2Bneurodegeneracyjne%2Ba%2Bo%25C5%259B%2Bm%25C3%25B3zgowo-jelitowa%2B%25E2%2580%2593%2BUniwersytet%2BMiko%25C5%2582aja%2BKopernika%2Bw%2BToruniu+title&lang=pl&pn=1

e Udzial w projektach badawczych

- Zostalam czlonkiem grupy badawczej Cells as EXperimental platforms and bioFACTories
(CEXFACT) w ramach konkursu Wylaniajacych si¢ Pot Badawczych (Emerging Fields)
(styczen 2023-grudzien 2025).

- Wykonawca w projekcie pt. ,,Zaawansowane kompozyty dla gospodarki jutra BIOG-NET”,
finansowanego przez Fundacje na rzecz Nauki Polskiej (kwiecien 2022-grudzien 2022).

- Asystent w projekcie LIDER (LIDER13/0292/2022) pt. ,,Opracowanie preparatywnej metody
izolacji biologicznej aktywnej laktoferyny” (lipiec 2023-lipiec 2026).

- Wykonawca w projekcie NUTRITECH (FENG.01.01-1P.01-001/24) pt. ,,Opracowanie
ulepszong technologii otrzymywania soku na bazie kondensatéw litu, biologicznie aktywnych
ekstraktow owocowych oraz wydtuzonym terminie przydatnosci do spozycia” finansowanego

przez Naukowy Centrum Badan i Rozwoju (listopad 2025-czerwiec 2026).
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Oswiadczenia wspolautorow
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)
UNIWERSYTET
MIKOLAJA KOPERNIKA
WTORUNIU

Interdyscyplinarne Centrum
Nowaczesnych Technologii

mgr. Tetiana Dyrda-Terniuk Torun, 07.04.2026
Zespot Badawcezy Chemii Biokoloidéw

Interdyscyplinarne Centrum Nowoczesnych Technologii

Instytut Studiéw Zaawansowanych

Uniwersytet Mikolaja Kopernika w Toruniu
ul. Wilenska 4, 87-100 Torun

OSWIADCZENIE

Niniejszym o$wiadczam ze jako autor przediozonej rozprawy doktorskiej méj wklad w powstanie
ponizszych artyluiow:

[P1] Tetiana Dyrda-Terniuk, Oleksandra Pryshchepa, Katarzyna Rafifiska, Mateusz Kolankowski,
Adrian Golebiowski, Michal Gloc, Renata Dobrucka, Krzysztof Kurzyditowski, Pawel Pomastowski.
Immobilization of Silver lons onto Casein. Colloids and Surfaces A: Physicochemical and Engineering
Aspects, 2023, 667, 131390.

polegal na wspdludziale w opracowaniu koncepcji badan, realizacji badan eksperymentalnych
dotyczacych otrzymywania i charakterystyki ukladéw kazeina-srebro, analizie i interpretacji wynikow
oraz wspétudziale w przygotowaniu i redakcji manuskryptu.

[P2] Tetiana Dyrda-Terniuk, Pawel Pomastowski. The Multifaceted Roles of Bovine Lactoferrin:
Molecular Structure, Isolation Methods, Analytical Characteristics, and Biological Properties. Journal
of Agricultural and Food Chemistry, 2023, 71, 20500-20531.

polegat na wspétudziale w opracowaniu koncepcji publikacji, analizie i krytycznym przegladzie
pi$miennictwa, opracowaniu cze$ci merytorycznej oraz wspdludziale w przygotowaniu i redakeji
manuskryptu.

[P3] Tetiana Dyrda-Terniuk Pawel Pomastowski. Impact of Ultrafiltration on the Physicochemical
Properties of Bovine Lactoferrin: Insights into Molecular Mass, Surface Morphology, and Elemental
- Composition. Journal of Dairy Science, 2024, 107, 10280-10298.

polegal na wspétudziale w opracowaniu koncepcji badan, realizacji badan cksperymentalnych
dotyczacych wplywu ultrafiltracji na wladciwosci fizykochemiczne laktoferyny, analizie i interpretacii
wynikéw oraz wspohidziale w przygotowaniu i redakeji manuskryptu.

[P4] Tetiana Dyrda-Terniuk, Viorica Railean, Aleksandra Florkiewicz, Justyna Walczak-Skierska,
Mateusz Kolankowski, Joanna Rudnicka, Dorota Bialczak, Pawel Pomastowski. The Impact of
Lactiplantibacillus Plantarum on the Cream Composition: Insight into Changes of Vitamin D3 Content
and Fatty Acid Composition. International Dairy Journal, 2025, 161, 106118.

polegal na wspétudziale w opracowaniu koncepcji badaf, realizacji badafi eksperymentalnych
dotyczgcych wzbogacania smietany z wykorzystaniem Lactiplantibacillus plantarum, analizie i
interpretacji wynikéw odnoszgeych sig do zawartosci witaminy D3 oraz profilu kwaséw tluszczowych,
a takze wspdtudziale w przygotowaniu i redakcji manuskryptu.

RaAV2
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UNIWERSYTET
MIKOLAJA KOPERNIKA
W TORUNIU
Interdyscyplinarne Centrum
Nowoczesnych Techinclogi

[P5] Tetiana Dyrda-Terniuk, Michalina Ehlert, Kacper Roszak, Grzegorz Trykowski, Kamil
Szpotkowski, Lukasz Skowronski, Oleksandra Pryshchepa, Rudi van Eldik, Katarzyna Mizgalska,
Wayne Guida, Aleksandra Karolak, Riddhi Sainda, Prafulla X Jha, Pawel Pomastowski. Lactoferrin as
an Active Coordination Scaffold for Ruthenium(Ill). morgaric Chemistry Frontfiers (manuskrypt
zaakceptowany dnia 15,03.2026)

polegal na wspdludziale w opracowaniu koncepcji badan, realizacji badan eksperymentalnych
dotyczacych tworzenia i charakterystyki kompleksdéw laktoferyna-ruten, analizie i interpretacji
wynikéw oraz wspoludziale w przygotowaniu i redakeji manuskryptu.
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UNIWERSYTET
MIKOEAJA KOPERNIKA
W TORUNIU.
Interdyscyplinarne Centrum
Nowoczesnych Technelogii

dr hab. Pawel Pomastowski, prof. UMK Torun, 07.04.2026
Zespot Badawczy Chemii Biokoloidow :

Interdyscyplinarne Centrum Nowoczesnych Technologii

Instytut Studiéw Zaawansowanych

Uniwersytet Mikotaja Kopernika w Toruniu

ul. Wilefiska 4, 87-100 Torun

OSWIADCZENIE
Jako Wspélautor nastepujacych publikacji:

[P1] Tetiana Dyrda-Terniuk, Oleksandra Pryshchepa, Katarzyna Rafinska, Mateusz Kolankowski,
Adrian Gotebiowski, Michat Gloe, Renata Dobrucka, Krzysztof Kurzydtowski, Pawel Pomastowski.
Immobilization of Silver Ions onto Casein. Colloids and Surfaces A: Physicochemical and Engineering
Aspects, 2023, 667, 131390.

[P2] Tetiana Dyrda-Terniuk, Pawel Pomastowﬁki. The Multifaceted Roles of Bovine Lactoferrin:
Molecular Structure, Isolation Methods, Analytical Characteristics, and Biological Properties. Jowrnal
of Agricultural and Food Chemistry, 2023, 71, 20500-20531,

[P3] Tetiana Dyrda-Terniuk Pawel Pomastowski. Impact of Ultrafiltration on the Physicochemical
Properties of Bovine Lactoferrin: Insights into Molecular Mass, Surface Morphology, and Elemental
Composition. Journal of Dairy Science, 2024, 107, 10280-10298.

[P4] Tetiana Dyrda-Terniuk, Viorica Railean, Aleksandra Florkiewicz, Justyna Walczak-Skierska,
Mateusz Kolankowski, Joanna Rudnicka, Dorota Bialczak, Pawel Pomastowski. The Impact of
Lactiplantibacillus Plantarum on the Cream Composition: Insight into Changes of Vitamin D3 Content
and Fatty Acid Composition. International Dairy Journal, 2025, 161, 106118.

[P5] Tetiana Dyrda-Temiuk, Michalina Ehlert, Kacper Roszak, Grzegorz Trykowski, Kamil
Szpotkowski, Lukasz Skowronski, Oleksandra Pryshchepa, Rudi van Eldik, Katarzyna Mizgalska,
Wayne Guida, Aleksandra Karolak, Riddhi Sainda, Prafulla K Jha, Pawel Pomastowski. Lactoferrin
as an Active Coordination Scaftold for Ruthenium(IIT}. Jnorganic Chemistry Frontiers (manuskrypt
zaakceptowany dnia 15.03.2026)

wehodzacych w sktad rozprawy doktorskiej mgr. Tetiany Dyrda-Terniuk, o§wiadczam ze maéj wkiad
polegal na pelnieniu nadzoru merytorycznego, wspoiudziale w opracowaniu koncepcji badah, pomocy
w planowaniu eksperymentow, interpretacji i dyskusji wynikéw oraz redagowaniu i Korekcie
manuskryptéw, Wyniki prac [P2], {P3] oraz [P5] sa bezposrednim rezultatem kierowanego przeze mnie
projektu pt. ,,Opracowanie preparatywnej metody izolacji biologicznej aktywnej laktoferyny”
finansowanego przez Narodowy Centrum Badan i Rozwoju w ramach programu LIDER XIII
(LIDER13/0292/2022).
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UNIWERSYTET
MIKOLAJA KOPERNIKA
W TORUNIV
Interdyseyplinarne Centrum
MNowoczesrych Technologii

dr Oleksandra Pryshchepa Torun, 07.04.2026
Zespét Badawcezy Chemii Biokoloidéw

Interdyscyplinarne Centrum Nowoczesnych Technologii

Instytut Studiéw Zaawansowanych

Uniwersytet Mikolaja Kopernika w Toruniu

ul. Wilenska 4, 87-100 Torun

OSWIADCZENIE
Jako Wspdtautor nastepujacych publikacii:

[P1] Tetiana Dyrda-Terniuk, Oleksandra Pryshchepa, Katarzyna Rafifiska, Mateusz Kolankowski,
Adrian Gotgbiowski, Michal Gloc, Renata Dobrucka, Krzysztof Kurzydlowski, Pawel Pomastowski.
Immobilization of Silver Jons onto Casein, Colloids and Surfaces A: Physicochemical and Engineering
Aspects, 2023, 667, 131390,

[P5] Tetiana Dyrda-Terniuk, Michalina Ehlert, Kacper Roszak, Grzegorz Trykowski, Kamil
Szpotkowski, Lukasz Skowroriski, Oleksandra Pryshchepa, Rudi van Eldik, Katarzyna Mizgalska,
Wayne Guida, Aleksandra Karolak, Riddhi Sainda, Prafulla K jha, Pawet Pomastowski. Lactoferrin as
an Active Coordination Scaffold for Ruthenium(Ill). Inorgamic Chemistry Frontiers (manuskrypt
zaakceptowany dnia 15.03.2026)

wchodzacych w sldad rozprawy doktorskiej mgr. Tetiany Dyrda-Terniuk, o$wiadczam ze mdj wklad
polegal na planowaniu czesci badan i redagowanin manuskrytu.

0, '\7\*35\/\ SURN
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S UNIWERSYTET
MIKOEAJA KOPERNIKA
W TORUNIU

Wydziat Chemii

dr hab. Katarzyna Rafinska, prof. UMK ‘ Torun, 07.04.2026
Katedra Chemii Srodowiska 1 Bioanalityki

Wydziat Chemii

Uniwersytet Mikotaja Kopernika w Toruniu

ul. Gagarina 7, 87-100 Torun

OSWIADCZENIE
Jako Wspotautor nastgpujacej publikacji:

[P1] Tetiana Dyrda-Terniuk, Oleksandra Pryshchepa, Katarzyna Rafinska, Mateusz Kolankowski,
Adrian Golebiowski, Michat Gloc, Renata Dobrucka, Krzysztof Kurzydlowski, Pawel Pomastowski.
Immobilization of Silver Tons onto Casein. Colloids and Surfaces A: Physicochemical and Engineering
Aspects, 2023, 667, 131390.

wchodzgcej w sklad rozprawy doktorskiej mgr. Tetiany Dyrda-Terniuk, oswiadczam ze moj wkiad
polegat na zaplanowaniu i przeprowadzeniu badan cytotoksycznosci oraz redagowaniu manuskryptu,
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dr inz. Michal Gloc Warzszawa, 07.04.2026
Zaktad Projektowania Materialow

Wydzial Inzynierii Materiatowej

Politechnika Warszawska

ul. Wotoska 141, 02-507 Warszawa

OSWIADCZENIE
Jako Wspotautor nastepujacej publikacji:

[P1] Tetiana Dyrda-Terniuk, Oleksandra Pryshchepa, Katarzyna Rafinska, Mateusz Kolankowski,
Adrian Gotebiowski, Michal Gloc, Renata Dobrucka, Krzysztof Kurzydtowski, Pawet Pomastowski.
Immobilization of Silver lons onto Casein. Colloids and Surfaces A: Physicochemical and Engineering
Aspects, 2023, 667, 131390.

wchodzacej w sktad rozprawy doktorskiej mgr. Tetiany Dyrda-Terniuk, oswiadczam ze moj wktad
polegat na zaplanowaniu i przeprowadzeniu analizy mikroskopows.
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dr Adrian Golebiowski Torun, 01.04.2026
Kujawsko-Pomorskie Centrum Naukowo-Technologiczne

im. prof. Jana Czochralskiego sp. z o0.0.

ul. Krasinskiego 4, 87-100 Torun

OSWIADZCENIE
Jako Wspotautor nastgpujacej publikacji:

[P1] Tetiana Dyrda-Terniuk, Oleksandra Pryshchepa, Katarzyna Rafinska, Mateusz Kolankowski,
Adrian Golebiowski, Michat Gloc, Renata Dobrucka, Krzysztof Kurzydtowski, Pawet Pomastowski.
Immobilization of Silver lons onto Casein. Colloids and Surfaces A: Physicochemical and Engineering
Aspects, 2023, 667, 131390.

wchodzacej w sktad rozprawy doktorskiej mgr Tetiany Dyrda-Terniuk, o§wiadczam, ze moj wktad
polegat na zaplanowaniu eksperymentdw i oznaczeniu st¢zenia srebra z wykorzystaniem techniki
ICP-MS.
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UNIWERSYTET
MIKOEAJA KOPERNIKA
W TORUNIU

Interdyscyplinarme Centrum
Nowoczesnych Technologii

dr Justyna Walczak-Skierska Torufi, 07.04.2026
Zespot Badawczy Chemii Biokoloidow

Interdyscyplinarne Centrum Nowoczesnych Technologii

Instytut Studiéw Zaawansowanych

Uniwersytet Mikofaja Kopernika w Toruniu

ul. Wilenska 4, §7-100 Torun

OSWIADCZENIE
Jako Wspétautor nastepujacych publikacji:

[P4] Tetiana Dyrda-Terniuk, Vierica Railean, Aleksandra Florkiewicz, Justyna Walczak-Skierska,
Mateusz Kolankowski, Joanna Rudnicka, Dorota Bialczak, Pawel Pomastowski. The Impact of
Lactiplantibacilius Plantarum on the Cream Composition: Insight into Changes of Vitamin D3 Content
and Fatty Acid Composition. International Dairy Journal, 2025, 161, 106118.

wchodzacej w sklad rozprawy doktorskiej mgr. Tetiany Dyrda-Terniuk, o$wiadczam Ze méj wklad
polegal na planowaniu czesci badan i redagowaniu manuskryptu.
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UNIWERSYTET
MIKOEAJA KOPERNIKA
W TORUNIU
Interdyscyplinarne Centrum
Neowoczesnych Technologii

dr Joanna Rudnicka Torun, 07.04.2026
Zespot Badawcezy Chemii Biokoloidow

Interdyscyplinarme Centrum Nowoczesnych Technologii

Instytut Studiéw Zaawansowanych

Uniwersytet Mikolaja Kopernika w Torunin

ul. Wilefiska 4, 87-100 Torun

OSWIADCZENIE
Jako Wspédtautor nastgpujacej publikacji:

[P4] Tetiana Dyrda-Terniuk, Viorica Railean, Aleksandra Florkiewicz, Justyna Walczak-Skierska,
Mateusz Kolankowski, Joanna Rudnicka, Dorota Bialczak, Pawel Pomastowski., The Impact of
Lactiplantibacillus Plantarum on the Cream Composition: Insight into Changes of Vitamin D3 Content
and Fatty Acid Composition. International Dairy Journal, 2025, 161, 106118.

wchodzacej w skiad rozprawy doktorskiej mgr, Tetiany Dyrda-Terniuk, o§wiadczam ze moj wkiad

polegat na planowaniu czgsci badafi i redagowaniu manuskryptu.
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UNIWERSYTET
MIKOLAJA KOPERNIKA
W TORUNIU

Interdyscyplinarne Centrum
MNowaoczesnych Technologii

dr Aleksandra Florkiewicz Torun, 07.04.2026
Zespdt Badawczy Chemii Biokoloidow

Interdyscyplinarne Centrum Nowoczesnych Technologii

Instytut Studiéw Zaawansowanych

Uniwersytet Mikotaja Kopernika w Toruniu
ul. Wilenska 4, 87-100 Torun

OSWIADCZENIE
Jako Wspdtautor nastepujacych publikacji:

[P4] Tetiana Dyrda-Terniuk, Viorica Railean, Aleksandra Florkiewicz, Justyna Walczak-Skierska,
Mateusz Kolankowski, Joanna Rudnicka, Dorota Bialczak; Pawetl Pomastowski. The Impact of
Lactiplantibacillus Plantarum on the Cream Composition: Insight into Changes of Vitamin D3 Content
and Fatty Acid Composition. International Dairy Jowrnal, 2025, 161, 106118.

wchodzacych w sklad rozprawy doktorskiej mgr. Tetiany Dyrda-Terniuk, o§wiadczam ze méj wklad
polegal na planowaniu czesci badan i redagowaniu manuskryptu.

A, Plodu'tenin

221




UNIWERSYTET
MIKCEAJA KOPERNIKA
W TORUNIU-

Wydzial Nauk Biologicznych
i Weterynaryinych

Torun, dnia 08.04.2026r,
dr Viorica Railean !

Katedra Chordb Zakaznych i Inwazyjnych oraz Administracji Weterynaryjnej

Instytut Medycyny Weterynaryjnej

Wydzial Nauk Biologicznych i Weterynaryjnych
Uniwersytet Mikolaja Kopernika w Toruniu

ul. Szosa Bydgoska 13, 87-100 Torun

OSWIADCZENIE
Jako Wspotautor nastgpujacej publikacji:

[P4] Tetiana Dyrda-Terniuk, Viorica Railean, Aleksandra Florkiewicz, Justyna Walczak-
Skierska, Mateusz Kolankowski, Joanna Rudnicka, Dorota Bialczak, Pawet Pomastowski. The
Impact of Lactiplantibacillus Plantarum on the Cream Composition: Insight into Changes of
Vitamin D3 Content and Fatty Acid Composition. International Dairy Journal, 2025, 161,
106118.

wchodzacej w sklad rozprawy doktorskiej mgr. Tetiany Dyrda-Terniuk, o§wiadczam ze mdj
wklad polegal na planowaniu czesei badan i redagowaniu manuskryptu.
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mgr, Dorota Biatezak Grudziadz, 09.04.2026
Polmlek Grudzigdz Sp. z 0. o.
ul. Magazynowa 8, 86-300 Grudziadz

OSWIADCZENIE
Jako Wspotautor nastgpujacej publikacji:

[P4] Tetiana Dyrda-Terniuk, Viorica Railean, Aleksandra Florkiewicz, Justyna Walczak-Skierska,
Mateusz Kolankowski, Joanna Rudnicka, Doroeta Bialczak, Pawe! Pomastowski. The Impact of
Lactiplantibacillus Plantarum on the Cream Composition: Insight into Changes of Vitamin D3 Content
and Fatty Acid Composition. International Dairy Jouwrnal, 2025, 161, 106118.

wchodzacej w sklad rozprawy doktorskiej mgr. Tetiany Dyrda-Terniuk, odwiadezam ze moj wklad
polegatl na wsp&ludziale w opracowaniu koncepeji badan oraz redagowaniu manuskryptu.
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Chair of Inorganic and Organometallic Chemistry, Egerlandstr. 1, 91058 Erlangen

FACULTY OF NATURAL SCIENCES

DC_ Department of

Chemistry and Pharmacy

Chair of Inorganic and Organometallic
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