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1. Wprowadzenie

Podstawowym budulcem wszystkich organizméw zywych sg biatka. Stanowig one
podstawowe strukturalne i funkcjonalne sktadniki komoérek obecnych w naszym organizmie.
Sa one niezbedne w prawidtowym procesie wzrostu, podczas regeneracji komorek, tkanek czy
catych narzadow. Wykorzystanie metod proteomicznych do badan klinicznych otwiera
mozliwos¢ identyfikacji nowych biomarkerdéw i nowych celow terapeutycznych w diagnostyce
oraz w leczeniu chordob cywilizacyjnych w tym nowotworowych [1].

Szeroki zakres aktywno$ci odzywczych, funkcjonalnych oraz biologicznych wykazuja
biatka mleka. W$rod nich biatka kazeiny (CN) stanowig okoto 80% frakcji, ktére uzupetniajg
biatka serwatkowe (okoto 20% frakcji). Ze wzgledu na strukture i pelnione funkcje wsrod
kazein mozna wyrdzni¢ trzy frakcje: asi- 1 as2, -, k-CN [2]. Kazeina jest podstawowym
materialem budulcowym do tworzenia hemoglobiny i biatek osocza krwi. Ponadto stymuluje
proliferacje limfocytow i aktywuje makrofagi. Specyfika tych biatek jest obecnos¢ wigzania
z grupa fosforanowa, ktora ma istotny wpltyw na mozliwo$¢ tworzenia wigzan z metalami.
Z kolei wérod biatek serwatkowych, dominujagcym biatkiem stanowigcym okoto 50-60% jest
p-laktoglobulina (SLG). Jej biologiczna rola nie jest do konca poznana, jednak uwaza sie, ze
pelni ona role transportowa, zwlaszcza odpornosci biernej U noworodka, a takze w regulacji
metabolizmu fosforu w gruczole mlekowym [3]. Nalezy nadmieni¢, iz biatka serwatkowe
uzyskiwane sa jako odpad przy produkcji serow. Jednak zaréwno serwatka jak i mleko sa
bogatym Zrédlem biologicznie aktywnych biatek.

Znaczacg kwestig badawcza jest fakt, iz wprowadzenie centrum metalicznego, m.in. na
zasadach teorii Lewisa (jonu metalu) do biatka moze poprawi¢ réznorodnos$¢ chemiczna, a tym
samym specyficzno$¢ i biodostgpnos¢. Obecnie, badanie i zrozumienie oddziatywan pomiedzy
metalami, a biomolekutami takimi jak biatka stanowi jedno z najwazniejszych zagadnien, ktore
budzi coraz wigksze zainteresowanie. Jony metali sg niezwykle waznym sktadnikiem wielu
uktadow biologicznych 1 odgrywaja fundamentalng role w funkcji wielu biatek.

Pierwiastkiem czesto wykorzystywanym w medycynie jest cynk. Odgrywa on
fundamentalng rolg w ogdlnym funkcjonowaniu wielu funkcji organizmu. Magazynowany jest
gtownie w erytrocytach i leukocytach, jednak znajduje si¢ takze w mig$niach, kosciach i skorze.
Jest on uznany za gltéwny pierwiastek sladowy w procesie gojenia si¢ ran z uwagi na jego udziat
w wielu roznych procesach komorkowych. Stad tez, bardzo wazne jest uzupelnianie
niedoboréw cynku. Gldwng forma, jakg przybiera cynk w §rodowisku komérkowym jest jego

udziat w metaloenzymach oraz jego =zaangazowanie w stymulacje wielu szlakow



enzymatycznych [4]. Najczesciej wykorzystywanym metalem o  wlasciwosciach
terapeutycznych jest rowniez srebro. Jego antybakteryjne wlasciwosci sg znane od wielu lat.
Srebro wykazuje skuteczne dziatanie wobec szerokiego spektrum Gram dodatnich i Gram
ujemnych bakterii czy grzybow [5]. Ponadto, dzigki rozwijajacej si¢ nanotechnologii mozliwe
jest wykorzystanie nanoczastek metali (np. nanoczastek srebra, AgNPs) jako $rodka
przeciwdrobnoustrojowego. Wtasciwosci nanoczastek srebra pozwalajg na ich zastosowanie
w medycynie i stuzbie zdrowia, gdzie mogg stanowi¢ $wietny preparat W leczeniu infekcji.
W nanoskali materiat ten charakteryzuje si¢ unikalnymi witasciwosciami elektrycznymi,
optycznymi i Kkatalitycznymi, co statlo si¢ inspiracja do diagnozowania, wykrywania
i obrazowania oraz ukierunkowania badan na bezposrednie podawanie lekow [6].

Okazuje si¢, ze wolne jony metali cynku i srebra moga wykazywaé wiasciwosci
toksyczne, jednakze w potaczeniu z uktadami takimi jak biatka efekt cytotoksycznosci zostaje
wyeliminowany. Natura wigzania jonéw metali z biatkami nadal nie jest do konca poznana
i wymaga wdrazania szczegdélowych badan poznania mechanizmu dziatania. Dzigki
wlasciwosciom przeciwdrobnoustrojowym takich nanokompozytow, badania tego typu
stwarzajg mozliwo$¢ pogtebienia badan aplikacyjnych nad suplementacja czy tez regeneracja
trudno gojacych si¢ ran. Ten drugi efekt stanowi bardzo powazny problem terapeutyczny.

Bioragc pod uwage wyzej przedstawione problemy badawcze przedmiotem niniejszej
rozprawy doktorskiej bylo zbadanie mechanizméw wigzania jonéw cynku 1 srebra do uktadow
biokoloidalnych takich jak biatka. Wynikiem takiego potaczenia bylo uzyskanie
metalokompleksow, a takze w przypadku immobilizacji jonoéw srebra powstanie nanoczastek
srebra. Potgczenia typu metalokompleks wraz z jednoczesnym otrzymaniem nanoczastek
okreslane jest mianem nanokompleksu/nanokompozytu. Zrédtem biologicznie aktywnych
bialek bylo mleko (biatka frakcji kazeinowych (CN) — as1-, -, k-CN) oraz serwatka (bialtko f-
laktoglobulina, SLG). Za podstawe powstajacej pracy doktorskiej przyjeto interdyscyplinarne
podejscie oparte na chemii, biochemii, mikrobiologii 1 nanotechnologii. Zastosowanie metod
instrumentalnych umozliwito opisanie procesu wigzania jonow metali do aktywnych grup
funkcyjnych biatek oraz mechanizmu tworzenia si¢ nanokompozytow, uwzgledniajac zmiany
na poziomie strukturalnym oraz morfologicznym badanych uktadow. Dodatkowo,
wykorzystano modelowanie molekularne oraz obliczenia kwantowo-mechaniczne, ktore
wzbogacily 1 ulatwity interpretacje zachodzacych zjawisk w badanych uktadach metal-biatko.
Stanowi¢ to moze podstawe uzyskania potencjalnego preparatu przeciwbakteryjnego
w  leczeniu trudno gojacych ran. Ponadto, =zbadane zostaly  wlasciwosci

przeciwdrobnoustrojowe uzyskanych kompleksow. Zwienczeniem badan byly studia
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aplikacyjne z wykorzystaniem modelu zwierzecego (myszy) majace okresli¢ wplyw dziatania
kompleksow na proces terapeutyczny (gojenie si¢ ran).

Dysertacja oparta jest na  publikacjach  naukowych  opublikowanych
w specjalistycznych czasopismach indeksowanych w bazie Journal Citation Reports (JCR):
[P1] A. Rodzik, P. Pomastowski, V. Railean-Plugaru, B. Buszewski, Hybrydowe uktady metal-
biatko w ujeciu serwatkowym, Analityka: nauka i praktyka, 2021, 2, 4-12. PM = 20

[P2] B. Buszewski, A. Rodzik, V. Railean-Plugaru, M. Sprynskyy, P. Pomastowski, A study of
zinc ions immobilization by g-lactoglobulin, Colloids and Surfaces A, 2020, 591, 1-13, doi:
10.1016/j.colsurfa.2020.124443. IF = 5,518; PM =70

[P3] A. Rodzik, P. Pomastowski, V. Railean-Plugaru, M. Sprynskyy, B. Buszewski, The study
of zinc ions binding to asi-, -, k-casein, International Journal of Molecular Sciences, 2020,
21(21), 1-18, doi: 10.3390/ijms21218096. IF = 6,208; PM = 140

[P4] A. Rodzik, A. Krol-Gorniak, V. Railean, M. Sugajski, A. Gotgbiowski, D. S. Horne, B.
Michalke, M. Sprynskyy, P. Pomastowski, B. Buszewski, Study on zinc ions binding to the
individual casein fractions osi-, - and k-casein, Journal of Molecular Structure, 2023, 1272,
doi: 10.1016/j.molstruc.2022.134251. IF = 3,841; PM =70

[P5] A. Rodzik, V. Railean, P. Pomastowski, B. Buszewski, M. Szumski, Immobilized enzyme
microreactors for efficient analysis of tryptic peptides in B-casein and p-lactoglobulin,
Scientific Reports, Submission 1D 5d953fac-cd31-4150-9da3-e4e688f203eb. IF = 4,996; PM
=140

[P6] A. Rodzik, V. Railean, P. Pomastowski, P. Zuvela, M. W. Wong, M. Sprynskyy,
B. Buszewski Study on silver ions binding to p-lactoglobulin, Biophysical Chemistry, 2022,
291, doi: 10.1016/j.bpc.2022.106897. IF = 3,628; PM =70

[P7] A. Rodzik, V. Railean, P. Pomastowski, P. Zuvela, M. W. Wong, B. Buszewski, The
influence of zinc ions concentration on S-lactoglobulin structure — physicochemical properties
of Zn—p-lactoglobulin complexes, Journal of Molecular Structure, 2022, 1268, 1-10, doi:
10.1016/j.molstruc.2022.133745. IF = 3,841; PM =70

[P8] A. Rodzik, P. Pomastowski, M. Buszewska-Forajta, V. Railean, A. Golgbiowski,
B. Buszewski, K. Niedojadto, K. Rafinska, Metal-protein action for the wound healing process
using murine model C57BL/6J mouse, Scientific Reports, Submission ID 15404681-edaf-4c74-
885f-ae8688b6dbd7. IF = 4,996; PM = 140

IF — impact factor, PM — punkty ministerialne
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2. Cel badawczy

Nadrzgdnym celem prowadzonych badan w ramach rozprawy doktorskiej byto
poznanie mechanizmow tworzenia si¢ nanokompozytow metali w wyniku przeprowadzenia
syntezy jonéw cynku oraz srebra z biatkiem serwatkowym f-laktoglobuling (SLG) oraz jonow
cynku z biatkami mleka — asi-, f-, x-kazeinami (as:CN, SCN, x-CN). Uzyskane
nanokompozyty poddane zostaty fizykochemicznej charakterystyce wykorzystujac bogate
instrumentarium badawcze. Okre$lona zostata takze aktywnos$¢ biologiczna nanokompozytow
wobec patogennych szczepdw opornych na antybiotyki. Ponadto przeprowadzone zostaly

badania aplikacyjne wykorzystujac model zwierzgcy (myszy).

Cele szczegotowe zrealizowano poprzez:
1. Syntez¢/immobilizacj¢ jonéw cynku oraz srebra przez biatka mleka i biatka
serwatkowe:
i.  Kinetyczne i izotermiczne badania immobilizacji jonéw cynku i srebra
w oparciu o metodg¢ sorpcji wsadowej.
2. Fizykochemiczng charakterystyke powstatych indywiduow przy wykorzystaniu
catego spektrum technik instrumentalnych.
3. Opis mechanizmu immobilizacji jonow cynku i srebra do badanych biatek oraz
tworzenie nanoczastek srebra tworzacych uktad hybrydowy AgfLG/AgNPsALG:
i.  Modelowanie molekularne pozwalajace na modelowanie otrzymanych
struktur;
ii.  Obliczenia teorii funkcjonatéw gestosci wskazujgce miejsca wigzania.
4. Okres$lenie aktywnosci biologicznej otrzymanych nanokompozytow:
i. Pilotazowe badanie aktywno$ci przeciwdrobnoustrojowej otrzymanych
preparatow wobec szczepow 0 znaczeniu klinicznym;
ii.  Oznaczenie jednostek tworzacych koloni¢ (CFU) i okreslenie ich dla
wszystkich komorek bakteryjnych jako procentu zywych komorek
w pordéwnaniu z probg kontrolng (hodowla bez obrébki).
5. Badania aplikacyjne/farmakologiczne otrzymanych nanokompozytow:

I.  Proces gojenia si¢ rany przy wykorzystaniu modelu zwierzecego (myszy).

Powyzsze zadania zrealizowane zostaly poprzez zastosowanie nastgpujacych technik
fizykochemicznych:

- Spektroskopia w podczerwieni z transformacja Fouriera (FTIR);
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- Spektroskopia Ramana;

- Spektroskopia UV-Vis;

- Spektrofluorymetria;

- Skaningowa i transmisyjna mikroskopia elektronowa (SEM, TEM);

- Dyfrakcja rentgenowska (XRD);

- Spektrometria emisyjna ze wzbudzeniem w plazmie indukcyjnie sprz¢zonej (ICP-MS);

- Spektrometria mas z jonizacja/desorpcja laserowg wspomagang matrycg oraz analizatorem
czasu przelotu (MALDI-TOF MS);

- Elektroforetyczne techniki separacyjne.
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3. Problem badawczy

3.1. Bialka

Do najliczniejszych zwigzkoéw organicznych w systemach zywych nalezg biatka. Sg one
bardzo zr6znicowane zarowno pod wzgledem struktury, jak i funkcji w poréwnaniu do innych
makroczasteczek. Decyduja one nie tylko o strukturze uktadu, prawidlowym funkcjonowaniu
1 rozwoju organizmow zywych, lecz rowniez kontrolujg kazdy proces komorkowy, w tym
procesy replikacji DNA i transkrypcji RNA, translacji i splicingu [7]. Ze wzgledu na szeroki
zakres wlasciwosci biologicznych biatek, powstata nowa dziedzina nauki jaka jest proteomika,
ktora wykorzystuje je do opisu stanu organizmu. Nauka ta dotyczy badania biatek, czasowej
ekspresji 1 okreslania biologicznych struktur, funkcji i wzajemnych oddzialywan. Ze wzgledu
na modyfikacje jakim ulegajg bialka ich liczba jest znacznie wigksza niz liczba kodujacych je
gendéw. Stad tez, celem proteomiki jest generowanie profili biatkowych, porownywanie ich
i wykrywanie r6znic migdzy nimi [7], [8].

Badania biatek wymuszajg zastosowanie Szeregu technik analitycznych o wysokiej
selektywnos$ci, rozdzielczoSci 1 czulo$ci. Zastosowanie analizy proteomicznej umozliwia
relatywnie szybkie poszukiwanie nowych biomarkerow nowotworowych, ktorych
zastosowanie w przysztosci pozwoli na wykorzystanie ich zarowno do badan przesiewowych,
jak 1 prognozowania choroby. Za sprawa proteomiki mozliwe jest pelniejsze zrozumienie
mechanizmow choréb, utatwienie rozwoju nowych lekow 1 szczepionek oraz szczegdtowe
badanie patogenow [8].

Z chemicznego punktu widzenia, biatka sa liniowymi polimerami/organicznymi
makroczasteczkami w uktadach zywych sktadajacymi si¢ z aminokwasow potaczonych ze soba
wigzaniami peptydowymi (Rys. 1). Moga przyjmowac one $ci$le okreslong konformacje
przestrzenna, stad tez mozna wsrdd nich wyr6zni¢ strukture pierwszorzedowa, drugorzedows,
trzeciorzgdowa oraz czwartorzgdowa. Struktura pierwszorzedowa zawiera $cisle okreslong
sekwencj¢ aminokwasowg 1 jej oznaczenie jest bardzo wazne chociazby ze wzgledu na
wyjasnienie mechanizmu dziatania bialka np. mechanizm katalityczny enzymu czy tez
okreslenie zmiany sekwencji aminokwasowe] bedacej przyczyng nieprawidtowego
funkcjonowania lub choroby organizmu np. Alzheimer [9], Parkinson [10], mukowiscydoza
[11]. W zwigzku z tym, iz utworzone tancuchy polimerowe mogg zwijaé¢ si¢ w regularne
struktury typu a-helisy i pf-harmonijki powstaje struktura drugorzgedowa. Indywidualne
jednostki struktury drugorzedowej w przypadku silnego skrgcenia lub wygiecia prowadza do

uzyskania struktury trzeciorzedowej. W skutek potaczenia si¢ kilku fancuchéw o konformacji

13



przestrzennej] mamy do czynienia z uzyskaniem struktury supramolekularnej, ktora jest
strukturg czwartorzgdowa. Powszechnie wystepuje dwadziescia aminokwasow zbudowanych
jedynie z izomerow L, ktorych tancuchy boczne roéznig si¢ wielkoscig, ksztattem, fadunkiem
elektrycznym, zdolno$cig do tworzenia wigzan wodorowych, hydrofobowych, hydrofilowych,
jonowych, kowalencyjnych oraz reaktywnoscia chemiczng [12]. W roztworze o obojetnym pH
aminokwasy funkcjonuja w formie zjonizowanej jako tzw. jony obojnacze to znaczy, ze
aminokwas w tej postaci ma protonowana grupe aminowa (—NHs") i zdeprotonowang grupe
karboksylowg (—-COQ7). Przy zmianie pH nastgpuje réwniez zmiana stanu jonizacji
aminokwasu, tak wiec w roztworze kwasnym grupa aminowa bedzie protonowana (—NH3"),
natomiast grupa karboksylowa pozostanie niezjonizowana (—COOH). Podczas wzrostu pH
grupa karboksylowa oddaje proton, a jej pKa jest zblizone do wartosci 2. W warunkach
zasadowych proton jest tracony przez grupe aminowa i wystepuje jako —NHz (Rys. 1). Parametr

pKa definiowany jest wedlug nastepujacego réwnania:
1
pKq = —logK, = log (-) 1)
Gdzie warto$ci pKa sg miarg sity kwasu w roztworze.

wigzanie peptydowe
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Rys. 1. Struktura wigzania peptydowego, stan jonizacji aminokwaséw w funkcji pH oraz zaleznos¢ pH

od punktu izoelektrycznego (pI) biatka; na podstawie [13].

Z uwagi na zlozong strukture i rozktad tadunku elektrycznego biatek, moga by¢ one
uznane za (bio)koloidy, gdyz ich unikalny fadunek elektryczny jest mocno uwarunkowany

wartos$cig pH.
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3.1.1. Biatka mleka i serwatki

Mleko, ktorego sktad i bogactwo oprocz powszechnie znanych faktéw prozdrowotnych
1 odzywczych, nieustannie inspiruje do poszukiwania nowych, interesujagcych i waznych
wyzwan. Jest ono bowiem zréodtem substancji biologicznie czynnych i1 zapasowych
wptywajacych na procesy zyciowe i prozdrowotne. Stanowi to kolejny argument za doktadnym
poznaniem i opisaniem jego sktadu, wlasciwosci oraz mozliwosci wykorzystania go jako
surowca do otrzymywania nowych produktéw i preparatow. Obejmuje onO calg game
zwiazkow nieorganicznych (mikro- i makroelementy, sole itp.) oraz organicznych (substancje
budulcowe 1 odzywcze, czyli: réznego rodzaju biatka, tluszcze, witaminy, cukry itp.).
Wykorzystanie mleka jako zrodta biologicznie aktywnych bialek w sposob alternatywny
doskonale wpisuje si¢ takze w ide¢ zrownowazonego rozwoju.

Glownymi biatkami mleka (okolo 75-80% v/v) sa kazeiny (CN). Stanowig one
najwickszy sktadnik biatkowy w wigkszosci mlek o znaczeniu przemystowym. Kompleks
kazeinowy dzieli si¢ na trzy frakcje: as1 1 as2 (alfa), £ (beta) i x (kappa) [14], [15]. Pozostata
czgs$¢ (okoto 20%) stanowi serwatka, ktora przez dhugi okres czasu byta uwazana wylacznie za
odpad przy produkcji sera. Obecnie stala si¢ ona punktem zainteresowania naukowcow
z powodu zawartych w niej sktadnikow, gdyz poza dostarczaniem substancji odzywczych,
pozwala zapobiega¢ chorobom i ich skutkom lub je tagodzi¢ [16]. Biatko serwatkowe sktada
si¢ z r6znych biatek, w tym p-laktoglobuliny (SLG), a-laktoalbuminy (aLA), laktoferyny
(LTF), immunoglobulin (IG), albuminy surowicy bydlecej (BSA) [17].

Kazeiny tworza w potaczeniu z fosforanem wapnia agregaty koloidalne zwane
micelami. Kompleks micelarny stabilizowany jest przez sity van der Waalsa, oddziatywania
hydrofobowe, wigzania wodorowe, stabilizacj¢ elektrostatyczng i steryczng [18]. Ponadto
stabilizacj¢ miceli zapewniaja wlasciwosci fizykochemiczne, takie jak zdolno$é
fosforylowanych reszt serynowych do wigzania si¢ z jonami wapnia oraz amfifilowy charakter
kCN, czyli frakcji, ktora jest glikozylowana 1 odpowiada za stabilizacj¢ miceli na powierzchni
[19]. Szczegodlng cecha dla kazein jest wystepowanie wigzania z grupg fosforanows, co wigcej,
wszystkie tancuchy polipeptydowe posiadaja w swojej strukturze przynajmniej jedng z tych
grup — do fosforylacji prowadzi unikalna sekwencja aminokwaséw [20]. We wspomnianej
sekwencji najpierw wystepuje seryna (Ser), po niej dowolny aminokwas, po czym ponownie
kwas glutaminowy (Glu~) lub seryna. Ma to szczegdlnie istotny wplyw na mozliwo$¢ tworzenia
wigzan z metalami. Typowa micela sktada si¢ w 92% z as1-,as2-, f-, k-Kazeiny w stosunku 3:

1:3: 1, 8% zwigzkdéw nieorganicznych takich jak: wapn (2,87%), fosforany (2,89%), cytryniany
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(0,4%) oraz niewielkie ilo$ci sodu, magnezu i potasu [19]. Stabilno$¢ dyspersyjna zaleznosci
miceli kazeinowych zwigzana jest z ich strukturg. Wéro6d wielu proponowanych modeli miceli
mozna wyrozni¢ trzy gtéwne: (1) model submiceli Slattery'ego i Evarda [21]; (2) model
nanoklastrow Holta [22] oraz (3) model podwdjnego wigzania zaproponowany przez Horne'a
[23]. Niemniej jednak, doktadna stabilnos¢ miceli jest nadal przedmiotem dyskusji i wymaga
dalszych badan w tym zakresie.

Z kolei dominujgcym biatkiem serwatkowym jest S-laktoglobulina (SLG) stanowigca
ponad 50% catkowitej zawartosci bialek serwatkowych, jednakze nie wystepuje w mleku
ludzkim [24]. Jest ona niewielkim biatkiem globularnym zaliczanym do rodziny lipokalin,
sktadajacym si¢ ze 162 reszt aminokwasowych [25]. Stanowi zrédlo aminokwasow
niezbednych i rozgat¢zionych, takich jak leucyna (Leu), izoleucyna (lle) i walina (Val) [26].
Z uwagi na znaczng obecnos¢ cysteiny (Cys), tryptofanu (Trp) i aminokwasow rozgatezionych,
mozliwo$¢ wigzania réznych ligandéw hydrofobowych (witamina A, kwasy tluszczowe) oraz
bioaktywnych peptydoéw, SLG ma doskonale whasciwosci odzywceze [27], [28], [29]. Dlatego
tez, zostala wybrana jako biatko modelowe w niniejszej pracy. Mozliwo$¢ wigzania kwasow
thuszczowych przez fLG zwigzana jest z kielichowatg strukturg tego biatka, ktéra sktada si¢
z o$mioniciowego, antyrownoleglego arkusza f otoczonego przez cztery ruchome petle
regulujace dostep do wnetrza S-barytki, czyli kielicha [30]. Niemniej jednak niezaleznie od
wielu zalet, biatko to uznawane jest za gtlowny alergen mleka odpowiedzialny za jego dziatanie
alergizujace, zwlaszcza wséréd matych dzieci. Jednakze liczne badania prowadzone nad
zmianami konformacyjnymi LG przyczyniaja si¢ do zmian w pojawiajacej si¢ alergennosci
[31].

W metodach proteomicznych istnieje wiele roznych technik uzywanych do rozdzielania
1 charakteryzowania biatek. W pracy przegladowej pt.: Hybrydowe uktady metal-biatko
w ujeciu serwatkowym [P1] skupiono si¢ m.in. na omowieniu technik analitycznych
stosowanych w badaniu biatek. Techniki te oparte sa na réznicach w rozpuszczalnosci,
wielkosci, tadunku, witasciwosciach adsorpcyjnych czasteczek biatek. Do najczesciej
stosowanych technik rozdzielania biatlek naleza metody membranowe, elektroforetyczne
I chromatograficzne, ktore nastgpnie moga zosta¢ zidentyfikowane za pomoca spektrometrii
mas, a kolejno odpowiednio zinterpretowane. Wérod metod membranowych wyr6zni¢ mozna
mikrofiltracje, ultrafiltracj¢ oraz nanofiltracj¢. Metody te r6znig si¢ miedzy sobg 1 moga by¢
wykorzystywane do izolowania biatek serwatkowych z rzeczywistych matryc w celu
przygotowania koncentratu biatek serwatkowych (WPC, ang. Whey Protein Concentration)

i izolatu biatek serwatkowych (WPI, ang. Whey Protein Isolate) oraz do rozdzielania przed
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analiza. Druga grupa obejmuje zazwyczaj elektroforeze zelowa w dwoch wariantach (postaé
natywna i denaturujaca) oraz elektroforeze kapilarng (CE, ang. Capillary Electrophoresis). Do
najbardziej zréznicowanych technik nalezg techniki chromatograficzne, w ktérych mozna
wyrozni¢ chromatografi¢ jonowymienng (IEC, ang. lon-Exchange Chromatography),
wykluczania (SEC, ang. Size-Exclusion Chromatography), cieczowa w uktadzie odwroconych
faz (RP-HPLC, ang. Reversed Phase — High Performance Liquid Chromatography).
Przyktadem wykorzystania sprz¢zonej techniki HPLC z detekcja spektrometryczng moze by¢
praca Pomastowskiego i in., w ktérej opracowano szybka i selektywng metode separacji frakcji
kazeiny [32].

Jedna z kluczowych cech fizykochemicznych biatek (biokoloidow) jest ich tadunek,
ktory zwigzany jest ze wspomniang wczesniej stata dysocjacji pKa. Analiza wplywu pH na
rozktad fadunkow elektrycznych bialek jest jednym z probleméw badawczych. Dla biatek
i peptydow uwzglednia si¢ siedem lancuchéw bocznych aminokwasow, ktore jonizuja
w zakresie pH od 1 do 14 — kwasow glutaminowego i asparaginowego (grupy karboksylowe),
tyrozyny (grupa fenolowa), cysteiny (grupa tiolowa), histydyny (boczne tancuchy
imidazolowe), lizyny (grupa aminowa) oraz argininy (grupa guanidynowa) [33], [34]. Warto$ci
pKa wszystkich natadowanych grup moga stuzy¢ do obliczenia catkowitego tadunku czasteczki
w dowolnym pH lub do oszacowania punktu izoelektrycznego (pl, ang. Isoelectric Point), czyli
pH, dla ktérego istnieje rownowaga tadunkéw dodatnich i ujemnych, stad catkowity tadunek
netto czasteczki jest rowny zeru. W pH ponizej swojego pl biatka posiadajg fadunek dodatni,
a powyzej swojego pl ich tadunek jest ujemny (Rys. 1). Wartosci pl uzyskuje si¢ m.in. poprzez
pomiar potencjatu zeta ({, ZP, ang. Zeta Potential) w funkcji pH i okreslajac pH dla ktorych
wartosci ZP przekraczaja warto§¢ 0. Na podstawie teorii elektrokinetycznej opisanej
réwnaniem Smoluchowskiego potencjal zeta definiuje si¢ jako potencjal elektrokinetyczny,
pojawiajacy si¢ na granicy pomiedzy jonami warstwy adsorpcyjnej, a wolnymi przeciwjonami
warstwy dyfuzyjnej. ZP jest proporcjonalny do gestosci tadunku na powierzchni (bio)koloidu,
ktory zalezy od pH [35], [36]. Zatem warto$¢ potencjatlu zeta bedzie r6zna w zaleznosci od pH
oraz stezenia elektrolitu (Rys. 2).

Przykladem wykorzystania pomiaru potencjalu zeta oraz wyznaczenia punktu
izoelektrycznego celem scharakteryzowania biatek, mogg by¢ prace A study of zinc ions
immobilization by p-lactoglobulin [P2] oraz The study of zinc ions binding to asi-, - and k-
casein [P3]. W niniejszych pracach potencjat zeta wyznaczono w funkcji r6znego pH w czasie
poczatkowym, po 1 h i po 5 h. Stwierdzono, Ze punkty izoelektryczne dla asiCN, SCN, «CN
i LG wynoszg odpowiednio 4,80 +0,72, 4,55 2,15, 4,40 +£0,28 i 4,60 +0,20. Ladunki
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powierzchniowe wszystkich badanych biatek miescily si¢ w zakresie -35-32 mV. Ponadto

zaobserwowano, ze wraz ze wzrostem czasu zmienia si¢ warto$¢ potencjatu zeta, a stabilnos¢
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Rys. 2. Budowa koloidu. Zmiana potencjatu powierzchniowego w funkcji odlegltosci od powierzchni

miceli; na podstawie [13].

biatek zauwazalna jest po t =1 hit=>5 h. Przy niskich warto$ciach pH tadunek powierzchniowy
biatek byt dodatni, a potencjaly zeta stawaly si¢ bardziej ujemne wraz ze wzrostem pH. W pracy
Study on zinc ions binding to the individual casein fractions: asi-, f- and k- casein [P4] za
pomocg potencjatu zeta zostala zmierzona stabilno$¢ poszczegdlnych frakcji kazeinowych
(as1-, f-, k-CN) z jonami jonéw cynku w zakresie stezen 1-600 mg/l (Rozdziat 2.2.) Wychodzi
si¢ z zatozenia, ze dla standardowych uktadéw koloidalnych, stabilizowanych oddziatywaniami
elektrostatycznymi, warto$ci potencjatu zeta pomiedzy -30 mV a +30 mV wskazuja na uktad
niestabilny [35]. Potencjat zeta dla asiCN zarejestrowano w zakresie od
-31,8 £2,8 mV w wyniku dodania st¢zenia jonow cynku 1 mg/l do 17,3 +1,7 dla stgzenia jonow
cynku 600 mg/l mV. Potencjat zeta SCN byl najbardziej stabilny podczas kompleksowania
w zakresie od 40 do 180 mg/l jondow Znag®" (-25,9 £1,86 do -27,9 +3,0 mV), natomiast byt
niestabilny przy najnizszym (1 mg/l) i najwyzszym (600 mg/l) stezeniu cynku z ZP
wynoszacymi odpowiednio -5,1 0,6 mV 1 -5,9 £3,8 mV. Wedlug warto$ci ZP mniejsza
stabilnos¢ wykazywatla forma xCN, ktorej ZP wahat si¢ od -12,5 £1,1 mV przy najnizszym (1
mg/l) do -1,3 £0,2 mV przy najwyzszym stezeniu (600 mg/l) jondéw Znaq®*. Zjawisko to moze

by¢ zwigzane z wlasciwosciami hydrofobowymi wszystkich trzech form kazeiny [37], [38].
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Ponadto na podstawie wynikow eksperymentalnych stwierdzono, ze w przypadku asiCN i «CN
dodatek jonow cynku nie wplynal na trwato$¢ tego biatka.

Kolejnym waznym zagadnieniem w proteomice jest masa molekularna biatek. Ze
wzgledu na to, ze wiele bialek moze posiada¢ takg samg mase¢ molekularng moze nastgpi¢
problem z prawidtowa identyfikacja, co moze by¢ o wiele bardziej skomplikowane niz
poznanie ludzkiego genomu i wymaga zastosowania wspotczesnych technik, ktére umozliwia
poznanie ich skfadu. Rozwigzaniem moze by¢ pomiar mas molekularnych poszczegolnych
fragmentow danego bialka, a nie jedynie calej sekwencji. Jedng z pierwszych metod
identyfikacji bialek byta degradacja Edmana opracowana przez szwedzkiego naukowca w 1950
r. [39]. Metoda ta polegata na kolejnym odrywaniu aminokwasow z N-konca peptydu biatka
1 okre$leniu typu oderwanego aminokwasu az do momentu dotarcia do C-konca tancucha
polipeptydowego. Niestety wada takiego postgpowania jest ograniczenie analizy lancucha
posiadajacego wigcej niz 60 aminokwasoéw oraz dlugi czas analizy [40]. Znacznie szybsza
metodg analizy bialek jest wprowadzona w latach 90-tych laserowa jonizacja/desorpcja probki
wspomagana matrycg z analizatorem czasu przelotu (MALDI-TOF MS, ang. Matrix Assisted
Laser Desorption/lonization with Time-of-Flight Analyzer Mass Spectrometry). Jonizacja typu
MALDI stosowana w spektrometrach spowodowata znaczna rewolucj¢ w procesie identyfikacji
biatek. Glownag jej zaleta jest analiza bialek o duzej masie czasteczkowej, wysoka
przepustowos¢ oraz czutos¢, doktadnos¢ masy, a takze zautomatyzowana analiza wielu probek
w krotkim czasie. Niemniej jednak, mimo skutecznos$ci tego podejscia, do wad mozna zaliczy¢
stosunkowo skomplikowane przygotowanie probek; nieprawidtowe przygotowanie probek do
analizy moze prowadzi¢ do krystalizacji matrycy/analitu co z kolei bedzie miato silny wpltyw
na m.in. procesy desorpcji. Zautomatyzowanie procesu identyfikacji i mozliwos¢ potaczenia
spektrometru masowego z rozdzieleniem bialek wykorzystujac elektroforez¢ w Zelu przyczynit
si¢ do znacznego rozwoju badah proteomicznych.

W proteomice wykorzystuje si¢ trzy gtowne strategie identyfikacji i charakterystyki
bialek metodami spektrometrycznymi. Sg to strategie typu top-down, bottom-up i shotgun.
Strategia top down polega na analizie biatka natywnego (tzw. intact) bez przeprowadzania
proteolizy za pomocg fragmentacji. Z kolei w podejsciu typu bottom-up biatka poddane sa
trawieniu proteolitycznemu (najczesciej trypsyng) do postaci peptyddéw przed analiza masy.
Caty komplet mas peptydow tworzacy sekwencje biatka ksztattuje jego unikalny identyfikator
nazywany odciskiem palca (PMF, ang. Peptide Mass Fingerprint) bedacy wykorzystywany do
prawidlowej identyfikacji. Za pomocg odpowiednich programow, na przyktad ProFound czy

MASCOT dokonuje si¢ przeszukania baz danych biatek, aby znalez¢ biatka, ktore trawione
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tym samym enzymem ulegng rozpadowi na peptydy o tej samej masie czasteczkowej.
W przypadku strategii shotgun nastgpuje bezposrednie trawienie mieszaniny biatek. Coraz
lepsze rozpowszechnianie 1 udoskonalanie biatkowych baz danych wptyneto na doktadniejsze
i glebsze analizy identyfikacji biatek [40], [41].

Proteom mleka jest niezwykle zlozony z powodu licznych modyfikacji
potranslacyjnych (PTMs, ang. Post-translational Modifications) i procesow proteolitycznych.
Kompozycja biatek mleka charakteryzuje si¢ duzg heterogennoscig z uwagi na liczne warianty
genetyczne oraz izoformy o réznym stopniu modyfikacji potranslacyjnych, takich jak
fosforylacja i glikozylacja gtdéwnie w kazeinach. Na przebieg fosforylacji wywieraja wptyw
rézne czynniki, jak na przyktad sekwencja biatka, skuteczno$¢ enzymow kinazowych,
ekspresja genu, dostepnos¢ substratu oraz dostep do miejsca fosforylacji, ktore odpowiada za
specyficzng konformacje biatka. Fosforylacja wplywa na stabilizacj¢ nano-klastréw fosforanu
wapnia w micelach kazeiny. Micelarna struktura kazeiny daje mleku mozliwo$¢ przenoszenia
wapnia 1 fosforanow do organizmu noworodka. ldentyfikacja i charakterystyka lokalizacji
fosforylacji jest potrzebna do poznania sieci sygnalizacji biatek mleka. Miejsca fosforylacji sa
zrédtem informacji na temat funkcjonalnych zalezno$ci pomigdzy biatkami sygnalizacyjnymi.
Uwolnione podczas hydrolizy enzymatycznej peptydy wykazujg specyficzne funkcje
biologiczne, wynikajace z ich dziatania i oddziatywan na poziomie komorkowym [42].

Do identyfikacji PTMs najlepszym sposobem jest zastosowanie metody, ktora bytaby
skuteczna, pozbawiona detergentow, zautomatyzowana oraz pozwalataby na uniknigcie utraty
probki i1 zanieczyszczen. Tradycyjne procedury trawienia w roztworze charakteryzujg si¢
dhlugim czasem inkubacji, autolizg proteazy, czy tez niskg wydajnoscig procesu trawienia.
Rozwigzaniem ulatwiajagcym prowadzenie badan proteomicznych jest zastosowanie
immobilizowanych mikroreaktoréw enzymatycznych (u-IMER, ang. Microfluidic Immobilized
Enzyme Reactor), w ktorych enzymy sg osadzone na statym nosniku. Dzigki zastosowaniu p-
IMER, mozna m.in. osiagna¢ krotszy czas analizy, zwigkszy¢ przepustowos¢ probek, a takze
wykorzysta¢ p-IMER ponownie. Ponadto metoda wzbogacania biatek i peptydow
specyficznych dla PTMs jest zastosowanie koncowek pipety ZipTip zawierajacych nosnik fazy
C18. Analiza MS i MS/MS po takim przygotowaniu probek pozwala na zwigkszenie czutosci
podczas identyfikacji biatek i wskazanie miejsc PTMs.

W pracach [P2, P4] analiza MALDI-TOF MS pozwolita na okreslenie profili
molekularnych uzyskanych natywnych bialek. Badanie to pozwolilo na scharakteryzowanie
biatek w ramach wstepnej analizy fizykochemicznej. Stwierdzono, Ze masy nienaruszonych

izoform kazeiny wynosza m/z 23 985,874 +0,326 i 19 032,393 +0,326 odpowiednio dla fCN
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I kCN. Z kolei w przypadku asiCN zaobserwowano dwa naktadajace si¢ na siebie sygnaty.
Sygnatly te odpowiadajg wartosciom m/z 23 530,363 +0,326 i 23 604,819 +0,326. Zgodnie
z danymi literaturowymi, zarejestrowane sygnaly mogg pochodzi¢ od réznych form
genetycznych asiCN. Masa LG wyniosta 18 309 0,132 Da. Niewielkie r6znice w masach
SLG moga by¢ spowodowane obecnosciag modyfikacji potranslacyjnych [43] oraz zastosowang
metodg analityczng [44]. W badaniach wlasnych zaobserwowano, ze fLG moze wystepowaé
w postaci dimeréw [2M-H]* lub nawet trimerow [3M-H]", tetramerow [4M-H]" lub
pentamerow [5M-H]*, co jest zgodne z danymi literaturowymi [45], [46]. Ponadto w pracy
Immobilized enzyme microreactors for efficient analysis of tryptic peptides in [-casein and p-
lactoglobulin [P5] skupiono si¢ na opracowaniu szybkiej metody analitycznej do badania
peptydow trawionych trypsyng dwoch modelowych biatek (SCN, SLG). Zastosowano dwa
podejscia trawienia bialek: klasyczne trawienie biatek w zelu oraz w immobilizowanym
mikroreaktorze enzymatycznym wraz z wykorzystaniem koncoéwek pipety ZipTip
zawierajacych zloze chromatograficznej fazy stacjonarnej. Uzycie koncowek oceniono pod
wzgledem poprawy lub pogorszenia wyniku pokrycia sekwencji oraz zat¢zenia i oczyszczenia
peptydow. Powstate peptydy zostaty zidentyfikowane poprzez zastosowanie oprogramowania
BioTools z wykorzystaniem niestandardowych parametrow wyszukiwania: cysteina
zmodyfikowana przez karbamidometylacj¢, utlenianie i fosforylacje. Dzigki poréwnaniu
wynikow otrzymanych z réznych metod trawienia 1 technik przygotowania probek zostato
okreslone najbardziej preferowane podejscie do osiggnigcia najwyzszego pokrycia sekwencji.
Taki wybor ma kluczowe znaczenie dla doktadnej identyfikacji biatek pozwalajac na
kompleksowe zrozumienie biatek SCN i SLG. Stwierdzono, ze lepsze pokrycie sekwencji dla
utleniania zostatlo wykazane przez p-IMER (33% SCN; 65% ALG) w pordwnaniu do
klasycznego trawienia w roztworze (20% SCN; 49% pSLG). Wynika z tego, ze p-IMER
dostarcza bardziej wydajnego srodowiska do trawienia bialek, co prowadzi do lepszego
zrozumienia ich sekwencji. Co wiecej, po zastosowaniu koncéwek pipety ZipTip nastgpita
poprawa pokrycia sekwencji zarowno w klasycznym trawieniu w roztworze (26% SCN; 60%
PLG), jak i p-IMER (41% SCN; 80% pSLG). Zatem koncowki pipety ZipTip umozliwiaja
zwigkszenie mozliwosci wykrywania i analizy procesu pokrycia sekwencji. Ponadto dla obu
biatek zidentyfikowano fosforylacje — kluczowe modyfikacje potranslacyjne w funkcji biatka.
Nie wykryto fosforylacji w biatku SCN przy zastosowaniu klasycznej metody trawienia
w roztworze jednak po zastosowaniu koncéwek pipety ZipTip pokrycie sekwencji wzrosto do
27%. Stosujac p-IMER pokrycie sekwencji byto jeszcze wyzsze (30%), a w uktadzie p-IMER—
ZipTip wyniosto 33%. Z kolei w przypadku FLG uzycie ZipTip pozwolitlo wykry¢ wyzszy
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odsetek zmodyfikowanych peptydow zaréwno w przypadku trawienia klasycznego (79%) jak
i u-IMER (79%). Powyzsze wyniki wskazuja, ze zastosowanie koncowek pipety ZipTip,
szczegblnie w potgczeniu z u-IMER zapewniajg bardziej efektywna metode pokrycia sekwencji

biatek 1 analizy modyfikacji potranslacyjnych.
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3.2. Wiazanie bialek z metalami

Biatka bedace biomolekutami nie istnialyby bez jonoéw metali, ktore nadaja im cate
spektrum nowych wlasciwoséci biologicznych [47]. Polaczenia takie stwarzaja nowe
perspektywy ich zastosowania w przemysle farmaceutycznym, kosmetycznym, medycynie czy
technologii zywienia. Mogg zatem poprawi¢ komfort i jako$¢ zycia cztowieka. Z drugiej strony,
dla chemikow-analitykow sa prawdziwym wyzwaniem zwigzanym ze zrozumieniem
mechanizméw tworzenia oddzialywan tego typu. W pracy przegladowej [P1] szerzej zostat
opisany problem oddziatywania metali z biatkami serwatkowymi. Otrzymanie biologicznie
aktywnych kompleksow biatko-metal peini role doskonatego narzedzia do okreslenia ich
wplywu na metabolizm badanego organizmu. Zmiany wywolane oddzialywaniami z metalami
sg wynikiem tworzenia nowych miejsc wigzacych (decyduja o oddziatywaniach biatka z innymi
ligandami), zmianami zachodzacymi w strukturze bialka, grupami oddziatujacymi
umozliwiajagcymi badanie charakteru oraz sily oddzialywania, a takze agregacji bialka.
Wynikiem oddziatywan metal-biatko moga by¢ metaloproteiny, metalokompleksy, nanoczastki

oraz nanokompozyty co zostato przedstawione na Rys. 3.

Metalokompleks

kofaktor jonow
metali

Rys. 3. Konsekwencje oddziatywan metal-biatko; na podstawie [48].
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Metaloproteiny powstaja glownie poprzez tworzenie wigzan koordynacyjnych
pomiedzy jonami metali, a grupami funkcyjnymi aminokwasow, chociazby grupami
karboksylowymi, wpisujac si¢ tym samym w strukture biatka. Z kolei metalokompleks jest
sztucznym uktadem zbudowanym ze stabych oddzialywan, takich jak oddziatywania
elektrostatyczne, wigzanie wodorowe, sity Wan der Waalsa czy wigzania typu donor-akceptor.
Oddzialtywania pomiedzy biatkami, a jonami metali moga prowadzi¢ do powstania
nanoczastek, czyli struktur o wymiarach w zakresie 1-100 nm. Natomiast powstaly uktad
sktadajgcy si¢ z utworzonego metalokompleksu i nanoczastek moze tworzy¢ nanokompleks/
nanokompozyt.

Wsrod nieorganicznych kofaktoréw w uktadach biologicznych, ktore utatwiajg rozne
funkcje biatek i ich kompleksow, najbardziej rozpowszechnione sg metale d-elektronowe [49].
Specyficzne miejsca wigzania metali znajduja si¢ nie tylko w biatkach, ale takze w czasteczkach
DNA i RNA, ktore sg wazne dla ich struktury i funkcji [50]. Zmiany w organizmie
spowodowane brakiem pewnych jonéw metali moga prowadzi¢ do choréb zwigzanych m.in.
z niedokrwisto$cig ztosliwa (niedobor Zzelaza), opdznieniem wzrostu (niedobor cynku),
chorobami serca (niedobor miedzi) [51].

Jednym z najobficiej wystepujacych w organizmach zywych metali przejsciowych jest
cynk. Cynk to pierwiastek chemiczny usytuowany w IV okresie i XII grupie uktadu okresowego
o liczbie atomowej 30. Ma on wypetniong powtoke d-elektronowa (4s23d'%) i tym samym
wykazuje brak energii stabilizacji pola ligandu 1 zwigzanych z tym preferencji
stereochemicznych. Stad tez liczba koordynacyjna 1 geometria kompleksow cynku okreslane
sg glownie przez promien jonu metalu i koordynujacych atoméw lub jondéw liganda stad jego
aquakompleksy cechuja si¢ dos¢ elastyczng geometria koordynacji. W szeregu
elektrochemicznym cynk wystepuje nad wodorem — jego warto$¢ potencjatu wynosi -76 V, stad
jego sktonnos¢ do utleniania [52].

Specjacj¢ cynku mozna najlepiej zrozumie¢ przy pomocy diagramu Pourbaix. Diagram
ten pokazuje formy chemiczne jako funkcje wzorcowego potencjatu redoks 1 wartosci pH. Na
podstawie diagramu wiemy, ze w calym zakresie potencjatéw redoks i wartosci pH w biologii
cynk jest obecny jako uwodniony na drugim stopniu utlenienia — Zn(ll)@aq) wykazujac
wlasciwosci obojetne. W $rodowisku kwasnym wystepuje jako aquakompleks, natomiast
w Srodowisku zasadowym pojawia si¢ w postaci wodorotlenku w wyniku hydroksylacji [52].
Cynk jest konieczny do syntezy kwasu dezoksyrybonukleinowego (DNA) i replikacji, tym
samym jest niezbedny do wzrostu. Bierze on takze udziat w homeostazie poprzez czynny udziat

w oddziatywaniu z plytkami krwi, jest takze potrzebny do produkcji przeciwciat
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i prawidlowego funkcjonowania komoérek odpornosciowych. Odgrywa gléwng role
w proliferacji komoérek zapalnych i moduluje zapalenie skory, przyczynia si¢ takze do
hamowania wzrostu bakterii [4].

Biologicznie aktywne czasteczki, jak na przyktad aminokwasy, peptydy, bialka,
weglowodany, nukleotydy, DNA, RNA czy witaminy posiadajg atomy, ktore stuza jako donory
pary elektronowej dla koordynacji metali. Zatem sa potencjalnymi ligandami do taczenia si¢
z jonami metali. Wedlug danych literaturowych, chemia koordynacyjna cynku w biatkach
i peptydach dotyczy donoréw azotu, tlenu i siarki tancuchéw bocznych histydyny (His), kwasu
glutaminowego (Glu™), kwasu asparaginowego (Asp-) oraz cysteiny (Cys) [52].

Innym metalem i jednym z najwczesniej poznanych jest srebro, ktore znalazto szerokie
zastosowanie w medycynie. We weczesnych latach XIX wieku lekarze zszywali rany
chirurgiczne srebrnymi drucikami, z kolei podczas I wojny $wiatowej na rany zotnierzy
naktadano opatrunki ze srebrem, aby zapobiec infekcjom i utatwi¢ gojenie. Srebro koloidalne
znalazlo szerokie zastosowanie na poczatku XX wieku w praktyce medycznej jako Srodek
bakteriobdjczy w szpitalach, niestety stracit na popularnosci w erze antybiotykow. Zwigzki
koordynacyjne Ag(I) ze wzgledu na swoje niezwykte wtasciwosci biologiczne zostaty uznane
za obiecujace terapeutyki, gdyz wykazuja aktywnos¢ przeciwbakteryjna, przeciwgrzybiczna,
przeciwpasozytnicza, przeciwnowotworowa, co zostalo potwierdzone w duzej liczbie badan.

Srebro jest metalem przej$sciowym nalezacym do grupy metali szlachetnych. W uktadzie
okresowym jest ono umieszczone w V okresie i XI grupie. Jego liczba atomowa wynosi 47,
a konfiguracja elektronowa to [Kr] 4d°5st. Srebro jako metal nie jest rozpuszczalne w wodzie,
natomiast rozpuszcza si¢ w swojej formie kationowej. Jego forma metaliczna 1 wigkszo$¢ jego
zwigzkOéw nieorganicznych moze jonizowa¢ i uwalnia¢ biologicznie aktywne Agaq"
w obecno$ci wody i utleniacza. Standardowy potencjal redukcyjny dla pary Ag/Ag* wynosi
0,7994 V przy pH ponizej 6, lecz przy wyzszym pH jest on nieco nizszy, poniewaz zaczyna si¢
tworzy¢ Ago0, [53]. Przyszto$¢ metali w medycynie wydaje si¢ by¢ $ci§le zwigzana z ich
formami nanometrycznymi [53]. Inng formg srebra sa nanoczastki srebra, powszechnie
stosowane w medycynie jako alternatywa dla standardowych antybiotykow. Nanotechnologia
wykazuje bowiem niesamowity potencjat zarowno w zastosowaniach terapeutycznych, jak
1 diagnostycznych. Nanomateriaty moga by¢ wykorzystywane jako leki, no$niki, sondy, srodki
kontrastowe do obrazowania, biosensory. Nie ma dowodow na to, ze srebro jest trucizng dla
czlowieka, niemniej jego stezenie po dtuzszym czasie ekspozycji moze narasta¢ w tkankach
organizmu i tym samym prowadzi¢ do niepozadanych skutkéw. Negatywne dziatanie jonéw

i nanoczgstek srebra na zdrowie czlowieka jest jednak stale oceniane i raportowane. Kiedy jony

25



srebra zostang zgromadzone w tkankach ciata, szczegdlnie w skorze, moga by¢ one
zredukowane do nanoczastek metalu poprzez procesy wynikajagce z dzialania $wiatta
stonecznego oraz innych reduktoréw lub tez wytraci¢ si¢ w postaci nierozpuszczalnych
ciemnych siarczkow i selenkdéw, tym samym barwigc skore w réznych odcieniach szaro-
niebieskiego. Takie przebarwienia moga by¢ wywotane przez dhugotrwale wdychanie i/lub
spozycie zwigzkow srebra, jednak uwazane sa one za stan jedynie kosmetyczny, gdyz nie
wywohujg zadnych toksycznych skutkéw w organizmie. Jony srebra majg silne powinowactwo
do biatek eliminujg tym samym dziatanie toksyczne [53], [54].

W pracach A4 study of zinc ions immobilization by f-lactoglobulin [P2], The study of zinc
ions binding to asi-, -, k-casein [P3], Study on zinc ions binding to the individual casein
fractions asi-, - and x-casein [P4], Study on silver ions binding to S-lactoglobulin [P6], The
influence of zinc ions concentration on f-lactoglobulin structure — physicochemical properties
of Zn—f-lactoglobulin complexes [P7] podjetym problemem naukowym bylo uzyskanie
nanokompozytéw na bazie LG z jonami cynku i srebra oraz poszczegodlnych frakcji

kazeinowych (asi-, -, k-CN) z jonami cynku.
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3.2.1. Immobilizacja jonow metali do bialek i charakterystyka wiqzania

Do opisu natury proceséw dotyczacych mechanizmow wigzania jonow przez aktywne
grupy funkcyjne biokoloidow (biatek) stosuje si¢ klasyczne zatozenia modeli kinetycznych.
Adsorpcja jest procesem, w ktérym nastepuje przyleganie lub wigzanie jonow i czasteczek na
powierzchni materialu stalego. W tym przypadku material zgromadzony na interfejsie jest
adsorbatem, a powierzchnia ciata statego jest adsorbentem. Z kolei biosorpcja jest podkategoria
adsorpcji, w ktorej sorbentem jest matryca biologiczna [55]. Podczas adsorpcji biorg udziat dwa
glowne procesy: fizyczny (sorpcja fizyczna) lub chemiczny (chemisorpcja). Adsorpcja fizyczna
jest wynikiem stabych sit przyciagania (van der Waalsa), natomiast chemisorpcja obejmuje
utworzenie silnego wigzania pomiedzy substancja rozpuszczong, a adsorbentem, ktore polega
na przeniesieniu elektronéw [56]. Kinetyka adsorpcji jest jednym z glownych czynnikow, ktory
musi by¢ zrozumiany przed zastosowaniem jakiegokolwiek adsorbentu. W kazdym procesie
adsorpcji stosuje si¢ liniowa lub nieliniowg analize kinetyki [56]. Kinetyka adsorpcji zajmuje
si¢ badaniem szybkosci procesu adsorpcji, ktora pozwala okresli¢ etap kontrolny i mechanizm
procesu adsorpcji. Do badania szybkosci i mechanizmu procesu adsorpcji najczgscie;
stosowane sg modele kinetyki zerowego rzedu (rownanie 2), pierwszego rzedu (rownanie 3),
pseudo-pierwszego rzedu (PFO, ang. Pseudo-First Order, (rownanie 4)), pseudo-drugiego
rzedu (PSO, ang. Pseudo-Second Order, (rownanie 5)) oraz Kkinetyki dyfuzji
wewnatrzczasteczkowej  (IP, ang. Intra-Particle Diffusion model, (réwnanie 6))

zaprezentowane ponizej:

C = CO - kot (2)

C = Coe_klt (3)

qr = q.(1 —e %) 4)
_ qZkat

q: = T+qok,t (5)

Gdzie: C — stezenie substancji rozpuszczonej w roztworze wodnym przez okreslony czas [mg/l]; Co —
poczatkowe stezenie substancji rozpuszczonej w roztworze wodnym [mg/l]; ko — stata szybko$ci
adsorpcji [(mg/)/min], t — czas trwania adsorpcji [min]; ki — stata szybkosci kinetyki sorpcji
pierwszego/pseudo-pierwszego rzedu [1/min]; g:— ilo$¢ adsorbatu zaadsorbowanego w czasie (mg/Q);
ge — pojemno$¢ adsorpcyjna w stanie rownowagi [mg/g]; k2 — stata szybkosci kinetyki sorpcji pseudo
drugiego rzedu [(g/mg)/min]; A — stata okreslajaca grubos¢ dyfuzji warstwy granicznej lub adsorpcji na

powierzchni zewnetrznej [mg/g]; Kip — stata szybkosci dyfuzji [mg/g min®?].
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O wyborze modelu kinetycznego decyduje m.in. charakter biosorbentu, warunki
doswiadczenia 1 rodzaj sorbatu. Opis kinetyki adsorpcji ze wzgledu na zlozonos¢
mechanizmow sorpcyjnych bywa skomplikowany. Uwzgledniajac to, z reguly analiza
przebiegu adsorpcji polega na wyznaczeniu statych kinetyki dla poszczegdlnych odcinkow
czasowych charakteryzujacych jednorodny przebieg procesu. Bywa, ze okreslony model
Kinetyki zostaje przypisany jedynie do fragmentu z catosci procesu sorpcji. Kinetyka zerowego
rzedu (rownanie 2) umozliwia opis reakcji charakteryzujacych si¢ liniowym spadkiem stezenia
sorbatu w czasie reakcji. Konfrontacja danych doswiadczalnych z tym modelem stwarza
mozliwo$¢ okreslenia szybkosci poszczegdlnych etapéw procesu sorpcji wykazujacych liniowy
przebieg. W przypadku reakcji kinetycznej pierwszego rzedu (rownanie 3) charakterystyczny
jest liniowy spadek logarytmu naturalnego chwilowego stgzenia substratu w czasie reakcji.
Z kolei kinetyka PFO okreslana jest jako rownanie szybkos$ci Lagergrena (rownanie 4). Zgodnie
z tym modelem, rdéznica pomiedzy iloscig zaadsorbowanych czasteczek adsorbatu na
adsorbencie w czasie rownowagi adsorpcyjnej, a okreslonym czasem okre$la szybkos¢ procesu
adsorpcji [57]. Opisuje ona adsorpcj¢ substancji rozpuszczonej na adsorbencie [56]. Kinetyka
PSO znana jest jako rownanie Ho i McKay (rownanie 5). Z zatozenia, w modelu tym dzielenie
si¢ lub wymiana elektronéw pomiedzy adsorbentem, a adsorbatem ma by¢ etapem
ograniczajacym szybko$¢ reakcji [57]. Szybkos$¢ adsorpcji substancji rozpuszczonej jest
proporcjonalna do dostepnych miejsc na adsorbencie, a szybkos$¢ reakcji zalezy od ilosci
substancji rozpuszczonej na powierzchni adsorbentu.

Niezaleznie od tego, ze na model PSO moga wptywac pH, wielko§¢ dawki, rozmiar
czastek 1 temperatura to model ocenia wplyw obserwowalnych parametrow szybkosci [56].
Dopasowanie mechanizmu adsorpcji z kazdym z modeli jest okres$lana przez wspolczynnik
determinacji (R?). R? pokazuje stopiefi zmienno$ci zmiennej zaleznej, ktéra zostaje wyjasniona
przez wszystkie niezalezne zmienne. Waha si¢ od 0 do 1, przy czym wartosci bliskie zeru
wskazuja na idealne dopasowanie [56]. Pomimo, ze modele kinetyczne PFO i PSO stanowig
dwa efektywne modele stuzace do okreslenia mechanizmu procesu adsorpcji, to jednak nie
wyjasniaja one mechanizmu dyfuzji czasteczek adsorbatu na adsorbencie. Wiasciwym
modelem do badania procesu adsorpcji jest model dyfuzji wewnatrzczasteczkowej (rownanie
6). Mechanizm dyfuzji adsorbatu na adsorbentach moze by¢ postrzegany przez model dyfuz;ji
wewnatrzczgsteczkowej zaproponowany przez Webera i Morrisa [57]. Istniejg trzy etapy
dyfuzji, ktore kontroluja przebieg kinetyki adsorpcji, sa to mianowicie: (I) dyfuzja sorbatu
z glebi roztworu do powierzchni sorbentu, (II) dyfuzja w warstwie granicznej oraz (I1I) dyfuzja

w glgb struktury sorbentu (biokoloidu).
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W pracach A4 study of zinc ions immobilization by f-lactoglobulin [P2], The study of zinc
ions binding to asi-, f- and x-casein [P3] i Study on silver ions binding to S-lactoglobulin [P6]
jednym z opisanych probleméw naukowych bylo zastosowanie modeli kinetycznych:
zerowego, pierwszego, pseudo-pierwszego, pseudo-drugiego rzedu oraz modelu
wewnatrzczasteczkowej dyfuzji Webera-Morrisa w celu okreslenia oddziatywan i procesow
wigzania jonow cynku (Znag®*) i srebra (Agaq*) do LG oraz jondw Znag>* do poszczegdlnych
frakcji kazeinowych (asi-, -, k-CN).

Wyniki badan wykazaty, ze proces adsorpcji zarowno jonéw cynku jak i srebra do fLG
jest procesem heterogenicznym sktadajacym si¢ z trzech gtownych etapow: (I) szybkiej sorpcji
poczatkowej; (I1) stopniowej sorpcji (w przypadku wigzania jondow Znag?* do SLG wyrdzniono
dwa etapy stopniowej sorpcji); (III) rtdwnowagi sorpcyjnej. Dla etapu I predkos¢ sorpcji jonow
Znag®* i Agaq* byta zdecydowanie najszybsza. Maksymalna skuteczno$¢ sorpcji i pojemnosé
sorpcyjna wynosily odpowiednio 69,55 £0,37% i 8,16 +0,04 mg/g dla jondw Znaq®" oraz 48,24
+3,73% i 8,05 +0,62 mg/g dla jonéw Agaq’. W przypadku zastosowania modelu
wewnatrzczasteczkowego Webera-Morrisa wyrdzniono dwa etapy. Etap I moze by¢ przypisany
efektom dyfuzyjnym warstwy granicznej lub zewne¢trznemu procesowi sorpcji
powierzchniowej, natomiast etap Il wynika z wewnatrzczasteczkowej dyfuzji jondw Znag>*
oraz jonoOw Agaq" zakohczony rownowagg sorpcyjng. Etap I w przypadku sorpcji jondw Agaq*
dodatkowo moze by¢ zwigzany z procesem redukcji stezenia jondw Agaq”.

Kinetyka procesu wigzania jonéw cynku do frakcji kazeinowych rdézni sie¢
w poréwnaniu do SLG. Mianowicie, etapy I i II zwiazane sa z szybka sorpcja oraz kolejno
z wolniejszg stopniowg sorpcja wraz z osiggnigciem rownowagi sorpcyjnej (etap III)
w przypadku SCN i «CN. Inaczej proces adsorpcji wyglada w przypadku asiCN. W etapie |
nastgpuje szybka sorpcja poczatkowa, po czym wystepuje stopniowa sorpcja (etap II) oraz
pojawia si¢ etap III z jeszcze wolniejsza sorpcja w porownaniu z etapem II bez osiggnigcia
stanu rownowagi. Maksymalne efektywnosci sorpcji 1 pojemnosci sorpcyjne dla asiCN, fCN
I kCN wynoszg 58,31 +£1,31% i 5,89 0,12 mg/g (asiCN), 51,05 £0,97% i 5,16 0,11 mg/g
(BCN), 67,81 £0,30% i 6,85 £0,05 mg/g (xCN). Nastepnie, stopniowa sorpcja jondéw Znag>*
powoduje ich dalszg dyfuzj¢ wewnatrz struktury bialka. Zastosowanie powyzszych modeli
w niniejszych pracach dostarczyto cennych informacji na temat mechanizméw biosorpcji
1 ujawnito zlozony charakter procesu w kazdym z badanych przypadkow.

Cennych informacji do oceny pojemno$ci adsorpcyjnej adsorbentu dowiedzie¢ sig
mozna rowniez dzigki modelom izotermy réwnowagi adsorpcyjnej. Izoterme przedstawia si¢

jako wykres stosunku ilosci zaadsorbowanego adsorbatu na jednostk¢ masy adsorbentu od
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stezenia rownowagowego adsorbatu pozostajacego w roztworze. Znanych jest wiele modeli
izoterm pozwalajacych opisa¢ rownowagows relacje pomigdzy adsorbentem, a adsorbatem,
takich jak modele izoterm Temkina, Sipsa, Freundlicha i Langmuira. 1zotermy Freundlicha
(rownanie 7) i Langmuira (rownanie 8) sa powszechnie stosowanymi modelami
dostarczajacymi cennych informacji pozwalajacych na okreslenie natury procesu biosorpcji;

modele te charakteryzowaty wlasciwosci powierzchniowe i wskazywaly na zdolnos¢ sorpcyjna

adsorbentu:
qe = KpC¢' (7)
_ qmKLCe
e = 75 KLCe (8)

Gdzie: ge — pojemnos¢ adsorpcyjna w stanie rownowagi [mg/g]; K — stata podziatu (1/g); C. — stgzenie
substancji rozpuszczonej w stanie rownowagi w roztworze wodnym (mg/l); n — stata empiryczna,
charakteryzujaca niejednorodno$¢ procesu adsorpcji; gm — maksymalna pojemnos¢ adsorpcyjna (mg/g);

KL — stata podziatu Langmuira (I/mg).

Korelacja danych réwnowagowych z kazdym z rownan wskazuje na jego zgodnos¢
z procesem adsorpcji i okresla typ oddziatywan pomigdzy adsorbatem, a adsorbentem. Izoterma
Freundlicha jest wprowadzona jako model empiryczny [58]. W modelu tym przyjmuje si¢, ze
adsorpcja zachodzi w miejscach, ktore sa heterogeniczne pod wzgledem energetycznym.
Opisuje on sorpcj¢ zachodzaca na granicy faz roztwor—ciato stalte, gdzie sorpcji ulegaja
zarOwno czasteczki substancji rozpuszczonej jak 1 rozpuszczalnika. Z kolei izoterma
Langmuira opiera si¢ na monowarstwowej adsorpcji na powierzchni o skonczonej liczbie
miejsc adsorpcyjnych o jednolitych strategiach, bez transmigracji adsorbatu w plaszczyznie
powierzchni. Po wypelnieniu miejsca, w tym miejscu nie moze zachodzi¢ dalsza sorpcja.
Oznacza to, ze powierzchnia osigga punkt nasycenia, gdzie zostanie osiggni¢ta maksymalna
adsorpcja powierzchni, wszystkie miejsca adsorpcji sg rOwnowazne energetycznie [58].

W pracach 4 study of zinc ions immobilization by p-lactoglobulin [P2], Study on zinc
ions binding to the individual casein fractions: osi-, - and x-casein [P4] Study on silver ions
binding to p-lactoglobulin [P6] opisanym problemem badawczym byto wykorzystanie modeli
izotermicznych w celu doktadniejszego zbadania mechanizméw zwigzanych z wigzaniem
jonow Znag?* i jondw Agag” do SLG oraz jondw Znag>* do poszczegodlnych frakeji kazeinowych
(as1-, p-, k-CN). Wyniki izoterm adsorpcji przedstawione zostaty w postaci wykresu zmiany
pojemnos$ci sorpcyjnej w zaleznosci od stezenia jonow cynku lub srebra w roztworze.
Dodatkowo, uzyskane dane eksperymentalne poréwnano z wynikami uzyskanymi dla modeli

Freundlicha i Langmuira. State szybkosci dla modeli Freundlicha i Langmuira w przypadku
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jonow Znag®* do LG wyniosty odpowiednio 6,18 I/g i 0,013 I/mg, 1,55 I/g i 0,0015 I/mg dla
as1CN, 0,66 I/g i 0,00745 I/mg dla SCN, 1,07 I/g i 0,0015 I/mg dla kCN. Uzyskane stale
wskazujg, ze model Freundlicha zapewnia lepsze dopasowanie do uzyskanych danych
eksperymentalnych dla kazdego badanego przypadku. Mozna zatem przyjac, ze proces ma
charakter powierzchniowy. Znacznie wigcej informacji uzyskano prowadzac izoterme
w funkcji Ce/Co (stezenie réwnowagowe/stezenie poczatkowe adsorbatu w roztworze).
Uwzglednienie tego rodzaju zaleznosci pozwolito na zidentyfikowanie dwoch dominujacych
etapow sorpcji jonow Znag>* na LG oraz wszystkie trzy frakcje kazeiny. W pierwszym etapie
na powierzchni badanych biatek zaobserwowano tworzenie sic monowarstwy jondow Znag>*.
Z kolei po etapie wstepnym powstata druga warstwa polegajaca na wiazaniu jondéw Znag?* z juz
zaadsorbowang monowarstwg. Dla kazein, w przypadku fCN uzyskane krzywe zaréwno dla
izoterm Freundlicha i Langmuira, jak i w funkcji Ce/Co sa nieco bardziej strome, co moze
swiadczy¢ o tym, ze biatko to wykazuje znacznie silniejsze wlasciwosci hydrofobowe niz
as1CN czy xCN.

W przypadku wigzania jondw Agaq” do SLG, dodatkowo zastosowano model Henry’ego
(rownanie 9) dla poczatkowych niskich stgzen jonoéw srebra korzystajac z nastgpujacego
réwnania:

de = KuCe ©)
Gdzie: Ky — stata rownowagi adsorpcji Henry’ego [1/g].

Model ten posiada najprostsze rownanie, w ktorym ilo$¢ adsorbatu powierzchniowego
(jondw Agaq") jest proporcjonalna do stezenia rownowagowego adsorbatu (jonow Agaq®).
Krzywa ksztattu dla otrzymanej izotermy Langmuira wskazala, ze im wigcej miejsc w podtozu
BLG jest wypetionych przez jony Agaq®, tym trudniej jest wigzgcym sie jonom Agaq* znalezé
wolne miejsca. Krzywa izotermy Langmuira wskazuje, ze jony Agaq® adsorbujg sie
réwnomiernie na powierzchni SLG. State szybkosci dla zastosowanych modeli Freundlicha
I Langmuira wyniosty odpowiednio 2,06 1/g i 0,0028 ml/g; mozna wigc stwierdzi¢, ze model
Freundlicha, podobnie jak w przypadku wigzania jonow Znaq®" zapewnia lepsze dopasowanie
do uzyskanych danych eksperymentalnych. Zatem proces wigzania jonow srebra do LG ma
takze charakter powierzchniowy. Wykorzystanie zaleznos$ci Ce/Co pozwolito na wskazanie
dwodch etapow sorpcji jonow Agaq*. Pierwszy etap wskazat na matg pojemno$é sorpcyjng
i monowarstwe jonow Agaq" na powierzchni SLG. Nastepnie, w drugim etapie, zastosowanie
wyzszych stezen jondw Agaq" oK. 150-700 mg/l spowodowato rozluznienie struktury SLG

w wyniku zmian strukturalnych uktadu srebro-fLG spowodowanych wigzaniem Ag'—Asp~
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i Ag'™-Glu". Stopniowa penetracja wewnatrz struktury rowniez wptywa na efekt relaksacji.
Dodatkowo, zaobserwowano takze redukcj¢ jondw Agaq* do stezenia Ce/Co>0,79 i uwolnienie
metalicznego srebra (Ag®) do postaci nanoczastek.

Istotne jest rowniez zbadanie zachowania termodynamicznego adsorpcji jonéw metali
na biatka. Parametry termodynamiczne takie jak zmiana entalpii/energii swobodnej Gibbsa
(AG®, ang. Gibbs Free Energy) pozwalaja okresli¢ spontaniczno$¢ danego procesu [59].
W pracach [P2, P3, P6, P7] zostala okres$lona spontaniczno$¢ procesu sorpcji jondow Znag*
I AQag” do asi-, f-, k-CN i BLG. Ujemna warto$¢ AG® wskazala na spontaniczny proces

egzoergiczny.
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3.2.2. Charakterystyka nanokompozytow

Z uwagi na unikalne wlasciwosci nanokompozytow, istnieje szczegodlna potrzeba ich
fizykochemicznej  charakterystyki z  wykorzystaniem  komplementarnych  technik
instrumentalnych, ktore wplywajg na zminimalizowanie probleméw mogacych pojawic sie
podczas ich interpretacji. Zastosowanie wiecej niz jednego podejscia analitycznego w jednym
badaniu pozwala na uzyskanie odpowiedzi na pytania, na ktére zadna pojedyncza technika nie
jest w stanie odpowiedzie¢ samodzielnie. Wsrdd technik instrumentalnych mozna wyr6znic¢
metody spektrometryczne (ICP-MS — ang. Inductively Coupled Plasma Mass Spectrometry,
MALDI-TOF MS), spektroskopowe (FTIR — ang. Fourier Transform Infrared Spectroscopy,
Raman, UV-Vis — ang. Ultraviolet-Visible Spectroscopy), mikroskopowe (SEM - ang.
Scanning Electron Microscope, TEM — ang. Transmission Electron Microscope, EDX — ang.
Energy Dispersive X-Ray analysis), dyfrakcyjne (XRD — ang. X-ray Diffraction), separacyjne
(elektroforeza zelowa).

Spektrometria mas sprzezona z plazmg wzbudzang indukcyjnie (ICP-MS) oraz
wspomagana matryca laserowa jonizacja/desorpcja probki (MALDI) z analizatorem czasu
przelotu (TOF) sa technikami dostarczajacymi zaréwno informacji pierwiastkowych, jak
1 molekularnych dla nanomateriatow 1 innych substancji biologicznie aktywnych (np. bialek,
peptydow). W pracach [P2, P3, P4, P6, P7] ICP-MS umozliwito detekcje stezen jonéw cynku
i srebra celem zbadania mechanizmu wigzania si¢ jonow cynku i srebra z LG oraz
poszczegdlnymi frakcjami kazeinowymi (asi-, f-, k-CN). MALDI-TOF-MS pozwala z duza
dokladnoscia zobrazowaé obecno$¢ rdzenia organicznego, izotopow metali, polaczen
metaloorganicznych oraz klastrow metali. W pracach Railean-Plugaru i in. [60], [61]
wykorzystano podejscie MALDI-TOF-MS do analizy zwigzkéw metaloorganicznych opartych
na jonach srebra oraz klastrow z peptydami zlokalizowanych na powierzchni
biosyntezowanych nanoczastek srebra (AgNPs). Wyniki uzyskane w pracy The study of zinc
ions binding to asi-, - and k-casein [P3] podczas analizy MALDI-TOF MS pozwolily na
precyzyjne okreslenie masy molekularnej uzytej do wigzania biatka. Dla kompleksu ZnasiCN
zaobserwowano nowe sygnaty (m/z = 8 661,218 i m/z = 9 257,008) spowodowane rozpadem
biatka na bardziej hydrofobowe fragmenty. Natomiast dla kompleksu ZnfCN pojawit si¢ nowy
sygnat m/z = 8 025,292, ktory wskazat, ze hydrofilowe jony cynku wigza si¢ z hydrofobowym
biatkiem poprzez posrednie oddzialywanie z tlenem z wody. SCN wykazal wigkszg
hydrofobowo$¢ niz inne izoformy kazeiny, gdyz zwiazane jest to z ujemnym tadunkiem na N-

koncu z pigcioma fosfoserylowymi i hydrofobowymi resztami C-koncowymi [62].
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W przypadku «CN sygnat zostal sttumiony po zwigzaniu z jonami cynku. By¢ moze jest to
efekt glikozylacji zachodzacej tylko w kCN. Widma masowe otrzymane po zwigzaniu biatka
z jonami cynku pozwalajg na stwierdzenie, ze w przypadku asiCN kluczowg rol¢ odgrywaja
grupy karboksylowe Glu™ i Asp™. W przypadku SCN wigzanie z jonami cynku odbywa si¢
poprzez posrednie oddzialywania z jonami tlenu, natomiast w xCN wigzanie jonoéw cynku
odbywa si¢ prawdopodobnie poprzez stabe oddzialywania elektrostatyczne z deprotonowanymi
grupami funkcyjnymi. Co wiecej, w pracy [P4] monitorowano zmiany spowodowane
dodatkiem réznych st¢zen jonow cynku (120, 350 1 600 mg/L). Wraz ze wzrostem stezenia
jonow cynku dla kompleksow ZnasiCN oraz ZngCN zaobserwowano zmniejszenie jego masy
oraz spadek intensywnos$ci sygnatow. Z kolei dla kompleksow ZnkCN zauwazono ttumienie
sygnatow oraz pojawienie si¢ dwoch nowych sygnatow (m/z = ~7974 i m/z = ~8045 m/z)
i szeSciu sygnatow w zakresie m/z 5000—7000 w poroéwnaniu do jego formy natywne;.
Metoda doskonale uzupetniajaca uzyskane wyniki kinetyczne oraz izotermiczne jest
spektroskopia w podczerwieni z transformacja Fouriera (FTIR) pozwalajaca na zlokalizowanie
i opisanie grup funkcyjnych bioracych udziat w procesie wigzania metal-biatko. Spektroskopia
FTIR pozwala na analize zaréwno struktury (np. grup funkcyjnych) czasteczek, jak i ich
oddziatywania z otoczeniem. Zmiany w widmie $wiadcza o obecnos$ci konkretnych grup
funkcyjnych, natomiast przesuni¢cia w kierunku innych dtugo$ci fali niz dla widma probki
pierwotnej §wiadcza o oddziatywaniu danej grupy z inng grupa substancji dodanej. W pracy
A study of zinc ions immobilization by [-lactoglobulin [P2] zastosowano metode FTIR w celu
monitorowania zmian w strukturze SLG po traktowaniu jonami Znag®* w réznych okresach
czasu inkubacji (10 min, 6 h, 24 h). Uzyskane dane z tej analizy wskazaly, ze glownymi

2* do BLG sa grupy

grupami zaangazowanymi w proces immobilizacji jonéw Znaq
karboksylowe (—COQ~). Zaobserwowano takze trend intensywno$ci sygnalow w czasie
inkubacji — wraz z wydluzaniem czasu inkubacji intensywnos$¢ sygnalow wzrasta. Z kolei
w pracy The influence of zinc ions concentration on p-lactoglobulin structure —
physicochemical properties of Zn—g-lactoglobulin complexes [P7] zbadano SLG przed i po
podaniu jonéw Znag®* w réznych stezeniach jondw Znag?* (6, 60, 600 mg/l). Intensywnosé
sygnatéw spektralnych metalokomplekséw zmniejszyta si¢ w porownaniu z kontrolg (natywna
SLG). Podobne rezultaty uzyskano dla tych samych st¢zen jonéw srebra [P6]. Ta sama technika
zostala wykorzystana podczas syntezy jonow cynku do asi-, -, k-CN [P3, P4]. W przypadku
kazein, oprocz grup karboksylowych zaangazowane w proces wigzania jonéw cynku sg

réwniez grupy fosforanowe (—PO3? /-HPO3). Dodatkowo, w pracy Study on zinc ions binding

to the individual casein fractions asi-, - and k-casein [P4] widma FTIR zarejestrowane zostaly
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dla biatek przed i po kompleksowaniu jonami cynku w trzech r6znych st¢zeniach jonéw cynku
(120, 350 i 600 mg/l) wybranych na podstawie badan izotermicznych. W przypadku
metalokomplekséw asiCN o stezeniach jondéw Znag®" wynoszacych 120, 350 i 600 mg/I
(ZnasiCN120/350/600) obserwuje sie, ze wraz ze wzrostem stezenia jonow Znag?*
intensywno$¢ sygnatu maleje w catym zakresie spektralnym, natomiast dla komplekséw SCN
I kCN (ZnpCN120/350/600, ZnkCN120/350/600) intensywnos$¢ sygnatu wzrasta. Przyczyng
obserwowanych zmian moze by¢ kinetyka wigzania jondéw Znag?* z poszczegdlnymi frakcjami
kazeiny, gdyz dla asiCN obserwowano trzy etapy: (I) szybka sorpcje poczatkowa, (1)
stopniowg sorpcje 1 (I11) coraz wolniejszg sorpcj¢ bez osiggnigcia rownowagi, w przypadku
BCN i kCN réwnowaga zostala osiggnicta. Gdy stezenie jonow Znag>" jest wyzsze, to znaczy,
ze zwigzanych jondw Znag®" jest coraz wiecej. Wynika to ze struktury samego biatka i jego
zdolnosci do wigzania jondow Znag®".

Jako technik¢ uzupelniajaca, w pracach [P2, P3, P4, P6, P7] wykorzystano
spektroskopie Ramana (spektroskopia rozpraszania). FTIR jest wynikiem absorpcji energii
przez wibrujace wigzania chemiczne, gldéwnie ruchy rozciggajace i zginajace. Natomiast
rozpraszanie Ramana wynika z tych samych typow przej$¢, jednakze obserwowalne stabe
pasma w technice FTIR mogg by¢ silne w spektroskopii Ramana i odwrotnie.

Metoda czesto wykorzystywang w badaniach biatek jest spektroskopia fluorescencyjna.
Swoje wlasciwosci  fluorescencyjne biatka zawdzigczaja obecnosci w  tancuchu
polipeptydowym aminokwasow aromatycznych takich jak tryptofan (Trp), tyrozyna (Tyr)
i fenyloalanina (Phe). Ich fluorescencja miesci si¢ w zakresie bliskiego ultrafioletu. W pracy
A study of zinc ions immobilization by f-lactoglobulin [P2] zbadana zostala fluorescencja
natywnego biatka LG oraz jego kompleksow z jonami Znag?*. W przypadku biatka natywnego
zauwazono dwa glowne pasma fluorescencji przy dtugosci fali wzbudzenia (Aex) i emisji (Aem)
odpowiednio 238, 326 nm (1); 278, 328 nm (l1), natomiast w przypadku kompleksu metalu
pojawito si¢ nowe pasmo fluorescencji 270, 540 nm (l1l). Zjawisko to moze by¢ zwigzane
z ilo$cig jonow cynku bioracych udzial w procesie wigzania z biatkiem LG, co prowadzi do
ewentualnej zmiany konformacji wokét aminokwasdéw aromatycznych zawartych w strukturze
biatka. Ponadto zmiany Aex/Aem kompleksu ZnfLG w porownaniu z fluorescencja natywnego
biatka moga rowniez wynika¢ z mechanizmu rezonansowego transferu energii lub energii
rezonansu Forstera, spowodowanego oddziatywaniem d-elektronu jonow cynku z n-elektronem
pierscieni aromatycznych lub Trp, Tyr i Phe [63]. Zmiany fluorescencji obserwowane po
procesie immobilizacji mogty by¢ réwniez spowodowane oddzialywaniem jondéw cynku z fL.G

poprzez wigzanie typu sandwich, charakterystyczne dla oddziatywania kation cynku-m Trp
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[64]. Wyniki opisane w dwoch pracach Krol 1 wsp. [65], [66] wskazaty na amplifikacje
intensywnosci fluorescencji w obecnosci ZnO NPs — moze by¢ to wynikiem wystepowania
zjawiska powierzchniowego rezonansu plazmonowego 1 stwarza to nowe mozliwosci
wykorzystania nanomateriatow tlenku cynku jako np. biosensorow.

Dodatkowo, do poznania wiasciwosci fizykochemicznych otrzymanego kompleksu
ZnpLG postuzyta spektroskopia UV-Vis. Maksimum absorpcji dla LG zaobserwowano przy
dhugosci fali 270-280 nm, co jest typowe dla bialek i wynika z absorpcji aminokwasow
aromatycznych wchodzacych w sktad struktury fLG, ktore stanowia 6,17% 162 aminokwasow
— Trp (1,23%), Tyr (2,47%) i Phe (2,47%) [67], [68]. Po dodaniu jonéw cynku do SLG
zaobserwowano spadek intensywnos$ci absorbancji. Zjawisko to moze wynikaé z ekranowania
chromoforow aromatycznych Tyr, Trp i Phe przez jony cynku [69]. Spadek intensywnosci
sygnatéw po dodaniu jondw cynku zaobserwowano takze na widmie NMR co zostato
przedstawione w pracy [P2].

Istotnym narzgdziem w obrazowaniu i charakteryzowaniu nanokompozytow sa techniki
mikroskopowe. Do najczgéciej powszechnie stosowanych technik nalezg skaningowa
mikroskopia elektronowa (SEM) oraz transmisyjna mikroskopia elektronowa (TEM).
W pracach [P2, P4, P6, P7] zostaly okreslone wtasciwosci morfologiczne i strukturalne przed
procesem wigzania jono6w cynku badz srebra do biatek (posta¢ natywna biatek) oraz po procesie
wigzania (nanokompleks). Dodatkowo sprzezenie technik SEM/TEM z technika spektroskopii
rentgenowskiej z dyspersja energii (EDX) dostarczyto cennych informacji dotyczacych
rozmieszczenia pierwiastkow na powierzchni (Zn, Ag). Analiza EDX dla metalokompleksow
wykazata, ze wraz ze wzrostem stezenia jondow Znaq®'/Agaq” pojawily sie intensywniejsze
sygnaly jondw Znag®*/Adaq". Ponadto, technika SEM pozwala na obrazowanie powierzchni
w dwoch trybach: elektronu wtornego (SE, ang. Secondary Electrons) oraz elektronu wstecznie
rozproszonego (BSE, ang. Back Scattered Electrons). Tryb SE umozliwia opisanie topografii
powierzchni i rozmiaréw badanych materiatow. Natomiast obrazy BSE SEM moga by¢
wykorzystane do potwierdzenia ich sktadu chemicznego, jak réwniez rozmieszczenia
poszczeg6lnych pierwiastkow w probkach [70]. Dzigki temu, ze obrazy BSE wykazuja duza
czulo$¢ na roznice w liczbie atomowej (liczbie Z), mozliwe jest uwidocznienie pierwiastkow
o wyzszej liczbie atomowej jako jasniejszych plam na obrazie SEM [71]. W pracy [P4] detekcja
BSE stworzyta mozliwo$¢ kontrastu obrazowania zdeponowanych jonow cynku na
powierzchni frakcji kazeinowych. Zauwazono, ze zmiany morfologiczne powierzchni biatka sg
zalezne od stezenia jondow Znag®" i Agaq’. Wraz ze wzrostem ich stezenia morfologia

powierzchni staje sie¢ bardziej porowata, wskazujac na to, ze pod wplywem wyzszego stezenia
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wigze sie wiecej jondw Znag®/Agaq*. Paulson i wsp. [72] w swoich badaniach wyjasniaja, ze
wplyw jonow metali na agregacje biatka zalezy od kilku czynnikéw, np. pH, stezenia biatka
oraz st¢zenia metali, ktore przyczyniajg si¢ do hamowania lub przyspieszania agregacji.
Badania te odgrywaja wazng role we wszelkiego rodzaju patologiach w medycynie.
Stwierdzono, ze wraz ze wzrostem st¢zenia jondw metali w mozgu, znaczniejsza agregacja
biatek sprzyja postgpowi choroby Alzheimera [72]. Bazujac na danych eksperymentalnych
mozna przypuszczaé, ze zastosowanie réznych stezen d-elektronowych jondéw metali i ich
dziatanie na biatko moze wplyna¢ na witasciwosci biologiczne i zastosowania otrzymanych
metalokompleksow. Dodatkowo, analiza TEM po dodaniu jonéw Agaq" W najwyzszym
stezeniu (600 mg/L) wskazata na obecno$¢ sferycznych nanoczastek srebra (ok. 5 nm)
homogenicznie rozproszonych, a takze agregatow (ok. 1300 nm) umocowanych
w strukturze biatka. Tworzenie si¢ nanoczastek srebra w wyniku oddziatywania metal-biatko
podczas analiz mikroskopowych, potwierdza obserwacje uzyskane z izotermy w funkcji Ce/Co
poprzez redukcje jonow Ag* do AgP, koalescencje i nanokrystalizacje [73]. Istnieja jednak
roOwniez miejsca, gdzie pomiedzy nanoczastkami srebra tworzg si¢ agregacje.
Charakterystyczny obraz TEM wysokiej rozdzielczosci (HRTEM, ang. High-Resolution
Transmission Electron Microscopy) z wyraznymi prazkami sieciowymi o odstgpach 0,23 nm
wskazat, ze wzrost nanoczastek srebra zachodzi glownie w ptaszczyznie (111). Odlegltosé
miedzyptaszczyznowa plaszczyzny Ag (111) jest zgodna z odstepem d (111) masy Ag (0,2355
nm), a wzor dyfrakcji elektrondw w wybranym obszarze (SAED, ang. Selected Area Electron
Diffraction) z jasnymi pier$cieniami kotowymi odnoszacymi si¢ do ptaszczyzn (111), (220),
(222), (331) jednej z kulistych czastek wskazuje, ze maja one strukture wysoko krystaliczng.
Podobne wyniki uzyskano dla nanoczastek srebra w wyniku syntezy AgNPs z wykorzystaniem

szczepOow bakterii Lactobacillus paracasei LPC20 wyizolowanych z serwatki [74].

37



3.2.3. Mechanizm formowania si¢ nanokompozytow

Obecnie, doglebng analize powierzchniowych proceséw wigzania metal-biatko mozna
uzyska¢ opierajac si¢ na nowym podejsciu stosowanym we wspotczesnych dyscyplinach
naukowych, a mianowicie na metodach obliczeniowych, a doktadniej analizie molekularnej
(MDs, ang. Molecular Dynamics) potaczonej z obliczeniami mechaniki kwantowej (QM, ang.
Quantum Mechanics) z wykorzystaniem teorii funkcjonatéw gestosci (DFT, ang. Density
Functional Theory). Metody te wykorzystujg wspotczesng technologie, aby dostarczy¢ cenny
wglad w zrozumienie ukladéw chemicznych wirtualnie, uzupehiajagc tym samym analize
eksperymentalng uzyskang za pomocg metod instrumentalnych. Dynamika molekularna
pozwala na przewidywanie/symulacj¢ struktury i dynamiki biatek. Z kolei, obliczenia
kwantowo mechaniczne znajduja szerokie zastosowanie w modelowaniu miejsc aktywnych
biatlek oraz wyznaczeniu parametrow termodynamicznych i kinetycznych zachodzacych
procesow. Spetniajg one doskonale swoje zadanie, poniewaz moga uchwyci¢ wszystkie efekty
elektroniczne takie jak efekty polaryzacji i przeniesienia fadunku pomiedzy oddziatujgcymi
jednostkami, ktére maja ogromne znaczenie dla prawidlowego opisu oddzialywan pomigdzy
kationami metali i ligandami biatkowymi [75]. Celem szczegélowego wyjasnienia procesow
wigzania jonow cynku oraz srebra do aktywnych grup funkcyjnych LG w pracach Study on
silver ions binding to p-lactoglobulin [P6] i The influence of zinc ions concentration on [5-
lactoglobulin structure — physicochemical properties of Zn—f-lactoglobulin complexes [P7]
zastosowano modelowanie molekularne oraz obliczenia kwantowo mechaniczne. Otrzymane
wyniki potwierdzity prawidtowos¢ interpretacji wynikow uzyskanych metoda spektroskopowsq
na silng korelacje pomiedzy liczbg miejsc wigzacych Glu/Asp™ jako dominujacych
aminokwasow oddziatujacych z jonami Znag?*. Co wiecej, wskazuja one takze na korelacje ze
stezeniem metalu — miejsca wigzania jonéw cynku z wymienionymi aminokwasami zwigkszaja
si¢ wraz ze wzrostem stezenia jondw metali. Glu™ stanowit 65-85% wszystkich oddziatywan.
Aminokwasy niepolarne Trp, Phe, Met nie braly udziatu w oddziatywaniach z jonami cynku ze
wzgledu na ich wysokie wartosci pKa w okolicach 9,0. Podobna sytuacja wystgpowata
w przypadku aminokwasow zasadowych His, Arg i Lys [76]. Mimo ze miejsca aktywne Zn-
Lys pojawiaja si¢ dla Lys w wyzszych stezeniach, to warto§¢ pKa okoto 8,95 dla Lys
w warunkach analizy przeprowadzonej w pH 4,6 wskazuje, ze nie moze on oddziatlywac
z kationami cynku. Podobne obserwacje zaobserwowano dla aminokwasow polarnych, ktorych
wysokie wartos$ci statych pKa wskazuja, ze podobnie jak aminokwasy niepolarne lub zasadowe

nie mogg oddziatywac z jonami cynku, dla Cys ze wzgledu na obecnos¢ grupy tiolowej, ktorego
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warto$¢ pKa wynosi 8,18 oraz Tyr, dla ktorego pKa wynosi 9,11 [76]. Dla kompleksow Zn-Tyr
I Zn-Cys proces kompleksowania jest niekorzystny z uwagi na dodatnig energic swobodna
wigzania.

W przypadku procesu wigzania jonow srebra do LG najsilniejsze miejsca wigzania
jondéw srebra zaobserwowano odpowiednio dla Asp i Glu™, Tyr, Met, Lys. Podobnie jak
w przypadku wigzania jonéw cynku zaobserwowano, Ze miejsca wigzania jondw srebra
z wymienionymi aminokwasami zwigkszajg si¢ wraz ze wzrostem stezenia jonOw srebra.
Ponadto, w oparciu o podejscie symulacji dynamiki molekularnej i obliczen mechaniki
kwantowej zaproponowano mechanizm wigzania jonOw srebra i tworzenia si¢ nanoczastek
srebra. Srebro oddziatujace z LG przy nizszych stezeniach jonow srebra (6, 60 mg/L)
prowadzi do tworzenia metalokompleksow. Natomiast stosujac wyzsze st¢zenie jonéw srebra
(600 mg/L) obserwuje si¢ roznicg, a mianowicie powstawanie metalokompleksow wraz
z tworzeniem si¢ nanoczagstek srebra tworzacych uklad hybrydowy AgfLG/AgNPSALG.
Wynika to z silnego powinowactwa Glu™ i Asp™ przy wyzszym stezeniu srebra (600 mg/L) na
mol FLG (20 jonow srebra/czasteczka SLG). Zainicjowany proces redukcji wynika
z przeniesienia elektronow z reszt aminokwasowych LG na zaadsorbowane kationy srebra, co
prowadzi do powstania srebra atomowego (Ag°). Nastepnie zredukowane srebro (Ag®) dziata
jako miejsca nukleacji, na ktorych w procesie elektrochemicznym kationy srebra (Ag") sa
redukowane do srebra atomowego, co prowadzi do powstania nanoklastrow srebra (AgP).
Nanoklastry te ulegaja koalescencji tworzac nanoczastki stabilizowane przez czasteczki biatka
[77]. Na podstawie wynikow izoterm oraz przeprowadzonych badan TEM, obecno$é
nanoczastek srebra o wielkosci okoto 5 nm zaobserwowano w przypadku nanokompleksu
AgpLG300, czyli tego 0 najwyzszym stezeniu jondw srebra (600 mg/L).

Dziedzing wchodzaca w sklad modelowania molekularnego jest dokowanie
molekularne (MD, ang. Molecular Docking). Dokowanie molekularne pomaga przewidzie¢
miejsca 1 charakter oddzialywania pomiedzy czasteczkami. Najczes$ciej] wykorzystuje sig
makroczasteczke receptora lub strukture biatka oraz ligand, taki jak jon metalu lub matly
zwigzek organiczny. Zasadniczg ideg symulacji jest wykorzystanie co najmniej dwoéch
niepowigzanych ze soba struktur i znalezienie najsilniejszego potaczenia, jakie moze istnie¢
miedzy nimi. W pracy [P4] po raz pierwszy przedstawiono badania dokowania molekularnego
jondw Znag?* zwigzanych z poszczegdlnymi izoformami kazeiny (asi-, f- i k-CN). Uzyskane
wyniki wskazaly, ze zdeprotonowana grupa karboksylowa Glu~, jak rowniez pierscien
imidazolowy His byly dominujacymi aminokwasami asi- i SCN najsilniej oddziatujacymi

zZ jonami Zna®*. Intrygujaco, w oddzialywaniu xCN z cynkiem, istotng role moze odgrywac
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siarka pochodzaca z cysteiny. Wynik modelowania, a tym samym przewidywane miejsce
przytaczenia jonu metalu do struktury biatka w duzym stopniu zalezy od sekwencji
i konformacji przestrzennej struktury biatka. Miedzy otrzymanymi wynikami w wyniku
dokowania molekularnego, a technikami instrumentalnymi uzyskano duzg zgodno$¢. Protokoty
dokowania sg zazwyczaj szybkie i wymagaja niewielkiej mocy obliczeniowej ze wzgledu na
duza liczbe przyblizen [78], [79].

Duzg zaletg dokowania molekularnego jest fakt, ze sg one tanimi technikami. Niemniej
jednak, polaczenie drogich, ale doktadniejszych technik symulacji modelowania
molekularnego moze by¢ lepszym uzupelnieniem dokowania. Symulacje MDs prowadza
intensywniejsze poszukiwania konformacyjne niz metody dokowania molekularnego
1 zapewniajg dokladniejsze przedstawienie biatek 1 ich oddziatywan. Nalezy jednak podkresli¢
fakt, ze potaczenie metod instrumentalnych i teoretycznych stanowi komplementarne podejs$cie
analityczne. Obie metody potwierdzily i uzupehily informacje na temat zachodzacych

mechanizméw w tworzeniu kompleksow typu metal-biatko.
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3.3. Innowacyjne rozwigzanie w walce z lekoopornoscia

Na przestrzeni ostatnich dziesi¢cioleci, jednym z najwiekszych zagrozen dla globalnego
zdrowia publicznego uznaje si¢ zjawisko lekoopornosci na leki. Oporno$¢ ta ogranicza leczenie
infekcji, podwazajac tym samym wiele postepdw w medycynie np. chirurgii, leczeniu raka
1 zmniejszaniu immunosupresji, ktorych efektywno$¢ zalezy od umiejetnosci skutecznego
leczenia infekcji. Mikroorganizmy na przestrzeni lat opracowaly mechanizmy pozwalajace im
chroni¢ si¢ przed szkodliwym dziataniem i przekazywaniu tych mechanizméw ochronnych
innym mikrobom. Dynamiczny wzrost opornos$ci na leki przeciwdrobnoustrojowe w XX 1 XXI
wieku jest efektem wspomnianych poteznych mechanizmow ewolucyjnych w zestawieniu
z dziatalnoscig cztowieka, ktora wplywa na §wiat drobnoustrojow [80]. Nieprawidlowe decyzje
dotyczace terapii bywaja powigzane z niepewnoscia diagnostyczng. Pacjenci bardzo czgsto nie
majg przeprowadzonego szybkiego i doktadnego testu, ktory okreslitby czy przyczyna choroby
jest patogen bakteryjny. Skutkiem tej niepewnosci wlacznie z niecheciag do podejmowania
ryzyka wérod lekarzy i pacjentow oraz nieprawidtowym przekonaniem, ze dany antybiotyk nie
zaszkodzi co roku miliony antybiotykdéw sa przyjmowane chociaz nie sg potrzebne [80], [81].
Ponadto niejasno$¢ ewolucji bakterii skutkuje tym, ze opornos¢ nie jest przewidywalna, stad
tez brakuje rozwoju nowych lekow, gdyz producenci inwestujacy w opracowywanie
antybiotykdw moga uznaé, ze zyski sa niewystarczajace, jako ze odporno$¢ na nowe
antybiotyki utrudnia pomyslne wprowadzenie produktu na rynek [82]. Niewatpliwie, problem
lekooporno$ci wystepuje w coraz to czesciej wzrastajacej ilosci ran przewlektych i ciezkich
infekcjach ran. Tego typu rany stwarzajg korzystne podtoze dla inwazji 1 proliferacji patogenow
co powoduje, ze czesto dochodzi do ich zakazen. Z uwagi na zachodzace zmiany
demograficzne w kierunku spoteczenstwa w podesztym wieku, wérdd ktérego znajduja sie
pacjenci z wieloma schorzeniami, wzrasta obcigzenie zdrowotne i zainteresowanie humanitarne
skutecznym leczeniem zakazen ran [83]. W zwiazku z powyzszym, opisany problem
lekoopornosci, wymusza badaczy do poszukiwania srodkéw przeciwdrobnoustrojowych, ktore
moglyby pomoéc w walce z patogennymi drobnoustrojami. Obiecujaca odpowiedzia na
zjawisko lekoopornosci jest opracowanie nowych zwigzkéw opartych na jonach metali
w potaczeniu z biatkami jako potencjalne nowej generacji preparaty przeciwdrobnoustrojowe,
na ktore mikroorganizmy nie bedg w stanie wytworzy¢ mechanizméw lekoopornych.

Powyzsza problematyka zostata uwzgledniona i podjgta w pracy Metal-protein action
for the wound healing process using murine model C57BL/6J mouse [P8], w ktorej jednym

z celow bylo zbadanie skutecznosci przeciwdrobnoustrojowej zsyntetyzowanych kompleksow.
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Wsrod zbadanych szczepow znalazly sie te, ktore wystepuja w ostrych i przewlektych ranach
czy tez wywoluja infekcje u pacjentdw z obnizong odpornoscia takie jak: (1) Proteus mirabilis
PX 220 86112 MLD, (II) Escherichia coli MB 11464 1 CHB, (I11) Pseudomonas aeruginosa
DSM 5007717 HAM, (IV) Staphylococcus aureus ATCC 33591 THL - wyizolowane
z odlezyn; (V) Candida albicans ATCC 10231 THL, (VI) Candida krusei CBS 2107 CBS —
wyizolowane ze stopy cukrzycowej; oraz te, ktore sa uwazane za bezpieczne i korzystne dla
mikroflory cztowieka takie jak: (VII) Lactobacillus paracasei DSM 2649 DSM, (VIII)
Lactococcus lactis ATCC 10231 — wyizolowane z serwatki. Zainteresowanie bakteriami
prozdrowotnymi przejawia si¢ w coraz wigkszej liczbie opracowywanych produktow zywnosci
funkcjonalnej trafiajacych na rynek, a takze w rosnacych przychodach i zyskach zwlaszcza
suplementéw bakteryjnych na S$wiecie [84]. W pracy [P8] zastosowano dwie rozne
metodologie, a mianowicie wyznaczenie minimalnego st¢zenia hamujacego (MIC, ang
Minimal Inhibitory Concentration) oraz klasyczne wyznaczenie liczby tworzacej kolonie
(CFU, ang. Colony Forming Unit). Wyniki wskazaly na dobra aktywno$¢ przeciwbakteryjng
i przeciwgrzybiczg otrzymanych kompleksoéw kazeiny i fLG — zaobserwowano zahamowanie
wzrostu badanych szczepdw po zastosowaniu komplekséw, a wartosci MIC miescily si¢
w zakresie 6,25-200 ug/ml.

W pracy [P8] podjeto si¢ rowniez problemu badawczego jakim jest zastosowanie in Vivo
preparatow kompleksowych ZnfLG i AgSLG na gojenie si¢ ran stosujac model zwierzecy
(myszy). Dodatkowo, zwrocono uwage na okre$lenie akumulacji cynku i srebra w probkach
tkanki watroby 1 krwi. Zamknigcie rany bylo monitorowane za pomoca mikroskopu
stereoskopowego, a badanie lokalizacji metali w tkankach watroby i krwi przeprowadzono za
pomocg spektrometru masowego ICP-MS. Proces gojenia si¢ ran prowadzony byt przez
dziesi¢¢ dni. Przez caly czas trwania eksperymentu byly monitorowane waga i zachowanie
gryzoni. Zastosowanie preparatow na bazie nanokompozytow metalowo-biatkowych
w koncowym etapie obserwacji wykazato pojawienie si¢ strupa wskazujacego na wtasciwosci
wysuszajace 1 $ciggajace. Cynk jest mikroelementem naturalnie wystepujacym w organach
takich jak watroba, nerki, ptuca, $ledziona czy mézg. Przy zastosowaniu opatrunku cynkowego
ZnpLG (MIC) i ZnpLG (110% MIC) stwierdzono wzrost poziomu tego pierwiastka we krwi
wzgledem poziomu w tkance kontrolnej. Natomiast poziom cynku w watrobie byl
poréwnywalny z poziomem w watrobie myszy kontrolnych. W przypadku srebra odnotowano
nieznaczne ilo$ci srebra zarowno w probkach watroby jak 1 krwi. Przyjmuje si¢, ze organizm,

absorbujac zwiazki srebra, tworzy kompleksy glownie z biatkami, a takze z RNA i DNA,
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wigzac si¢ z grupami sulfhydrylowymi, aminowymi, karboksylowymi, fosforanowymi
I imidazolowymi.

Wstepne eksperymenty, ktore oceniaty bezpieczenstwo nanokompozytow opartych na
biatkach wykazaty satysfakcjonujace rezultaty. Wyniki te wskazuja, ze owe nanokompozyty
moga mie¢ praktyczne zastosowanie jako potencjalne, nietoksyczne substancje do terapii
trudno leczacych si¢ ran w obszarze medycyny. Moga one petni¢ role innowacyjnych srodkow
antyseptycznych. Innymi stowy, poczatkowe badania na temat nanokompozytow bazujacych
na biatkach potwierdzity, ze sa one bezpieczne. Z tego powodu moga one by¢ wykorzystane
jako nowe, nieszkodliwe dla organizmu $rodki do leczenia problematycznych ran. Tego typu

nanokompozyty moga stanowi¢ nowoczesne antyseptyki w medycynie.
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4. Publikacje naukowe

4.1. Hybrydowe uklady metal-bialko w ujeciu serwatkowym

[P1] A. Rodzik, P. Pomastowski, V. Railean-Plugaru, B. Buszewski, Hybrydowe ukiady metal-
biatko w ujeciu serwatkowym, Analityka: nauka i praktyka, 2021, 2, 4-12.
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AGNIESZKA RODIIK PAWEL POMASTOW/SK]

wplywu tych oddziatywan.

Mieko, sklad i jego bogactwo obok znanych faktéw
prozdrowotnych | odzywezych ciggle stanowi inspira-
ge do poszukiwania nowych, interesujacych i waznych
wyzwahi. Jest ono bowiern iridiem substancjl biologicz
nie aktywnych i zapasowych, majqoych wplyw na pro-
cesy zyciowe i prozdrowotne. To kolejny argument do
szczeg@lowego poznania i opisu jego sklade, wiaicwosci
i mozliwosci wykorzystania jako surowiec do pozyska-
nia nowych produktéw i preparatéw, Obok calej gamy
2wiqzkiwe nicorganicznych (mikeo- | makroelementy,
sole etc.) | organicznych (substance buduloowee i odzyw-
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Obok calej gamy zwigzkow nieorganicznych i organicznych wazng i interesujqca grupe zwiazkow
biologicznie aktywnych stanowig bialka serwatkowe. Maja one zdolnos¢ do oddziatywania z jonami
metali. Aby zrozumie¢ zjawiska oddzialywan metal-biatko, wazne jest opracowanie i wdrozenie nowych,
innowacyjnych metod analitycznych, polaczonych z badaniami zmian aktywnosci biologicznej oraz analiza

Hybrydowe nanokompozyty
typu metal-biatko serwatkowe

z€, 1j.- thzne typy bialka, tuszcze, witaminy, cukry etc)
wazng | interesujacy grupe zwigzkdw biologicznie aktyw-
nych stanovig biatka serwatkowe. Majg one zdolnoéé
do oddzialywania z jonami metali. Ma to przelozenie na
réane dziedziny zwiazane z postepem cywilizacyjnym
i jakoscig zyda czdowseka, Oddzialywania te majg dwo-
jaki charakter. Po pierwsze mogy one stanowic¢ szeroki
wachlarz mozlvoéci zastosowania w 2ywnoii, nutraceu-
tykach czy przemysle farmaceutycznym, a po drugie moga
byt prawdziwym wyzwaniem aralitycznym dla badaczy
zwigzanym z ich badaniem mechanizmu wiazania pro-
wadzicym do powstania metaloprotein, metalokomphek-
sow, nanoczistek czy nanokompozytéw. Aby zrazumied
zjawiska oddziafywar metal-bialko, waine jest opraco-
wanie i wdrozenie nowych, innowacyjrych metod ana-
fityezrych, policzonych z badaniami zmian aktywnoéci
biclogicznej oraz analiza wplywu tych addznatywan,

Oddzialywanie bialek serwatkowych z metalami

Jony metali oddzialujg z biatkami, wphywajac w ten spo-

s6b na ich aktywnos¢ biologiczng. Ocena tych zmian

ma duze znaczenie, poniewaz biatka pelnig wiele funk-

cji w organizmie cztowieka i znajdujg zastosowanie

w wielu galeziach przemysiu. Dia oceny zmian wywola-

nych odklziatywaniem z metalami istotne sq nastepujace

czynniki:

| tworzenie nowych miegse vagzacych, ktdre determinu-
ja oddzialywania bialka z innymi ligandami,

W zmiany w strukturze biatka,

B grupy oddzialujace, umozliwiajace badanie charakle
ru, a tym samym sily oddziatywania,

B agregacja biatka,

Wynikiem oddziatywan metal-biatko moga by¢ metalo-

proteiny, metalokompleksy, nanoczastki oraz nanokom-

pozyty, co zostalo przedstawione na rysunku 1.



Metaloproteiny powstaja gléwnie poprzez wigzania
koordynacy|ne pomiedzy jonami metali | grupami funk
cyjnymi aminokwastw, na przyklad karboksylowymi,
\\-l,un."m\‘u|,;_|, si¢ w ten spasdb w strukture bialka. Te
ine bialka twerzq spegalne miejsce wig-

grupy funke
z3ce w formie ,woeki® lang. cave}, kidra jest okredlona
przez strukture czwartorzedowa bialka i jego aktywnodd
biologiczng. Ponadto, bialka z grupy metaloprotein
mogq oddziatywal z jonami metali, tworzge albo meta-
okompleksy, albo nanoczastki metalw'tlenky metalu
Metalokompleks z kolei jest sztucznym ukladem zdefi-
niowanym przez stabe oddzatywania, takie jak oddzia-

lywania elektrostatyczne, wigzanie wodorowe, sify van

der Waalsa czy wigzania donorowo-akceptorowe, k

sumarycznic s3 silniejsze od wczeiniej wymienionych

oddziatywan. Oddzialywania bialka i jon metali
2 aktywnymi grupami funkcyjnymi aminokwastw mogs
byt odwracalne i fabilne oraz prowadzié do powstawa-
nia nanoczistek, czyli struktur o wymiarach w zakresie
1 nm — 100 nm. Powstaly ukfad skiadajacy siq z utwo-
rzonego metalokompleksu | nanoczastek moze tworzy¢
nanokompozyt. Dodatkowo warto wspomnied, Ze staty-
stycznie rdzne rodzaje oddziatywan jonu metalu i roz-
nych grup funkeyjnych biatka mogy zachodzic, a nawet
Z teoretycznego punktu widzenia, zachodzy jednoczesnie
Jednak ostateczny wynik tych oddziabywan zalezy od

wielu czynnikéw | warunkdw (temperatury, pH itp.)
Determinuja one konformacje biatka, jego fatdowanie/
rozfaldowanie, a tym samym tworzenie miejsc wigzania
dla jonu metalu. Ponadto maq '.‘.pfy‘.\- na orentacie grup
funkcyjnych biatka (czynnik steryezny dla eddzishwania)
Wiyjasnia to réwniez silne wigzania koordynacyjne jondw
metali | bialek w metaloproteinie, poniewaz wiele czyn-

nikiws moze prowadzid do pomstawania ~viebied” jako
miejsc wigzaoych dla jondw metali, ktdre 53 dod trudne
do odtworzenia w sztucznym ukladzie. Umazliwia to syn-
teze ghdwnie metalokompleksdm, padezas gdy metalopeo-
teiny powstaja pezede wszystkim na drodze naturalnej
Oproez tworzenia sie nanokompazytéw dochedzi row
niez do indukowanej metalami agregacii biatek (wplyw
Ladunku), kidea pewoduje utrate aktywnoéci biologicznej
wytracanie sie biatek 2 roztworu, To 2 koles negatyw-
nie wplywa na jakoét produkiu. Chemia agregaci bia
Ik imhlu,mu,mqi matalami moze byS wyjasniona prasz

teorie oddzialywan wewngtrzezasteczkowych Derjagin-
-Landau-Verwey-Qverbeek {IVO), ktdra traktuje sta-
bilnos¢ ukladu biokeloidalnego w kategoriach réwno-
wagi pomiedzy przyciggajacymi silami van der Waaka

i
st

i odpychajcymi elektrycznymi sifami dwuwarstw
Ipotengat zeta). Dodatek jondw metali powoduje v
sif przyciagajacych, co wzmacnia oddzialywania pomie-

dzy jednostkami biatkowymi, powodujgc powstawanie
duiych agy

Metale przeficiowe (metale d-elektronawe) <3 nagardzie]
poveszechnymi kofaktorami nieorganicznymi w ukladach
biokmicznych, ktare implikuya rozne funkgje bialek i ich
komplekséw. Metale d-elektronawe majq naturalng
powinowactwo do oddzialywania z biatkami ze wzgkdu
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na brak elektrondw, dzieki czemu mogy koordynowad sie
z bogatymi w elektrony czasteczkami w biatkach, Powo-
dupe to, z¢ metaloproteiny sq szeroko rozpowszechnione
w przyrodzie. Szacuje sig, ze ponad 50 % wszystkich bia-
lek to wizsnie metaloproteiny. Ponadio, takie jony meta-
i jak mieddz (I, zelazo (I, mangan 00 i molibden (1)
maja zdolnode do napsilniepsze] koordynag) ze wagledu
na swope wlasciwodc, takie jak gestosé | maly promiefs
atomowy. Co wazniejsze, obecnodt metali przejicio-
wych jest wizechobecna w érodowisku, a Zradia | drogi
narazenia czlowseka mogq byd bardzo rézne. Ponadto,
kompleksy metali znajduja zastosowanie jako leki dla
pacjentéw z niedokrwistosciy z niedobons zelaza, cho-
robami nerek, nowotworami (kompleksy palladu, rutenu
i platyny) oraz dotknigtych niedoiywieniem,

Wreszcie, zwigkszone spozycie mikroelementow metali
jako suplementéw zywnoéci zwigksza prawdopadobied-
stwo ich oddziatywania z bialkami, poniewaz globalne
zapotrzebowanie na dywnodd bogaty w biatko wzroslo
wraz z popraw3 standardu Zycia oraz z dominujgcym
udzialem peocentowym funkcji bialek w organizmie
czlowieka.

Natura oddziatywan metal-biatko

Natura oddziatywan metal-biatiko pozwala na pozna-
nie rodzaju i sily tych oddzialywan, jak rédwniez zaan-
gazowania grup funkoyjnych bialka w proces wigzania.
Przykladowo sorpcja na powierzchni bialka, ktdra jest
charakterystyczna dla metalokompleksaw, mo2e zacho-
dzi¢ poprzez slabe oddzialywania niekowalencyjne,
ktore sq niestabilne i ochwracalne, Silniejsze s wigzania
koordynacyjne, kidee umodiiwiajq whudowanie metalu
w strukture biatka.

taricuchy polipeptydowe biatek zwykle koordynuja
z jonami metali, a tadcuchy boczne z grupam:
funkcyjnymi megq danowit dodatkowe miejsoe wigzania
dla metali, migdzy innymi grupa imidazolowa histydyny

w-laktoalbumina

laktoferyna albumina surowicy bydlecej

Rys. 2. Struktury biadek serwatkowych

6
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(His), grupa karboksylowa asparaginianu {Asp) | gluta-
minianu (Glu), piericen fenolowy tyrozyny (Tyr), azot
taficuchtiw bocznych lizyay (Lys) i asgininy (Argl. lstotne
naczenie dla oddziatywania metal-bialko majg wigzania
wodorowe, elektrostatyczne, hydrofobowe oraz oddzia-
lywania van der Waalsa, co ma znaczacy wplyw na sta-
bilizacje struktur bialkowych. Czynnikami wplywajacymi
na wigzanie metalu z biatkami sg wladciwosc metalu,
takie jak stan walencyjny, promied jonawy, zdolnosé do
preyjmowania ladunku oraz stezenie wolnego metalu,
Jednakze, badania nad natury oddzialywan metal-biatko
oraz charakterystyka wigzania metall z bealkami stanowig
wyzwanie i s prowadzone przy uzyciu irstrumentalnych
technik analitycznych, jak réwniez kombenacji réznych
technik instrumentalnych,

Kolejnym czynnikiem wplywajacym na oddzialywanie
metal-biafko jest pH, Wplyw pH na takie oddzialywa-
nia mozna wytlumaczye stanem pectonowania amino-
kwasdw w biatkach. Po pierwsze, Asp, Glu i His reaguji
na zmiany pH prowadzgce do asocjacjydysecjacji ich
komplekséw 2 jonami metali i ulegaja deprotonacji
w pH obojetno-zasadowym, co prowadzi do wzrostu
preyciggania elektrostatycznego i wzmuocnienia kom.
pleksu, natomiast w pH kwasnym nastepuje protona-
ja i oslabienie sil przyciagania. Ponadto, cysteina {Cys)
posiada grupe tolowa, ktdra musi by¢ zdeprotonowana,
aby mogla uczestniczyd w wigzaniu metalu, jak rdwniez
Tyr moze by zdeprotonowany, aby wytworzyt fenola-
nowy Mom donoru tlenu, ktéry na przyklad moze by¢
dobrym ligandem dla zefaza (lIl), Interesujace jest, 2e
w przypadku wplywu pH na powinowactwo wigzania
zelaza do bikioferyny zaangazowany jest jon weglanowy,
gdyz jest on niezbedny do wigzania zelaza, a jon ten
jest niestabilny w niskim pH, co prowadzi do uwolnienia
zelaza z laktoferyny. Inny aspekt wplywu pH zwiazany
jest ze zmianami koaformacyjnymi w strukturze biatka,
na przyklad p-laktoglobulina w warunkach kwasnych
powodowala dimeryzacie, ktora wigzala sie ze zmianami
w ekspanowanych pasmach [}, natomiast w warunkach
zasadowych obserwowano denaturacje.

Wykazano riwniez, ze Ghu | Asp powinny by¢ polgczone
2 donurem azotu lub denorem siarki, aby ulatwié wigza-
nie cynku w peptydach lub biatkach, stosujgc izotermicz-
ne miareczkowanie kalorymetryczne ITC (ang, lsother-
mal Titration Calorimetry). Biatka serwatkowe (rys, 2),
takie jok laktoferyna (LTF), o-laktoalbumina (a-LA)
I p-laktoglobulina (B-LG), wykazywaly silne, zblizone
do siebie powinowactwa wiazania cynku. Warto zazna-
czy€, ze wigzanie cynku z albuming surowicy bydlecej
IBSA | LTF} jest egzotermiczne, podezas gy wigzanie
z a-LA | f-LG jest lekko endotermiczne. Sugeruje sie, ze
cynk wigze si¢ z wigzaniami disiarczkowymi utlenionej
Cys w LTF oraz z grupq tiolowa cysteiny (Cys34) w BSA
2 stotnym wydzielaniem ciepla, podczas gdy cynk wiaze
sie z His, Asp lub Glu w o-LA i B-LC.

Dodatkowo, badania wykazaly, ze oddziatywanie kom-
pleksu bantan (ll-cysteina z B-LG i BSA wywoluje zmia-
ny konformacyjne obu biatek. Ponadto, kompleks lantan



[lp-cysteina silnie wygasza flucrescencie fluorofons Trp
w -LG i BSA w trybie wygaszania statycznego. Wigzania
wodorowe 1 sily van der Waalsa stabilizujg kompleksy
dla obu bialek. Podobne badania dotyczace oddzia-
lywan lantan-biatko przeprowadzono dla kompleksu
lantanu (1) z tryptofanem (Trp} | femyloalaning (Phe)
w odniesieniu do albuminy surowicy ludzkiej (HSAL
Kompleks fantanu z Trp wykazuje réwniez umiarkawang
do dobrej aktywnost przeciwbakteryjng wobec rizmych
szczeptw bakterii, Pordwnywalne wyniki uzyskano dla
oddzialywan pomiedzy HSA i p-LG z kompleksami pal-
ladu {11). Badania spektroskopowe wykazaly zmiany kon-
formacyjne biatek w wyniku dzidania kompleksu pal-
ladu {I1). Dane Gotyczace parametrw termodynamicz-
nych oddzialywan pokazuja, ze w asogagach HSA/B-LC
i komplekséw pallady (1) stotng rolg odgrywaja wigza-
nia wodorowe | oddziatywania van der Waalsa. Wyni-
ki badan wykazaly silne wygaszanie fluorescencli HSA
i LG przez kompleks palladu (1) na drodze mechani-
2mu statycznego.

Techniki analityczne w rozdzielaniu i analizie
biatek serwatkowych

Metody rozdzielania biatek serwatkowych obejmu-
j1 metody membeanowe (vltrafiltracja | mikrofiltracjal,
elektroforetyczne oraz chromatograficzne (powinowac-
twa, anionowe] i kationowe) wymiany, odwracone] fazy)
czy przeplywowe frakcjonowanie w polu zewngtrznym
FFF (ang. Field Flow Fractionation).

Metody oparte na technikach ultrafiltracii membranowe)
sq bardzo zréznicowane | mogy byé stosowane do izola-
cji bialek serwatkowych z rzeczywistych matryc. Ponadto
skutecznie mogg by€ stosowane do przygotowania kon-
centratu biatek serwatkowych WPC fang. Whey Protein
Concentrate} i izolatu biatek serwatkowych WP (ang.
Whey Protein (solate) oraz do rozdzielania przed kofco-
wq analiza‘detekejq.

Techniki elekiroforetyczne obejmujy elekiroforeze kapi-
lamg CE (ang. Capillary Elecrrophoresisi, zelowq SDS
PAGE, Natve PAGE (ang. Sodium Dodecyl Suffate Folia-
crylamide Gel Electropharesis) i mikrochipowg MCE
(ang. Micrachip Hlectrophoresis), Technika mikroprze-
phywawa lab-on-a-chip® do rozdzielania biatek zosta-
la opisana jeku wysokowyddjid i zaulumalyzowan
alternatywa dla konwencjonalnej SDS PACE, ktdra
pozwala na rozdzielenie i kwantyfikacje wielu prébek
w oagu 30 minut Kolejna zaleta jest mafa wymagana
objgtost pribki | materialu, ktéra jest zwykle mniejsza
niz 0,5 ml catkowitej objetosci chipa (10 probek). Dla
poréwnania, SDS PAGE wymaga kilku litréw materia-
léw {roztwory akrylamidu, bufory i roztwory banwiace/
odbarwiajace). Gliwnym ograniczeniem systemu kapi-
larnego | mikroprzephywowego jest jednak stosunkowo
niska odtwarzalnosé rozdzielania elektroforetycznego.
Wynika to z adhezji bialek do kapilary., denaturacji
i wrazliwoici systemu na zmiany pH oraz sity jonowe|
bufordw. Wykazano, ze dodanie bufoséw do solubili-
zacji TPS fang. Total Protein Solubilization) i roedziela-

nia bialek SEP lang, Separating Mitk Protein Buffer) do
mleka przed separacjq mialo doskonaly wplyw na a-LA
i B-LG. Wykazano tez, e separacja kazein byla lepsza
przy uzyciu buforu SER a wyniki byly pordwnywaine
2 tymi uzyskanymi metody SDS PAGE.

Techniki chromatograficzne sluzace do rozdzielania bia-
lek serwatkowych s3 zréznicowane. Separacja w tym
przypadku oparta jest na oddziatywaniach hydrefo-
bowych, jonowych oraz specyficzaych (opartych na
powinowactwie molekularnym) i polega na adsorpciji
bialek na ciele stalym (kolumnie lub membranie), ktdre
s elvowane fazq ciekly, Chromatografis jonowymien-
na ma wiele zalet w poréwnaniu z technologig kolum-
nowo-pakowang, takie jak szybki stopier asocjacji
pomiedzy biatkiem docelowym a grupami funkcyjmymi,
kratki czas przetwarzania, fatwodd skalowania, brak cie-
pla | chemicznych obribek wstepnych lub zmian pH,
ktére moglyby wplywac na strukturg bialka, zmienia-
jac jego wdaiciwoici. Ponadto, technika chromatografii
kolumnowej jest kosztowna i dlatego nie jest ekono-
micznie oplacalna do zastosowania na skale przemy-
slowg w przemyéle spozywczym. Kolumny membra-
nowe anionowe i kationowymienne wykorzystano do
frakcjonowania bialek serwatkowych z WPC i serwatki
z sera mozzarella, a nastgpnie do rozdzielania za pomo-
«<a szybkiej chromatografii cieczowe] bialek FPLC (ang.
Fast Protein Liquid Chromatography) | wysokasprawnej
chromatografii cieczowej HPLC {ang. High Performance
Liquid Chromatography), wykrywania za pomocy UV Vis
i wentyfikacji za pomocg SDS PAGE. Stwierdzono, ze
jeden system wyriany jonowej moze by¢ wykorzysty-
wany do rézrych celéw w zaleznei od buforu elucyj-
nego. Pierwszy etap obejmuje wychwytywanie dodatnie
natadowanych bialek serwatkawych w kolumnie katio-
nowymiennej, drugi etap to usuwanie niezwigzanych
zanieczyszezen przez plukanie, a ostatni etap obejmuje
selektywny desorpeje jednego lub wiecej interesujacych
bialek, Jedng z zalet tego badania bylo wykorzystanie
niedrogich, spozywezych buforw w jednej kolumnie
do uzyskania bialek o wysokiej czystosai. Jednak metody
chromatograficzne w porGwnaniu 2 klasycznymi techni-
kami elektroforetycznymi, na praykiad dwuwymiarowg
elektroforezy zelowa, majg woiaz dosé niskg zdolnosé
1uzdziviizy.

Pewny alternatyws do rozdzielania | charakteryzowania
biafek serwatkowych jest przeplywowe frakcjonowanie
w polu zewnetrznym (FFF). Proces przebiega w spe-
galnie zaprojektowanych kanalach, gdzie generawany
jest pezeplyw laminamy fazy ruchome] {newtonowski,
paraboliczny profil] z uwzglednieniem gradientu pola
zewnetrznego. Réznica w natezeniu przephyws i stero-
wane natgzeniem tego pola (grawitacyjne, magnetyca-
ne, elektryczne etc.) pozwala na wstepne i calkowite
frakcjonowanie bialek, a nastepnie ich oznaczenie za
pomacy on-line detektondw |UV Vis, elektrochemiczne,
fluorescencyjne czy uklady laserowe jak wielokgtowe
rozproszenie éwiatla czy spektrometria mas (MS) oraz
sprzetenie z plazmy indukcying (KCP MS).
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Techniki analityczne do badania oddziatywan
bialek serwatkowych z jonami metali

Metody spektrometrii mas, jako wysoce czule techniki
0 niskich granicach wykrywalnosci, zostaly zastosowane
do badania oddziatywan metal-biatko poprzez pomiar
stgzenia jonéw metalu i biatka. Spektrometria mas ze
wzbudzeniem w plazmie indukcyjnie sprzgzonej ICP
MS fang. Inductively Coupled Plasma Mass Spectrome-
try) jest zdolna do wykrywania stezes metali, co zostalo
odnotowane w naszych pracach w pezypadku oznacza-
nia stezenia jondw srebra (1), jonéw cynku (Il w cely
zhadania mechanizmu wigzania srebra 2 LTF | cynku
z f-LG. Chromatografia wykluczenla wietkosci SEC (ang,
Size Exclusion Chromatography) w polaczeniu z ICP MS
zostala zastosowana do oznaczania takich metali, jak
mangan, kobalt, miedz i selen obecnych w edinych
frakjach bialek serwatkowych mieka ludzkiego (HBM)
w celu wykrycia pierwiastkow z cdpowiednia czulofeiy
| doMadnesci, podezas gy metoda laserowe jonizacji/
desorpaji prébki wspomagane] matrycg z anakzatorem
czasu przelotu MALDE TOF TOF MS (ang. Matrix-Assisted
Laser Desarplion {onization technique coupled to Time-
-Ol-Flight Mass Spectrometry) | wsskosprawna chroma-
tografia cieczowa z tindemowg spektrometria mas LC
MS MS (ang, Liquid Chromatography coupled with tan.
dern Mass Spectrometry) zostaly uizyte do analizy skladu
frakcji biatek i profilu ilosciowego. Pomima zalet § szyb-
kiego rozwoju protokodow MALDI TOF MS do analizy
biatek lotym standardem do okreélania masy, sekwencji
biatek, ich analizy i charakterystyki jest jonizacja przez
rozpylanie w polu elektryeznym ESI MS {ang. Electro-
spray lonization), Ograniczeniami ES! MS dla oddzialy-
wah metal-biatko mogg by¢ reakdje redoks, ktore moga

zachodzié podczas jonizacyi, cisnienie atmosferyczne,
ktdee moze przycryniaé sig do utleniania wrazliwych
gatunkow, wymagania dotyczace wysokiej czystosc
probki oraz miekompatybilnos¢ z najczesciej stosowarny-
mi nieorganicznymi bufoeami ¢ solami,

Oprécz technik spektrometrdi mas inne metody stosa-
wane w celu zrozumienia mechanizma wiazania srebra
Z LTF c2y tez cynku z B-LC obejmowaly spekircskopie
w podczerwieni z transfarmacjy Fouriera FTIR lang.
Fourter Transtormed Infrared Spectroscopy| oraz spektro-
skopie Ramana (RS). Zartwno analiza FTIR, jak i spekiro-
skopia Ramana wykazaly znaczace réinice w widmach
metal-bialko w stosunku do natywnego bialka w postaci
dodatkewych sygnaféw. Techniki te 54 komplementar-
ne do badania cddziatywart jondw metali z aktywnymi
grupami funkcyjnymi bialek. Jednakze FTIR w porow-
nanu z RS jest mniej specyficzna i czufa ze wzgledu na
obecnodt wody w ukladzie, co ogranicza udzial grupy
hydroksylowej w cddziatywaniu, Alternatywnie, RS jest
ograniczona przez procesy flucrescendi reszt aromatycz-
nych LTF i wymaga zastosowania procedur W3pOmaga-
nych powierzchniowo, na preyklad popezez napylanie
nanoczastek ztota lub srebra. Dodatkowo, aby precy-
zynie wskazat miejsce wiazania kationu srebra z LTE
mozna zastosowaé analizg dynamiki molekularnej MD
tang. Molecular Dynamics). Ponadto, okreslajge miej-
sca wigzania kationdw srebra z LTF, wekazano redukeje
jonGw srebra do srebra elementamego za pomoca teo-
i funkcjonaldw gestoici DFT (ang, Density functional
Theory), Z drugie] strony, rentgenowska spektroskopia
fotoelektronéw XPS (ang. Xvay Phatocelectron Spectio-
scopy) zostala wykorzystana do potwierdzenia proyla-
czenia peptydu LTF (hLA1-11) do powierzchni tytanu

Badania kinetyezne i zotermiczne

Analiza spektrofluorometryczna

4

Rys. 3. Mechanizm wigzania jondw metali do biatka oraz analiza Instrumentaina
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poprzez okreslenie skladu chemicznego powierzchnl
ukdadu. Inng wazng technikg jest spektroskopia fluore-
scencyjna, ktdra pozwolila na ckreslenie powinowactwa
wiazania beatek serwatkowych | jontw metali poprzez
pomiar wygaszonej fluorescencji bialka po dodaniu
metalu. Metoda ta jest jednak odpowiednia giéwnie dia
umiarkowanych i silnych powinowactw i zawiera szereg
szczeglléw, ktdre nalezy uwzglednid pedczas pomia-
rénv, Powinowactwa wigzania réznych jondw meta-
li # bialek serwatkowych byly najzeécie] okreslane za
pomocq spektroskopii orescencyjnej. Drugy metody,
ktéra zostala wykorzystana do okreélenia pawinowactwa
wigzania oddzialywan jonéw metali i bialek serwatko-
wych byla izotermiczna kalorymetria miareczikowa ITC
(ang. lsothermal Titravon Calovimetry), ITC opiera sie na
pomiarach zmian ciepla podczas oddziatywania. Zalety
tej metody w stosunku do innych technik jest mozliwoéé
pomiaru parametréw termodynamicznych oddziatywa-
nia wraz z powinowactwern wigzania, jednak w przy-
padku komplekséw o bardzo wysokim lub niskim powi-
nowactwie jest to trudne,

Techniki mikeoskopowe moga stuzy¢ jako podrednie
metody badania skutkéw oddziafywart i opisu mecha-
nizmu wiazania jontw metali z baafkiem prowadzacego
do powdania nanoczgstek poprzez ich obrazowanie.
Analizy skaningowej mikroskopii elektronowej SEM
lang. Scanning Eectron Microscope) przeprowadzane
sq w celu monitorowania zmian w morfologii struktury
blatka przed procesem wigzania dla natywnych biatek
(LTF i p-LC) oraz po procesie wigzania z jonami meta-
Ii lsrebra, cynku). Badania wskazaly, iz jony cyrku s3
réwnomiernie smmobilizowane na‘w wielowymiarowe)
strukturze mikroporowatej B-LG. Z kolei analizy z zasto-
sowaniem transmisyjnej mikroskopii elektronowej TEM
{ang. Trangmission Electron Microscope) postuzyty dodat-
kowo do fizykochemicznej charakterystyki nanoczqtek
powstatych w wyniku oddziatywania LTF z jonami sre-
bra. Analiza TEM pozwolila okregli¢ morfologie i wiel-
kos¢ nanoczastek, natormiast SEM pozwolita stwierdzit,
2e otrzymane czastki majg ksztaht sferyczny w zakeesie
90 nm ~ 110 nm. Dodatkown, badania oparte na dyna-
micznym rozpraszaniu éwiatla wykazaly, ze Srednica
hydrodynamiczna otrzymanych nanoczastek LTF wyno-
<150 nm £ 20 nm. Réenice te modna wythumaczyd
faktem, ze analiza dynamicznego rozpraszania éwiatla
DLS {ang. Dynamic Light Scattering) uwzglednia hydro-
dynamiczny rozmiar rozpuszczonego biatka, natomiast
metody mikroskopii elektronowej s3 wykorzystywane do
badania topologj, porowatosdi i rozmiaru rdzenia meta-
loorganicznego. Morfalogie nanoczastek LTF scharakte-
fyzovano lakze, uzywajac zardwno SEM, jak | mikrosko-
pii sit atomowych AFM fang. Atomic Force Microscopy),
ktora wykazala, 2e nanoczastki mialy ksztalt sferyczny
i Srednice 50 nm — 60 nm (rys. 3).

Technika jonizacji desorpcji laserowe] wspomaga-
nej matrycg (MALDI) sprzgzona ze spektrometrig mas
W czasie przelotu (TOF MS) stata sie jedng 2z powszech-
nie stosowanych metod charakteryzacji bialek obok
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Rys. 4. Bialka sarwatkawe wystepujace w najwiekszych ilasdach w serwatce i ich wladdwosci biokagiczne

glzetiwnumtmrm

: Aktywnos¢
i przeawwinusowa

B NPT

innych podepsc opartych na spektrometrii mas, Do zaket
MALDH TOF MS nalezy zaliczyé prostote ulycia, czufose,
duzy zakres mas | wzgledng odpornoéé na interferencie
z matryc, Ponadto, technika ta mo2e by¢ wykorzystywa-
na nle tylko do charakterystyki biatek, ale rowniez do
badania ich interakeji, poniewaz aktywnosd biologicz-
na i rozpoznawanie biomokekul 59 definiowane przez
cddzialywania niekowalencyjne. Inteérakeje roznych
ligandéw z biafkamni s3 mteresujace, poniewaz pefniq one
wiele funkeji zasémwno w przyrodzie, jak | w organizmie
czlowieka. Przykladowo, analiza MALDI TOF MS B-LG
zostata wykorzystana do badania jej wphwu na odpor-
noé czlavaeka i promocje proliferaci komarek, a anali-
za komplekséw anhydrazy weglowej IX z potencalnymi
syntetycznymi inhibitorami pozwolila na identyfikacje
jedynie dinie wigzgoych sie z biatkami inhibitoraw dzieki
naturze jonizacji MALDL. W niektdrych praypadkach
w badaniach nad geneza choréh rola komplekstw
metal-bialko i specjacja metali 53 przedmiotem duze-
go cainteresowania, scczegllnie wopnzypadiu oy
Alzheimera i jej implikacji. Chociaz MALDI MS nie jest
w stanie okredlic ilodci merak w prdbkach biologicznych,
jak rowniez w systemach medelowych, do takich badasd
moze byc wykorzystana do ilofciowego aznaczania bia-
lek i identyfikacji micjsc modyfikacji potranslacyjnych
PTM (ang. Posttransiational Maodifications). Pomimo
wyzwan zwigzanych z kwantyfikacjy MALDI MS zwig-
zanych z odtwarzalnoéca wynikéw, podejicia takie jak
wykorzystanie znacznikow izobarycznych do waglednej
i absolutnej kwantyzacjl ITRAQ (ang. isobaric Tags for
Refative and Absolute Quantization) sq szeroko stosowa-
re do hznicowania wyrazonych bialek w proteomice
pordwnawcze| ze wzgledu na duzg skale, wysoka prze.
pustowosc | wysoka czulodl procedur réznych padejsé
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opartych na spektrometrii mas. W technologii tej stasuje
sig 4-krotny zestaw aminowo reaktywnych znacznikéw
izobarycznych do derywatyzacji peptydtw na N-koficu
I na fancuchach bocznych lizyny, znakujac w ten sposah
wszystkie peptycy w mieszaninie trawigoej.

Ponadto, PTM s kluczowe dla akiywmosci biologjcz-
nej biatek, a ich identyfikacja jest waznym wyzwaniem
analitycznym. Technika MALDI TOF MS moze byc
zastosowana do tego celu poprzez trawienie biatek do
peptydaw, a nastepnie identyfikacje miejsc PTM, Cho-
claz MALDI TOF MS jest szeroko stosowana réwniez
do znalizy strawionych bialek, analiza peptyddw nisko-
czasteczkowych moze byé skomplikowana ze wzgfedu
na interferencje z matryca, a co za tym idzie tumienie
sygnalu (< 700 Da). Podefda bezmatrycowe obejmu-
i3 wiele metod analizy z wykorzystaniem materialow
zastepupacych matryce, Obiecujacy techniky jest joni-
zadja/desorpdja laserowa wspomagana nanostrukturami
NALDI (ang. Nano-Assisted Laser Desorption fonization),
Nanesmaterialy wspomagalg jonizacie, oo prawada do
wzmocnienia sygnaty dzieki powierzchniowemu rezo-
nansovd plazmonowemu, Przykladowo, badania dono-
szq, ze plytka NALDI zapewnia wyniki o lepszej czulosci
w pordwnaniu z plytky na porowatym krzemie (DIOS),
proszkiem weglowym | porowatg krzemionka dla mode-
lowych peptydéw w zakresie 519-2853 Da. Co cieka-
we, podejsciec NALDI moze by¢ obiecujace dia badan
interakcji megal-peplyd, o jest rowniez waing czesciy
badar interakeji metal-biztko, poniewaz moze wskazac,
czy niektore peptycy moga by¢ specyficznie zwigzane
Z interesujacym nas metalem.

Tak wigc, techniki MALDI i NALDI moga byé komple-
mentarne wzgledem sieble w zakresie obrazowania
i charakterystyki oddzialywad metal-biatko, gdy s poly-




Jabela. Badanie oddziatywan metal -biaftko 1 ich patencialne zastosowanie

Przeciwbakteryjna wohec:
Pseudomonas aeruginosa,
' Leczenie trudno gojacych
1 Ag-LTF Staphylococcus avrews, ; ;
Escherichia cofi, sk an, odiezyn
Enterococcus faecalis
: Leczenie zakazenia
Przedwhbaktaryjna wobec ;
2 n-LTF ; 4 pateczkami okreznicy
Escherichia coli u prosigr
Przedwnowotworowa wobec
[inii komorkowych raka piersi MCF-7 .
3 L6 Przecwutieniajaca wobec radnika DPPH- Lecrenie nka
(2,2-difenylo-1-pikrylohydrazy)
| -
adE Zwigkszenie
4 In-o-lA Prekursor jondw cynku hlodostgpno{o anu
Zn-BSA l w Zywmosci

czone 2 innymi tachnlkami instrumentalnymi w nastepu-

jqcych przypadiach:

®analiza i charakterystyka nienaruszonych @ stra-
wionych biatek, analiza adduktdw metal-biatko za
pomoca MALDI,

8 analiza peptydow strawionych z bialek wyjsciowych
w zakresie niskich mas czysteczkowych, adduktiw
peptydowych z metalami | miejscami PTM zlokalizo-
wanymi na peptydach o niskiej masie czgsteczkowej

22 pomoca NALDI w zakresie srednich | wysokich mas

za pomocag MALDI,
® analiza iloéciowa bialek za pomocq MALDYNALDI

Znaczenie oddzialywania biatek serwatkowych

z metalami

Biako serwatkawe zawiera giownie BLG, a-LA oraz LTF,
ktdre charakteryzulq sie wysoka wanoscig biologiczng
przewyzszajacg inne typowe biatka pokarmowe (rys. 4).
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A

Gram-ujemne (-)
Rys. 5. Mechanizm dzatania przedwbaktenyinego bistek.

z korsekwentnym uszkodzeniem blony komérkowej,

Cytoplazma

Bakterie Gram-ujemne; biafka mogg wiazac sie z lipidem a lipopolisacharydu, powndujac uwalnienie tego Fioidu

Baiterie Gram-dodatrie: bialka wiaZq si¢ 2 ujernie natadowanymi casteczkami blony kembrkowe], takimi jak kwas
ipoteihojowy, neutralizujac tadunek éciany | umozliwiajqe driatanie innych zwiazkaw preaciwbaktenyjych, takich jak fzozym.

Gram-dodatnie (+)

Biafka serwatkowe wykazuja aknwnosé antyoksydacying
popezez tworzenie glutationu (GSH). Moze to bye zwiy-
zane z aktywnoiciy przeciwnowotworowy. GSH moze
powstawad dzieki wysokiej zawartoder siarki w biatkach
serwatkowych zapewnionej przez obecnod cysteiny,
ktdra tworzy y-glutamyfocysteing, a etap ten jest ogra-
niczajgcy w syntezie GSH. Ponadto, LTF moze pefnic
funkcje przeciwutleniacza poprzez wiazanie zelaza
w formie, ktdra uniemoiliwia mu pelnienie funkcji kata-
lizatora Habera-Weissa, Natomiast kompleksy biatek ser-
watkowych z metalami wykazuja aktywnod pezeciwno-
wabworows, stuzac jako nosniki dla komplekséw metali
takich jak kompleksy lantanu (111l z B-LG oraz kompleksy
kobaltu i niklu 2 HSA | B-LG.

Niemniej jednak wplyw metali na aktywnosd prze-
ciwnowotworows bialek serwatkowych mozna wyka-
2a¢ na preykfadzie LTF Nienasycona zelazem apo-LTF
hamuje wzrost komdrek raka szyjki maccy (Hela) po
48 h leczenia, podczas gdy diferric-bLi nie byta sku-
teczna. Dodatkowo wskazano, e zaréwno nienasycona
zelazem apo-LTF, jak i nasycona zelazem LTF (> 90 %
wysycenia Fe'") wykazujy wlaikiwosci przeciwnowo-
tworowe, jednak forma apo-LTF wykazywala wigkszy
efekt w indukowaniu cytotoksycznaici w obu liniach
komoOrkowych (MDA-MB-231 | MCF-7} w porwnaniu
z Fe-LTF, ktdra byla bardzie) skuteczna w indukowa-
niu apoptozy w liniach komérkowych MCF-7. Badania
przeprowadzone na myszach wykazaly, ze chemiote-
rapia zlikwidowata chloniaki EL-4 u myszy, ktore otrzy-
mywaly LTF nasycony telazem przez 6 tygodni przed
chemioterapia, ale nie u myszy otrzymujacych formy
mniej nasycone telazem, Stwierdzono, ze LTF moze
by¢ potencjalnym naturalnym Srodkiem wspomagaja-
cym chemioterapig, ale nasycona zelazem moze byt
bardziej skuteczna.
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LTE, B-LC same w sobie posiadaja aktywnosé przecive
hakteryjna, co przedstawiono na rysunku 5, oraz funkcje
immunemoduacyjne.

Natomiast stwierdzono, ze nanokompozyt w wyniku
interakgji jonéw srebra z LTF i spontaniczng redukcja
Jontéw srebra do nancczastek wykazuje silng aktywnosé
przeciwbakteryjng wobec Pseudomonas aeruginosa,
Staphyfococcus aureus, Escherichia coli | Enterococcus
faecalis. Wzrost lekoopoenego szczepu P aeruginosa
zostal zahamowany o ponad 97 %, co bylo pordwny-
walne z tradycyjnym antybiotykiem cefotaksymem {tab.),
Ponadto wykazano, 2e LTF moze by¢ stosowana w celu
zmniejszenia ryzyka aspiracyjnego zapalenia pluc u oséb
starszych, u ktérych pielegnacja jamy ustnej jest utrud-
niona. Dodatkowo, dziatanie przeciwpasozytnicze LTF
jest rézne w zaleznoéci od gatunky, LTF zakloca przy-
swajanie zelaza przez niektore pasozyty, jednak moze
ona dzialac jako specyficzny donor 2elaza dla niektérych
pasczytéw, kibee wykorzystujy LTF do swojegoe warostu,
Dokladniej méwizc, holo-LTF oddziatuje z receptorami
blony komérkowej, a komérka zaczyna wydzielaé kom-
pleks reduktazy felaza, ktdra zawiera NADPH, wyma-
gajac reduktazy, a ta oddaje efektrony, zmieniajic w ten
spostb potencial blony i prowadzac do jej rozpadu,

Agnleszka Rodzik, Pawe! Pomastowski, Viorica
Railean-Plugaru, Boguslaw Buszewski

Katedra Chemii Srodowiska i Bioanalityki, Wydzial Chemii,
Uniwersytet Mikolaja Kopernika, Torun,
Interdyscyplinarne Centrum Nowoczesnych Technologi,
Uniwersytet Mikofaja Kopemika, Toruf

Podziekowania:
Praca 20stala wsparta finansowo prasz Narodown Centrum Nauki
w ramach projektu Opus 14 ar 2017/27/BST402628 {2018-2021)

|
|




4.2. A study of zinc ions immobilization by g-lactoglobulin

[P2] B. Buszewski, A. Rodzik, V. Railean-Plugaru, M. Sprynskyy, P. Pomastowski, A study of
zinc ions immobilization by fS-lactoglobulin, Colloids and Surfaces A, 2020, 591, 1-13, doi:
10.1016/j.colsurfa.2020.124443.
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ARTICLE INFOQ ABSTRACT
Fywords: The aim of the study was to immobilize zinc ions by p-lactoglobulin (BLG) micelles. The investigation focused on
frLactogiotalin physicochemical properties of f-lactoglobulin and rinc-p-lactoglobulin complexes as well as the stability of the
£lne foms obtained complex in synthetic physiological fluids. Kinetic and ispthermal stodies of zine ion immohdlization by
Hnc-f-lacinglotelin complen PLG were conducted based on baich scoption approach, while the mechanism of binding zinc ions to BLG was
m - s determined and described by application of severa] kinetic and isotherm models, sach as zero arder, first and
peeudo-first arder, intraparticle Weber.Momis diffission, Langmuir and Freondlich models. The natare of
binding, immobilization of rinc ions to (LG was determined with instrumental complementary analysis by using
the specirometric, spectroscopic, microsoopic, thermal and X-ray diffaction methods. The nesults revealed that
zinc ion binding to BLG is a heterogeneous process which consists of three main stages: the sage one was
associated with rapid sorption of zinc jors on the surface of (LG micelles, while stages two and thres resulted
from intramolecular diffusion of znc ions. Morsover, based on instrumental and stability study it was proven
that acidic (Glu, Asp) and aromatic (Tyr, Trp, Phe) amine acid groups participate in formation of #In-fLG
camplex as a metallocomplex with nutracsutical potential
1. Introduction production waste. Nowadays it has become a focus of sclentific Interest

due to Iis Ingredients: in additon to providing nutrients, it can abko
Whey has been considered for a bong time exclusively as chaese prevent or alleviate diseases and thelr effects [1]. One of the dominant
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whey proteins is fHlactoglobulin (fLG), which accounts for more than
50 % of the total whey protein content [2]. f-Lactoglobulin 15 8 small
globular proteln belonging to the lpocalin family, consisting of 162
amino acld residues [3]. There are several genetlc varants (A, B, C, D,
E, F, G, H and W] differing in one or two axchangss of amino acids, of
which the complete primary structures A, E and W have been estab-
lished. Godovac-Zimmermann ef al. 1solated two new varlants 1 and J,
differing In two amino aclds at positions 108 and 126 [4].

P-Lactoglobulin is & source of essantial and branched-chaln amino
aclds such as leucine, Isoleucine and valine [S]. Moreover, the BLG
contains two disulAde bonds (Cys-66 to Cys-160, Cys-106 to Cys-116)
and one free thiol group (Cys-121), which prevent oxidation by cap-
turing reactive oxygen species (R0OS) [6]. f-Lactoglobulin exhibits an-
tibacterial properties affecting the human Immune system by stabilizing
cell proliferation [2]. It thus contributes to protection against diseases
such as sepsis and septic shock with subsaguent muld-organ fallure,
which are currently Increasingly frequent causes of death [7].

Dwesplie Its many advantages, this protein 1s considered to be the
main milk allergen, which Is responsible for allergenic effects of milk,
especially among young children. However, many studles carmed out
on conformational p-lactoglobulin changes contribute to changss in the
emerging allergenicity [3].

A key structural alement of g-lactoglobulin 15 the p-barral, which is
a hydrophobic ligand-binding pocket and lgand transport pocket. The
mechantsm of ligand binding Inside the p-barrel depands on the en-
vironmental conditions [9]. Due to the nature of f-bamels, p-lactoglo-
bulin has a natural ability to bind to retinol, triglycerides, long-chain
fatty acids or vitamins [10], and even drugs such as platinum-based
oxaliplatin used against colorectal cancers [11]. Binding of different
maolecules or metal catoms (such us #inc lons) to B-lactoglobulin
changes their biological activity [2].

Zinc loms (Zn**) play a major role in the control of redox blology
[1Z]. Zinc can act as a catalytic, structural and regulatory cofactor in
enzymes [13)]. In the 1980s a remarkable discovary was the so-called
zinc fingers In which zinc performs structural functions in domains, in-
teracting with other blomodecules [13]. In A way, proteins are the major
ligands for divalent zine lons, and zinc-dependent proteins have many
essentlal functions in cells, such as transcription regulation, DNA repalr,
and apoptosts [14,15]. Besldes that, this elamant is one of the minerals
mast Important for human health because of Its antioxidant properties —
metabolic disorders caused by oxidative stress contribute to damage to
cells and tissues, leading to chronle diseases such as obesity, diabetes or
cancer [16]. Supplamentation of zinc has a positive effect on glycemic
control [17], osteoporasis [18], and wound healing process [15]; 1t also
has the ability to regulate iImmunological homeostasis [19]. However,
the nature of binding molecules and metal lons to the multidimensional
structure of blocolloids (protelns) is complicated, sometimes un-
expected and astonishing [20]. Researchers are thus currantly sseking
new approaches to studying the mechanism of binding molecules [21]
or metal lons such as zine cations to protelns [22] In order to allminate
the toxicity of free zinc lons.

Therefore, this work was focused on the iImmaobilization of Zinc ons
by BLG In order to comprehend the binding mechantsm and Its nature.
‘With this goal in view, kinetics and Isothermal experiments using batch
sorption approach were carried out. In order to investigate the obtained
In-pLG complex, the Instrumental amalysis such s spectrometric,
spectroscopic, microscopic, thermal and X-ray diffraction measure-
ments were conducted. Also the stability of obialned Zn-pPLG complexes
In synthetic physiological Auids was Investigated.
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2. Experimental

21 Choroceerisics of f-lacoglobutin

211 Marte-psstseed lmer desorpelon fomdzoefon — eme Of fsht mMEs
specoromeny (MALDI-TOF, TOF-MS) mzlysls

This study was conducted using MALDI-TOF,TOF mass spectro-
metar (Eruker Daltonlk, Bremen, Germany) equipped with 8 modified
Nd:YAG laser oparating at the wavelength of 355 nm and frequency of
2 kHz. Reagents used for MALDI-TOF MS analysls were purchased from
sigma-Aldrich (Steinheim, Germany) in the highest commercially
avallable purity. a-cyano-4-hydroxycinnamic acid was used as a matrix,
while Protein Calibration Standards I and Peptide Calibration Standard
I (all from Bruker Dalionlcs, Bremen) was selected for calibration.
samples were appllied to ground steel targets purchased from Bruker
Daltonlk (Bremen, Garmany) by dry dropped methods.

Sample preparation of intact and digested protein for spectrometric
analysls involved several steps. Initlally, the studied protains were
testad for thelr purity with the use of gel electrophoretic method, ac-
cording to the procedure described by Pomastowskl et al, 2014 [23].
Then, the step of In-gel protein digestion with trypsin was performed,
conforming to Bruker Proteomic protocols for mass spectrometry. Fl-
nally, the prepared samples (Intact and digested proteln) were sub-
Jected to spectrometric analysis.

MBS spectra of Intact f-lactoglobulin were recorded In A linear po-
sitive mode within & m/z range of S000-100 000 while peptide mass
Angerprint (PMF) specira of the protein digested with trypsin were
recorded in reflectron positive mode within 8 m/z range of 40-3050.
For both cases, measurements were conducted at an accelerating vol-
tage aqual to 25 kV. The mass tolerance for all spectra was sat to 0.3 Da
and callbrated imternally on Immonlum lons. The LIFT post source
decay (PSD) technique in the range of m/z was used for determination
of fragment specira. The resulted peptides after tryptic digestion of -
lactoglobulin were |dentified by application of BloTools software
(Bruker Daltonlk).

2 1.2 Dsoeleceric potne deserminadon

The isoelectric point of f-lactoglobulin (Sigma-Aldrich, Poland) was
determined using diffraction light scattering technique {Zetasizer,
Malvern Instruments, Malvern, United Eingdom). The protein was
suspanded In 0.09 % NaCl (Sigma-Aldrich, Poland) at differsnt pH
(2-11), then sonicated {10s) and analyzed.

22 Kinesic sendy of sinc bons binding o f-lacmgotulin

P-Lactoglobulin (Sigma-Aldrich, Poland) was dispersed In 0.0% %
MzCl at pH = pl (4.6) of LG and sonicated for 5 min. B-lactoglobulin
with Anal concentration (FC) 5000 mg/L was mixed with ZniNO,),
(FC = 30 mg/L) (Sigma-Aldrich, Poland) at the ratio 1:1. The samples
ware then Incubated for differant periods of ime (2, 5, 10, 20, 30, 60,
120, 240, 360, 720, 1440 and 28330min) and centrifuged (4°C, 12
000 rpm,, 10 min). After that, an aliquot of supematant was minerallzed
In agua regia and diluted to 1 %% HNO; (Sigma-Aldrich, Poland), and the
concentration of zinc lons was determined with the use of Inductivaly
Couplad Plasma-Mass Spectromstry 1CP-MS (7900 ICP-MS, Agllant
Technodogles, Warsaw, Poland).

22.1. Sorpron Kinedcs modelling

Far this step, zero, Arst and pseudo-Arst order kinetcs models and
Intraparticle diffuston models were used for interpretation of experl-
mental results in order to explain the machanism of zine lon sorption by
fHlactogiobulin.

# The zero order kinetics modal was expressed by the following for-
mula:
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C= Cy—kat (1}

‘Where: C - the concentration of zine lons In aquepus solution for a
certain period of tme [mg/L], G, - the Inital concentration of znc
lons In aqueous solutlon [mg L], ks — the adsorpHon rate constant
[{mg/L}/min], t - the adsorption duration [min].

# The amount of Zinc sorption by p-lactoglobulin from an agueous
solution for A frst order reaction was calculated as follows:

C = Oy (2)

‘Where: ky — the rate constant of Arst order sorption kineties [1,/min].
# The pseudo-first order kinetics model was expressed by the Fol-
lowing formula:

g =gl -5 (3)

‘Where: g — the amount of zinc sorbed at equilibrium [mg/g].
& The Webar-Morris Intraparticle diffusion modal was expressad by
the following formula:

q,=A+ K )
‘Where: A - a constant indicating the thickness of the boundary layer
diffusion or external surface adsorption [mg/gl, Kg - the diffusion
rate constant [mgsg min®]

# The amount of Zinc sorption by p-lactoglobulin from an agueous
salutlon was calculated as follows:

'I_.l'
=10 = C)l—
w=lG-og (5)
‘Where: q — the amount of zinc lons sorbed for a certain perlod of
time [mg/g], V - the volume of solution from which sorption ocours
[L], m - the sorbent mass [g].

222 Dererminason of sermodymanic parmmesers

On the basls of kinetic data at equilibrium tme, distribution coef-
Aclent (K,) of Zinc lon sorption by p-lactoglobulin was calculated. The
following equation was used:

C, (6]

‘Where: g, — the amount of zinc sorbed by f-lactoglobulin at equilibrium
tme [mg/gl, C, - the equilibrium concentrations of zinc In soluton
[mg/L].

&Tﬂ distribution coefficlent was used as an index of adsorbent affi-
nity to metal lons sorption, because high Kqy value cofresponds to higher
sorption capacity of sorbent, and for calculation of the change In the
Glbbs fres energy (AG").

The value of Gibbs' free energy change (AG™ for adsorption of zinc
by g-lactoglobulin was calculated according to the formula:

AG® = —RTInKy (7}

Where: AG" - the enargy of adsorption [kJ/mol], B - the gas constant
(8.314 J/molK), T - the adsorption atsolute temperature (205 K), Ka—
the distribution coefficient.

The correlation of experimental data to the modals was determined
using the Pearson correlation cosfficlent (R) and standard ermor (5L

2.3, Dsoehermal sudy of Zinc fons binding o S-lacogiobutin

Firstly, f-lactoglobulin was suspanded in 0.09 % NaCl at pH = pl
(4.6) and sonicated for 5 mdn. Then, f-lactoglobulin (FC = 5000 mg/L)
was mixed at the ratio 1:1 with Zn(NO,); In the following Anal con-
centrations of zinc lons 0.5, 2.5, 7.5, 15, 30, 37.5, 50, 100, 150,
250 mg/L, Incubated (21 “C, 900 rpm) fior 60 min and centrifugad (4 °C,
12 000 rpm, 10 min). Afterwards, zinc lons were determined according
to the procedure described in paragraph 2.2,
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23.1. Sorpeon sosenm modeling

In order to study the mechanism of zinc lon sorption by B-lacto-
gobulin, the exparimental results were sxamined with the use of
Freundlich isotherm, Langmuir isotherm and Isotherm as function
g, whare C, 15 equilibrium concentration of the zinc lons In the solu-
tion (mg/mL) [24].

# The Freundlich 1sotherm was expressed by the following formula:
q=Kpld 18]
‘Where: K; - constant division (L/g), n — an empirical constent,
characterized by the heterogensalty of the adsorpton process. This
model i generally used to describe the sorptlon process on the

surface of heterogensaous hydrocollolds.
The Langmulr isotherm was expressad by the following formula:

_ LR
1+ KiLCe

9

‘Whera: ., - maximum amount of zEinc adsorbed In monodayer (mg.
g, K — constant Langmuir division (L mgh. This model assumes that
on the surface of adsorbent forms @ monolayer of molecules which
Interact with adsorption sites, and do not Interact with each other,
and that there is no possibllity to create a multilayer as well as that
the adsorption enargy Is constant [25].

The dagree of model matching to experimental sothermal data was
determined using the Pearson correlation cosfficient (R) and standard
Brror (5).

24 Insrumensal animhyss

Faor the purpose of all measurements related to the Instrumental
analysis step, the zinc-p-lactoglobulin complex (Zn-BLG) was obtainad
according to the optimal parameters resulting from the kinetics study:
the time of Incubation (10 min, & h, 24 h), zinc lons and B-lactoglobulin
concentrations &t Anal concentration 30mg/L and 5000 mg,/L respec-
tvely. Once the Zn-fLG complax had been obizined, It was centrifugad
(12 00 rpm, 10min} and the supematant was separated from the
pellets {precipitate). The resulting pellets have bean washed two dmes
with distilled watar and subjected to studiss with further Instrumental
technigues.

24.1. Uraviolee-visthie specoroscapy and specerofileoromeeric anafysls

1.5mg of Zn-fLG complex was dissolved In 2ml of 0.0% % Nad
solution, pH 4.6 and analyzed with a UV-vis spectrometer (NanoDrop
ND2000, Thermo Sclentific) and Jasco FP-8300 spectroflucrometer
(JASCD, Furope). U'V-vis specira were registered at ». = 190—B50nm
while three-dimensional (3D) excitations and emission spectra wers
recorded with 1 nm wavelength interval in the range 3. = 200-350 nm
and 206—-650 nm, respectively.

24.2 Fourler wransform infrared specrroscopic (FT-IR) @d Raman
PECETDECOPY amatysis

In order to verify the binding of Zinc to p-lactoglobulin, the FT-IR
and Faman analyses were carrled out.

FT-IR spectra were measured using & Spectum 2000 from
Perkin-Elmer, Waltham, MA. The sample was prepared by application
EBr disc approach. The FT-IR spectra of the samples were recorded In
the 4000 —400 cm ' range.

Raman spectra were captured using a HRaman Spectrometer
(Senterra, Bruker Optik). The sample was prepared by applying it to a
microscope  slide. The spectra were rmegistered Inm the reglon
4p00—400cm " at the wavelength equal to . =532 nm & excltation
light, with the power of approximately 20 mW and the counting tme
spectrum at 30 s with 10 M accumulation. The spectroscoplc data were
processad with OPUS software.
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Fig. 1. Mass specira of f-lactoglobulin components in the intact state - A The tryphic digestion spectrum recorded for f-lactoglobudin - B. M5/MS spectrum analyss

of a selected peptide m/z 1658803 (adduct with Ma® jon from signal 1635.757

2. 4.5 Nuclear magnedic resopanice (NME) speceroscopy

EBoth the control sample (BLG) as well & Zn-fLG complex were
suspended In dimethyl sulfoxide-d, and sonlcated for 5 min. Then the
samples weare transferred to the NMR tube with the glass Pasteur pipatte
and analyzed using Bruker Avance I 700 MHz. The recorded data were
processed using MestReNova program.

2.4.4. Thermogravimerdc @nalyss

Thermal analyses of BLG and Zn-pLG complex were carred out
using TA Instruments type SDT 2960 (Artisan Technologyl all data
wene processad by TGA-DTA thermal analysis software. Native LG
powder and Zn-fLG complax obtained after 24 h of incubation were
subjected to heating over a range of 0~600°C with the alr low rate of
100 mL/min and heating rate of 10°C/min.

2.4.5. Eleceron microscopy approcch (SEM, TEM) and energy dispersive X-
ray (XRD} anatysts

Morphology, topography and quantitative analysls of elaments were
carried out with the use of scanning electron microscopy analysis (SEM)
and tramsmission electron microscope (TEM) (model G2 F20X-Twin
200 k¥, FEI) In combination with EDX detector (Energy Disparsive X-
ray, RTEM SNO5T7, 134 eV, Edax), respactively. In order to monltor the
changes In the marphology of the proteln structure, the analyses were
performed for both native proteln (used as a control) and Zn-fLG
complax.

For SEM analysis, the powder was applied on the grid while for
TEM, the samples were prepared by dispersing several milligrams of the
sample In ethanol solution (99.8 % anhydrous) and applying a drop on
A carbon coated grind (Lacey type Cu 400 mesh, Plano) after the solvent
was evaporated at room temperature [25].

In order to provide Information on the structure, form and nature of
the obtained Zn-pLG complex, the X-ray diffractometer (XPert Pro
Analytical Phillips) equipped with NI Alter and CuKo radiation source

-C

(3 =1.54056 A) was used. The sample was prapared by depositing an
allquot on a microscope slide. The registered XRD pattern was pro-
cessed using XRD Malvern Panalytical software.

25 AppHicadons of the Zn-f-locenglobulin complex

251 Smbilley saidy of the In-f-laceogiobulin complex n symeheds
pliysiological fulds

25 1.1. Procedure for ehe preparadion of Zn--lactoglobulin complex. The
In-pLG complex was prepared according to the procedure described In
Secton 2.3. For this Investigation, only three final concentrations of
zinc tons (30, 50, 100 mg/L) had besn chosen for mixing with B-
lactoglobulin (FC = 5000 mg/L) at ration 1:1. Once prepared, the
samples ware Incubated for 60min At 21°C, 900rpm and then
centrifuged (4°C, 12 000 rpm, 10min). The supernatant was remaoved
and the precipitate analyzed. The obtained Zn-BLG precipitate was

welghed and then tested for stability In synthetic physicdogical fluids
such as gastric fluid and Intestinal Auwld.

2 51.2 Procedure for the preparadon of physiological fads. In order to
siudy the stability of the complex, synthetic gastric fluid with and

without pepsin enzyme and synthetic intestinal fluld with and withowt
pancreatin enzyme was prepared according to the procedure described
by Pryshchepa at al., 2019 [27].

The obtained Zn-fLG complex (0.1 mg) was added to S00pL of
physiological fluid. The sclution was then transfarred to reverse-spin
tubes (Amicon 3 K, Merck, Warsaw, Poland ). The respective tubes were
incubated (T =37°C. t =24h, o00rpm) and centrifuged (BT, t
=10min, 14000 rpm). Then the obtained Altrate and precipitate, se-
parately, were subjected to the mineralization step, and the con-
centration of zinc lons was determined using Inductively Couplad
Plasma-Mass  Spectrometry  ICP-MS (7900 ICP-MS,  Agllent
Technologles, Warsaw, Paland].
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Table 1
M5 and MS/MS identification of f-lactoglobulin pepbdes.
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. Results and discussion
3.1, Charoceeristcs of f-lacogiohutin

MALDI-TOF MS analysis was carried out to characterize and con-
Armed the primary structure, molecular masses of Intact p-lactoglo-
bulin sorbent, as a part of preliminary sorbent physicochemical ana-
Lysls.

The mass of f-lactoglobulin was found to be 18 309 + 0.132Da
Slight variations of g-lactoglobulln masses may be caused by the pre-
sance of postiranslational modifications [23] and the analytical method
used for thelr analysis [29]. In our study, It was observed that f-lac-
toglobulin may occur in the form of dimers [2M —H] ™ or even trimers
[3M—H]*, tetramers [4M—H] ™ or pantamers [SM—H]* (Fig. 1AL

Muoreover, the p-lactoglobulin was subjected to additional in-depth
study by using fingerprint analysis In positive mode, after trypdic di-
gestion. The resulting peptides were |dentified by the application of
BioTools software using non-standard search parameters: cysteine
modifAed by carbamidomethylation and oxidation. The mass spectrum
of f-lactoglobulin tryptide peptides is presanted In Fig. 18,C. Tabla 1
shows the masses of detected peptides, thelr Intensity and sequences.

In order to predict the 1scelectric point of PLG, the electrokinetic
potential was measured. Zeta potentlal was determined as 8 function of
different pH (2-1Z) at the Initial tme, after 1 h and after 5 h (Flg. 2.
Over ime, changes in the value of the zeta potential were observed. The
Initial zeta potential values at pH values 2 and 3 ranged from 19 to
21 mV. Then, at pH values 4 and 5 a decrease In potential values from
+18.5 to -123mV was observed. Zets potentlal values above pH 5
present unstable tendency of the system and Indicate protein de-
gradation. When measuring the zeta potentizl after 1 h, the zeta po-
tential values were found to be for pH 2 and 3, between 11 and 28 my
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Fig. L. feta polential of f-lactoglobulin in a function of pH. The red line re-
presents the sigmoidal fit trend line. Darker red indicates a confidence band,
while lighter indicates & prediction band. (For interpretation of the references
to cobour in this figure legend, the reader is referred to the web version of this
article).
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and after 5 b, betwesn 15 and 33 mV, respectively. The Isoelectric point
of BLG was noted to be equal to 4.6, which is in concordance with the
literature [30]. For further analysis, protein solutions were prepared at
pH = pl (4.6). According to the lterature, f-lactoglobulin is a dimer at
neutral pH. On the other hand, below pH 3 and abowve pH 7.5 It oocurs
A5 @ monomer, but near Its isoelectric point It can form tetramers or
evan higher oligomers [31]. According to the literature, the surface
charge of @ protein plays a role in ensuring proteln stability, which can
be controlled by (de)protonation of functonzal groups of the surface or
counterior condensation on the proteln surface. The study shows that
different metals catlons, pH [32-35] different electrolyte solutlons [36]
not only compensate the protein charge, but also provide atiractive
Interacton between proteins repressnted by the cross-links of multd-
valent cations In proteln crystals and by varled surface patterns of

charges and hydrophobicity.
3.2 Kinetic @nd [sochermic seudy of he Zinc bnding process

Kinetic and Iscthermal studses allow understanding the mechanism
of formation of Zn-gLG complax and the factors Influencing the rate of
zinc lons binding to f-lactoglobulin, Therefore, the experimental ki-
netic data obtained were subjected to zero order, Arst, pssudo-Arst
order and Weber-Morris intraparticle diffusion kinetics models.

The kinetics of zinc catlon sorption to f-lactoglobulin for expert-
mental data are presented In Fig. 3A. The plot shows the changss of inc
lon concentration in soluton per undt ime. According to Flg. 3A, It was
noticed that the sorption kinetics process oocurs as @ non-homogeneous
process and conslsts of three distinct stages: rapld Initial sorption (stage
I}, gradual sorption (stages 11 and 11} fodlowed by chemical equilibrium.
In order to calculate the reaction rate constants for the obtained steps, a
zerg-order kinetics modal was applied as It describes In a simple way
the individual steps of sorption characterized by a linear course. The
unlt of reaction rate constanis obtained by using this modal is the actual
physical parameter that characterizes the rate of the process of zinc lon
binding to BLG. The reacton rate constant for steps one, two and three
weare 4.23, 0.49 and 1.53 (mg/L)/min respactively. For step 1 the ve-
locity of zinc lon sorption was definitely the highest. It results probably
from prodeln surface saturation by zine lons and Interfaces the binding
process during the Arst step of sorption. The constant veloclty values
Are summarized in Table 2.

In order to better highlight the accuracy of the obtained experi-
mental data, the Arst order and pseudo-first order kinetics model was
used. Due to poor Attng of the Arst order model to the obtained ex-
perimental data, the pseudo-first order model was used. The standard
ermor and Pearson correlation coefficlent are given In Table 2. Atstagel,
the sorption process was achieved in the Arst 2 min. The molar ratio of
zinc lons to B-LG at the maximum sorption capacity was 4 1 1. The
sarpiion efficlency of p-lactoglobulin was 28,85 = 1.19 % and the
sarpiion capacity was 3.39 = 0.14 mg/g. Stage 11 was completad after
Smin of Incubation, and Its efficlency of Zn®* sorption Increased to
33.86 + 1.32 % while Its sorplion capacity was found to be
397 + 0.16 mg . In case of stage 111, the sorplion process was



B. Bussews, aral

‘. T T T T T
o] . 4
o
1 =1 qy Pepl by = d 23 gl
" \
"?5 Seap il k= DL4E gt Limis
g‘_ - \\Mll kg = 2.53 [mgdtimin
& " ewﬂbr_u'uw_
2 H = - =
.
A
o [ b 0 fLS
Eﬂnwﬁ'lrurﬂNlmmm' Tl in sokaihon
L} s 1 (2 L] P L]
1[min]
i
] T T
& Eapevireenis daly
—— Fraacdich made’
m Langmur radl
i
& an
m
'
T T T T T T T
[} S0 ] 150 203 F1] 0
£y It

Colods mnd Syrfaces A 507 [200) 174443

B
o _—
I
e _ Step M
G- Infragartia #ffaien T
= 4
g
-]
& Shep !
Feundary kxper e i
-
a4
H 10 10 P 0 80
4 [min®?]
I:'1lll T T T T T
w-
i
K
404
- /”4'
i o a2 0.3 0.4 0,8 ik
rity

Fig. 3. Kinetics and isatherm of the process of rinc sorption onto B-lactoglobulin. The kinetic steps of the rinc ion sorption by f-lactoglobulin and valoes of the mie
constants determined wsing: A - the concentration of zinc ions in aqueous solution at a certain period of time and the amount of zinc ions sorbed on f-lactoglobulin in
timse functicn for experimental data and pseude-first order kinetic model. B - the Websr Morris intraparticle diffusion mesdel, € — isotherm of Zn”" sorption cnio B
lactoglobulin and fitting of the Freundlich and Langmuir isotherm models, [ - sorption isotherm of Zn®* as a function of Cu/Co

Table 2
Kinetic mode] parameters for the zinc ions sorption by f-lactog lobulin.

Kinetics modnl

Firsc sup kg = 4.2% [{mg/L)/min]
Second sEp kg = 0,49 [{mgsL)/min]
Third sep k3 = 1.53 [{mg/L)/min]

LB
k; = 017 [1/min]
5 = Q57
B = 006
A = 731 [mgig]
= 017 [mgg min"%]
5 = 010
BY = B8

Perudo-first order kinetc modal

Intraparticle diffusion moded

completed after 10min, its efficlency was 60.02 = 1.96 % and the
quantity of Zn®~ adsorbed per 1g of protein was 7.04 = 0.23 mg/g.
Aftar 10min of the sorption process, the chemical squilibrium was
achleved. The maximum sorption efficlency and sorption capacity were
69.55 = 0.37 % and 8.16 = 0.04 mgg, respectively.

Kinetic research of Pomastowskd et al. [22] on the immobilization of
zinc on casaln also indicates a heterogeneous process — however, with
two main stages and a stage of chemical eguillbium formed after
50min. The differences In equilibrium time probably result from the
structure of the proteln. Casein 15 a large protedn in the form of micelles
formed from subunits consisting of four fractions of a,,-, Og-, B, @nd «
casein [37] In comparison with low-molecular (about 18 kDa) p-lacto-
globulin. Moreover, the studies conducted by Pryshchepa et al In 2019
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on casein binding to silver fons also confrm the heterogeneous char-
acter of the binding process with the Arst stage Involving fast sorption
combined with Interface processes and the second stage involving
gradual sorption followed by chemical equilibrium [27].

Kingtlc data were also modeled for Webar-Mormis Intraparticle dif-
fusion & a functonal dependence of the minc lons adsorption on t*°
{Flg. 3E). The Initial step (Step 1) can be attributed to the difusion
effects of the boundary layer or to the external process of surface
sarpdion, while the sacond step may result from Intraparticle diffusion
of Zinc lons. The values of the Umdt layer diffusion or surface adsorption
constant (A) and the diffusion rate constant (K.) are shown in Tabla 2.

Additionally, the distribution coefficlent (Eg) and Gibbs' free energy
(AG), which amount to 913.43 and -16.72 kI/mol respactively, wene
calculated (Table 3). The negative value of Gibbs® free anergy Indicates
the spontanecus excerglc process of Zine binding to f-lactoglobulin.

The adsorption Isothermzl resulis are pressnted a5 a plot of the
change of sorption capacity to zinc concentration In the soluton
(Flg 3C). Additionally, the obtained experimental data were comparaed
with the results obtzined for Freundlich and Langmulr models. The
parameters obtained from experimental data that characterizs tso-
thermal models are pressnted In Table 4. The rate constants for the
Freundlich and Lamgmulr models are 6.1BL/g and 0.013L/mg,

Table 2
‘Values of the distribution coefficient and the Gibbs' free energy change of the
meetal ions sorpbion.
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Table 4
Parameters of Freundlich and Langmuir approximation math-
ematical models of sdsorption isotherms to the sperimental

data
olherm modal Fammeser
Freundiich By = 6.18 [Lg]
n = 047
§ =205
B = 099
Langmuir B = 0013 [Limg]
= 10480 [mg/g]
5 = 53
Bl =095

respectivaly. It emerges from the calculated constants that the Freun-
dlich model provides a better At to the obtained exparimental data.
Therefore It can be assumed that the process has a surface character.

Isotherm as a function of Co/Co Indicates a more complax character
of the process (Fig. 3D). The application of this dependence enables the
ldemtiAcation of the two dominant steps in the sorption of zinc lons. In
the first step, a monodayer of Zinc lons ks formed on the surface of -
lactoglobulin. Further, after the initial application of the zinc lon con-
centration of 37.5 mg/L, a second layer Is formed with an intermeadiate
step to the zine lon concentration of 50 mg/L by binding the zinc lons to
the already adsorbed monolayer. In addition, It can be obsarved that for
zinc lon concentrations of 0.5 me/L and 30 mg/L, the experimental data
overlap with Freundlich and Langmuir models. The Freundlich and
Langmuir models do mot take into account the formation of multilayer
layars. With this arrangement, the interaction betwean the fArst layer of
zinc loms and P-lactoglobulin is strongest and decreases with each
subsequent layer.

3.3. Speceroscopic mlysis

UV-Vis spectroscopy and fluorescence measurements were used to
understand the physicochemical propertles of the obtained Zn-fLG
complex. The maximum absorption for LG was observed at
I70-280nm (Fg 51), which 15 typical of proteins and is due to the
absorption of aromatic aming aclds included in the structure of §-lac-
toglobulin, which constitute 6.17 % of 162 amino acids - tryptophan
(1.23 %), tyrosine (2.47 %) and phenylalanine (2.47 %) [38,39]. After
addition of zinc fons to f-lactoglobulin, decreass in absorbance In-
tensity with Increasing time has been observed. This phenomenon may
result from shialding aromatic chromophores of Tyr, Trp and FPhe by
zinc lons [21].

Moreover, the obtained UW-vis results were compared with fluor-
BsCENCe spectroscopy study. Flg 4 shows the 3D profiles of the native
protein (Fig. 4A) and zinc metal complex afer 10min (Flg. 4B), after
& h {Flg. 4C), after 24 h (Fig. 4D) of Incubation.

In the case of native protein, two main fluorescence bands were
notlced &t excltatlon () and emisslon wavelengths (h.) of 238,
326 nm (1); 278, 328 nm (I}, respectivaly, while In the casa of the metal
complex 3 new fluorescence band appears. For the obtained Zn-fLG
complax, the excitation and emisslon wavelangths were found to be as
follows: 226, 328 nm (1), 278, 332nm (11} and 270, 540nm (1) after
10min; 226, 328 nm (I}, 278, 334 nm (II) and 268, 534 nm (111} after 6 h
and X35, 326 nm (1), 276, 330 nm (11}, 268, 534 nm (II) after 24 h of
Inhibidon, respectively. In case of the B-lactoglobulin treatad with zine
lons, first, a slight shift of & / %, of the 1 and 11 fluorescence bands
was observed. Then a drastic increase of flucrescence bands 1 and 11 was
sean after 10min, & h and 24 h of Incubations compared to the native
protein. However, the intensity of the fluorescent bands decreased with
Increasing Incubation tme.

This phenomenon can be connected with the amount of zinc lons
Invalved In the process of binding to fLG proteln, leading o the
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possible conformation change around the aromatic amino acids con-
tained In the protein siructure. Atrd et al. proved the effects of zinc
binding on the aromatic amino aclds structure and thermal stability of
camel a-lactalbumin, which accounts for 3.25 % of the 123 amino aclds
In @-lactalbumin [40]. Moreover, changes 1N bz / A Of Z0-PLG
complex In comparison to the fluorescence of native protein can abko
result from the mechansm of respnance enargy transfer or Forster re-
sonance energy, causad by Interaction of d-electron of Zinc lons with x-
eleciron of aromatic rings or Trp, Tyr and Fha [41]. The Auorescence
changes observed after the Immobilization process could be also causad
by Interaction of Hnc lons with LG via “sandwich™ type binding,
characteristic of zinc catlon-x Interaction of Trp [42].

In order to mondtor the changes on the BLG structure after treatment
with zinc lons during differant periods of time (10min, 6 h, 24 h), the
Fourier transform spectroscopy method was used. Fig. 5A represents the
spectra of native f-lactoglobulin {control), & well a5 the g-lactoglo-
bulin after zine binding reaction during 10min, 6 h and 24 h

The bands appearing in the 3270-3310cm ' range results from
N—H stretching vibrations of the amide A band, whose frequency de-
pends on the strength of hydrogen bond. In tumn, the bands in the
3030 —3100cm ™" range are part of Ferml's resonance double and
correspond to amide B [43].

The signals localized In the 2800 — 3000 cm ' rangs derived from
aliphatic primary amines due to the asymmetric and symmetric
-[WHal" stretch and to CH aliphatic streiching [43]

The random coll reglon wavenumbers, Le. (1640-1650cm-1) Is
associated with secondary proteln structures such as f-shests, random
colls and o-helix In particular random colls [44]. The band at
16060 — 1700 cm ™" indicates the presence of amide [ vibrations caused
by stretching vibrations C=—0 with the participation of stretching vi-
brations ©—N outside the phase, deformation CCN and the N—H In
plame bend [43], [45].

The bands In the range of 1500-1600 cm " represent the area of
amide 1T &5 & result of plane bending M—H and the C—N stretching vi-
brations with smaller contributions from C©O plane bending and
siretching C—C and C—M [43,45]. The bands at 1394cm " and
1445 cm” are assigned to amino acld side chalns In peptides and pro-
teins caused by the asymmetric and symmetric CH, bending vibrations
[46].

In the range of 1220-1330cm ™" there |5 an area of amide [II, re-
sulting aleo from bending N—H and stretching C—N [45,47], while the
signals In the 00— 700 cm " rangs are derved from zliphatic mono-
carboxylic acids attached to the a-carbon atom [4E].

All the signals recorded In MIR rangs (500 — 4000 cm ™~ ') were no-
ticed to ba present almost in all tested samples. The only exception were
bands at 168cm™, 932om™, EE3cm” appeared only In conirod
sample. This phenomenon s 8 consequence of Zinc lons kMnding prob-
ably by the aromatic residuss of amino acides present in f-lactoglobulin
structure. Moreover, have been observed a trend of signal Intensity
during the incubation time - with Increasing of the incubation tme the
Intensity of signals Increases.

The Raman spectroscopy (Flg. SB) was used as & complementary
technigue to understand the process of bnding zine to f-lactoglobulin.
Raman's spectroscopy simultanecusly supplemented the Information
obtained in FT-IR analysis. Similarly to FT-IR spectra, Raman spectra
were reglstered for native f-lactoglobulin (control) as well as for the B-
lactoglobulin after zinc binding reaction during 10min, 6h and 24 h
Raman spectra recorded In the range of $00-4000 cm ! also Indicate
changes In Intensity depending on the Incubation ime of zinc lons with
frlactogiobulin In comparison to native proteln as well as changes in
signal shifis. Symmetrical vibrations, such as a.g. C=C and 5—5 bonds,
are maore clearly visible In Raman scattering, while asymmetrical vi-
brations, such as e.g. C==0, N—H and O—H, show strong absorption In
Infrared [45].

The signals at 2844cm ™ °, 2930cm ™, 3060cm " noticed in bath
fHlactogiobulin {control) as wall as in the f-lactoglobulin samples after
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zinc binding reaction during 10 min, 6 h and 24 h, derived from —C—H
or ={—H stretch and the 3200 cm™ band from O—H stretch [50]. The
Raman spectra illusirate as well two reglons of amides: (1) amide 1
{1640 — 1680 cm ~ ) representing C=—0 stretching and & small amount
of cut-of-phase C—N stretching, (1) amids 1T (1200-1340 cm ") com-
prising C—MN stretching and N—H bending [51]. The location of the
amide I band in the Raman spectrum depends on hydrogen binding and
conformation of A polypeptide or protein moleculs [52]. Amide I 1s
usually assigned to unordered or disordered secondary protein struc-
tures such as @-helix, f-sheet, f-tum and random coll [51,52]). The
band around 1400 — 1420 cm™ changes the Intensity and wavelength in
the spectra at different times, which may be due to the involvement of
CO0- groups In the Zn-BLG Interaction [53,54]. This probably results
from the intersction of zinc lons with carboxyl groups of Glu and Asp
[5Z]. Im turn, the change In the shape of the 1447 cm ™" band i pre-
sumably due to a different orlentation of CHy and CHz groups because
of the Zn Interaction with the proteln [49]). The band detected at
1274 em ™" comespond o the structure of the #-sheet [S2]. In addition,
the 1020—1060cm " band may also come from f-shest vibrations
[52].

The bands 757cm ™", 829cm ', 1005cm ™' are dertved from
amino acids such as Trp, Tyr, Phe respectively [49] while the
600— 750 cm ™" reglon, resulting from the C-8 stretching vibrations
cormespanding to the Met and Cys [52].

For both control samples s well as for @-lactoglobulin incubated
with zinc lons during the 10 min, & h and 24 h, almost for all the signals
registered In MIR range, the same trend of Intensity changes has been
noteed. Excaptions are the bands recorded at 557 cm™?, 449cm ™7,
435cm ™" intenslty that are presant cnly in control sample. Moreover,
the Intensity of the respective bands, that most likely coming from hellx
breathing, torsions, and skelstal deformations [55], decreased In the
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sample of Prlactoglobulin incubated with zinc lons. The same phe-
nomenon has baen noticed at 1095 cm™ Intensity, resulting from C—N
stretching vibrations [62]. Moreover, the respectve signal has besn
noticed to be splits In f-lactoglobulin samples incubated with zinc lons
Into three ssparate bands at 1098cm ™7, 1035cm " and 1023cm !
Intensity causad by the vibrations of the aromatic rasidues.

Decreasing or disappearance of the signals in p-lactoglobulin sam-
ples incubated with zinc lons ks & resulis of zinc lons Interaction o the
characteristic functional groups invalved In the binding process. This
results are in concordance with the FTIR analysts.

In order to find Information about the local magnetic Aelds around
atomic nucled, and &t the same time about conformational changes,
MMR technique needed to be used. Therefors, the *H NMR method was
usad to provide Information on different parts of the protein [56].

The "H NME spectrum was obtained for resonance signals in the
scale of chemical shift 0-12ppm. The position of resonance signals
within the range of 6.6-8.8 (Flz. 6A) ppm represents the aromatic and
amide reglons; therefore more HN nucled are included in this range. The
changes of chemical shigt in the range of 0-5 ppm (Fig. 6B, C) Indicates
an aliphatic reglon with more HC nuclel. This result may suggest ako
the contribution of aromatic aming aclds in binding zinc lons to PLG.
Additionally, based on the obtained NMR specira it can be concludad
that the range characteristic for amide is less shielded and has a higher
resonance frequency, while the resonance signals located In the rangs
of aliphatic compounds are more shielded and thelr resomance fre-
quancy ks lower. Analyzing the control spectrum of g-lactoglobulin and
pLG complex, one can see that the resonance signals for the metallo-
complex are sharper and more narrow while the signals for the control
are wider.

Maoreover, for metal complexes in both the aromatic as well as all-
phatic ranges, the lowering or even the loss of Intensity of certain
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signals can be notced. No significant chemical shifts were obsarved
throughout the spectrum.

Dscraase of the signal Intensity on NMHA spectra, analogous to FTIR
and Raman results, In the case of Zn-PLG complex was observed.
Binding of metzl lons to aromatic residues of protaln can be dentified
through a reduction intensities in bands of obiained complexes, as a
Interaction resulis of zinc lons d-electron with x-alectrons of Trp, Fhe
[57].

3.4, Thermogravimemic analysls

In order to determinge the thermaostability of the obtained complex,
thermal analysis was applied and, as 1t 15 known, proteins are thermally
denatured during heating. Thermogravimetric results, rangad from 0 °C
to 500 °C, of native PLG and Zn-fLG complex are shown In Fig. 74,5
The obtalned TG and DTG curves Indicate that the breakdown of both
native protein and Zn-fLG complex takes place in three main steps and
each mass loss cormesponds to a different kind of degradation. The fArst
step Is related to dehydration at 60,48 °C (loss In walght of 10.8 % For
native proteln) and at 64.35°C (loss Im wedght of 35.65 % for zinc
complax). The rate of wedght loss of the Zn-BLG complex (0.15 mg/min)
15 higher than that of native LG (0.057 mg/min). The data obtained in
the first step show that native p-lactoglobulin ks more thermally stable
up to 23638 °C.

The second step may be related to the thermal decomposition of the
structure of protein and its components, Le. amine acids.

During this step, In case of LG, the welght loss occurred In the
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temparature range from 236.36-372 96 "C with the evaluated mass loss
up to 46 %, at degradation rate 0.16 mg/min (276.73 “C) and 0.010 mg/
min (32743 "C). As for the Zn-f-lactoglobulin complex, the walght loss
process took place mainly in the range of 230.40-389.28 "C. Its mass
loss was approximataly 34.08 %. The mass loss rate In this range was
0016 mg/min for 245.77°C, O.0GmEgmin for 281.65°C and
0.001491 mg/min for 337.00 °C. Another loss of mass was reglstered at
the temperature of 473.32°C (BLG) and 475.20°C (Zn-BLG complex),
exhibiting a single welght loss stage of 18.8 % and 19.25 %, respec-
tively.

3.5 Microscopic (SEM/TEM/EDX) analysls and X-ray diffracstan

The results of SEM and TEM studies presentad in Fig. BA-E Indicata
that zinc kons are Immobilized uniformly onAnte a8 multdimensional
structure of microporous BLG proteln. Mogeover, according to the
uniform dispersion of zinc element, represanted as a bright light re-
flected on TEM/SEM Images, the Zn-pLG complex ocours in the form of
A homogeneous metallocomplex.

The obtzined EDX spectra of Zn-pLG complex (Fig. BF, G) indicated
the presence of elamental zinc. In additon to zine, & number of ele-
ments such as carbon, oxygen, copper, nitrogen and sulfur were abko
datected. The presence of these elements Indicates the presence of or-
ganic matter on the surface of the Zn-pLG complex. The presence of Cu
Is related to the grid used for TEM analysls. The obtained Zn-pLG
complax has an amorphous structure characteristic for protein samples
visuallzed by application of TEM approach, In contrast to cryo-scanning
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X-ray diffraction of Zn-f-lactoglobulin complex in 24 b - H

transmission electron microscopy (cryo-STEM), where single proteln
malecules with metal atoms can be visible [SE].

Additonally, In arder to highlight the provided information on
structure, form and nature of the obtained complex, X-ray analysis with
energy diffraction (XRD) was performed. XRD results presented in
Flg. EH proved the amorphous nature of Zn-BLG complex and con-
Armed the absence of any crystal structure such as wurtzite form of zine
oxide nanoparticles. Those result are In contrast to our previous work
where has been proven the metal nanoparticle farmation &s a results of
metal lons Interaction with protein [55].

6. Swabiliey seady of the Zn-f-laceoglnhulin compler in symehemc
pitysiological fuids

The stability of Zn-fLG complex In synthetc models of (artiAcial)
gastric (SGF) and Intsstinal flulds (SIF) was Investgated. For this pur-
pose the synthetic models In two vaniants — without (SGF, SIF) and with
enzymes: SGF with Pepsin (SGFPs) and SIF with Pancreatine (SIFPn)
{Section 2.5.1) — were applied. For this step, thres concentrations {30,
50, 100 mg /L) of Zinc lors were chosen for the synthesls of Zn-pLG
complaxes (Zn-fLG30; Zn-PLGS0 and Zn-PLG100). As described In
secton 2.5.1, both flirate and precipliate were subjected to ICP/MS
analysis.

Fig. 9 represents the zinc lon concentration (C,,) of both Zn-gLG
precipitate (A) and Zn-pLG Altrate (B) after evaluation In SGF/SIF and
SGFPs/SIFPn models. In the case of Zn-fLG precipltate (Flg. 94), the
Czn In SGF and SIF models was found to be 43.40 + 0.95pph,
44.77 =+ 0.57 ppb for Zn-fLG30, 54.85 = 047 ppb, 53.22 + 0.03 ppb
for Zn-fLGS0, and 110.76 = 0.54ppb, 110,77 + 0.37ppb for Zm-
BLG 100, while In the casa of SGFPs and 51FPn models, lower values of
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Czn were recorded: 37.68 = 1.20 and 34.06 = 0.E2 ppb (Zn-pLG30),
40.01 = 0.38 and 31.58 = 0.58 ppb (Zn- PLGS0), 84.51 = O.BD and
7B 46 + 0.86 (Zn-PLG100), respectivaly.

As for Zn-fLG fltrate (Fig. OB) without enzymes, the C,,, In SGF and
S1IF models were undetectable (below LOQ) while In the case of Zn-BLG
fAltrate with enzymes the C,, values in SGFPs and SIFFn models were
noted as follows: 4.22 + 0.10pph and 570 + 0.54 ppb (Zn-pLG30),
11.76 + 0.60ppb  and 1549 = L.17ppbk  (Zn-fLGS0)  and
23.75 + 2.10ppb and 2868 = 0.87 ppb (Zn-fLG100), respectively.
Lack of detectable zinc lons in the fAltrate suggests high stability of Zn-
BLG complex in acldic (SGF) and alkaline environment (51F). Calculated
Glbbs' free energy (AG) of Zn-fLG complex formation equal to
-16.72 kI/mol. It indicates spontanecus binding process of Zinc lons to
f-LiG. This range of negative values of AG confirms that the system s
thermodynamically stabla.

5GF and SIF with enzymes simulate the digestion process taking
place In the stomach and Intestines. Zn-BLG proteln complex in salectad
systems ks digested to low-molecular peptides. The enzyme pepsin cuts
the paptide betwean amino acids containing & phenyl group in the side
chain, such as tyrosine or phenylalanine, and amine acids containing
bwo carboxylic groups, glutamic acld or aspartic acld [50]. In the cass
of trypsin present in pancreatin, the peptide bond 1s split bebween lysine
and arginine [61]. Because of the fact that 3 kDa cut-off was used for
ultrasiliration, the obtaned peptides together with the zinc-bound
peptides moved to the Altrate. In case of Zn-#LG30 complex, 11.20 %
(3GF) and 16.73 % (SIF) of zinc lons moved from the Zn-BLG precipltate
to the Altrate. For Zn-fLG100 complex, the percentage values of zinc
lons detected In the Altrate were found to be 28.06 % (SGFPs) and
36.55 % [SIFPn) In respective selected artiAcial models. The obtained
results Indicate that with the Increase of C,, used for the Zn-pLG
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Table 5
Percentage of zinc transferred into the filtmie.
HmgL S0l T L
S0FPs [#] 1120 1940 ZE D&
SIFPn [%] 1673 49.03 e 8-

synthesls, the amount of zinc lons transfermed to the fltrate also in-
creases. The percentage of total zinc concentration that pensetrated the
enzyme-filled Zn-pLG Altrate at zinc lon concentrations of 30, 50 and
100 mg/L Is shown In Table 5

According to the previous study conducted by our group [27] in-
wastigating the immobilization of silver lons by casain and stability of
the siiver-cassin nanocomplex (Ag-CN) with and without enzyme, it
was obsarved for both of the studied artificlal (with anzyme and en-
zyme-free} systems that silver lons were recorded below LOG. This Is
due to the fact that the Ag-CN systam Is a system of silver nanoparticles
and metal complexes Ag-CN, which are 8 minority. In contrast to the
present study, the enzymes usad did not digest nanoparticles. Furthear-
more, digestion of Zn-pPLG complex to znc-peptides should be the
starting paint for further nutraceutcal ressarch.

4. Conclusion

The obtained results indicate that zimc lons are effectively Im-
maobilized by native BLG protein. Kinetic studies of minc binding to LG
Indicate that It Is 8 heterogenesus process consisting of four steps: an
Initial step (1), A very fast step (2 min) assoclated with rapld sorption,
two steps assoclated with gradual sorption (0, HI), ending with
reaching a chemical equilibrium. Additicnally, Isothermal studies in-
dicate two dominant steps in the sorpton of zinc lons. In the Arst step, a
maonalayer of zinc lons ks formed on the surface of BLG, followed by a
second Intermediate layer with an already adsorbed monolayer.
Spectroscopic study demonstrated that zinc lons are bonded to aromatic
rings of tyrosine, tryptophan and phemylalanine, carboxylic groups of
aspartic acld and glutamate On the other hand, the use of thermal and
electron microscopy proved that the zine fon Immobilization by BLG
Involves formation of a thermally stable, homogenous and amorphous
Zn-pLG complex. Investigating the stability of the synthesized complex
In synthetic physiological fuids confirmed 15 siebility In acidic and
Alkaline conditions; it also offers an opportunity to expand the appli-
cation research on zinc supplementation.
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Abstract: The presented studies focused on the specificity binding of particular casein fractions:
ag-, B- and k-casein (mgCMN, BCMN, wCN), with zinc ions. The binding mechanism was
determined by kinetic modeling using results of batch sorption. For this goal, models of
mero-order kinetics, pseudo-first-order, pseudo-second-order and Weber-Morris intraparticle diffusion
were used. The formation of ZneagCMN, Zn-BCN and Fn-wCN complexes was additionally
monitored using spectroscopic methods such as Fourier transform infrared spectroscopy (FT-IE)
and Raman spectroscopy, characterizing active functional groups involved in the binding
process. Additionally, a mass spectrometry technique—matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF MS)—was used to characterize respective protein
fractions and obtained complexes. Spectroscopic and spectrometric studies were carried out both
before and after binding the protein with zinc ions. The obtained results showed the difference
in Zn-og CM, Zn-GCN and Zn-wCM complexes created at separate kinetic stages. On the basis of
instrumental studies, a significant influence of acidic (glutamic acid (Glu), aspartic acid (Asp)) and
aromatic (try ptophan (Trp), phenylalanine (Phe), tyrosine (Tyr)) amino acids on the formation of
metal complexes was proven. In turn, spectrometric studies allowed determining the molecular
masses of casein isoforms before and after binding to zinc ions.

Keywords: o-casein; fi-casein; x-casein; zinc ions; sorption; kinetic; FT-IE; Raman; MALDI-TOF M5

L Introduction

Casein is recognized as the main cow’s milk protein, accounting for about 807 of the total milk
prokin content [1]. It is not a homogeneous protein but consists of several fractions. The main fractions
ame o (otsy, szl B- and k-casein (xCMN, PCN and «CN). They form colloidal aggregates called micelles
in combination with caldum phosphate [2]. The primary role of caseins in milk is to ensure the
effective transport of calcium and phosphate from the mammary gland directly to the newbom baby [3]
The main components of casein (oM, BCN and &CN) form a strong micellar complex stabilized by van
der Waals forces, hydrophobic effects, hydrogen bonding and electrostatic and steric stabilization [2].
In addition, micelles ame stabilized by physicochemical properties such as the ability of phosphorylaked
serine residues to bind to caldum ions and the amphiphilic nature of KCM, which is a fraction that
is glycosvlated and responsible for stabilizing micelles on the surface [4]. The size of micelles varies
depending on the amount of specific fractions—mainly xCMN—cow feed and season (in summer,
the micelles are smaller, and in winter, the opposite is true) [3]. The amount of calcium ions is also
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important in forming stable micelles [5]. In addition, during casein hydrolysis, caseinophosphopeptides
are formed, which bind calcium through their phosphoserine residues, affecting casein stability [6].
It turns out that caseins have a natural ability to bind to other metal ions such as silver [7], iron [8] and
zinc [4,10]. Despite this knowledge, there are still many uncertainties in the mechanism of binding
metal ions to casein fractions, especially their gquantitative contribution and the role of the active
functional group in this process.

Fraction o5 CN accounts for 40% overall casein in bovine milk. It is a single-chain poly peptide
with a sequence containing 199 amino acid residues containing sixteen serine (Ser) residues, eight of
which are phosphorylated and seven of which ocour between 43 and 80 residues [11]. Furthermome,
this highly acidic segment also contains twelve carboxyl residues and is responsible for the negative
charge of the molecule [4,11]. As a result of negative charges at neutral pH, phosphoric residues
and secondary carboeylic acid residues have a strong affinity for metals [9]. The second significant
fraction in the total amount of caseins in milk is BCM. BCN is a single-chain polypeptide with five
mesidual phosphoserines with the first four forming the phosphorylation center [4,11]. It represents
about 35% of bovine milk casein content and consists of 209 amino acids residues. BCM is strongly
amphipathic and the M-terminal part of the BCN molecule (1-43 residues) contains a negative protein
charge, has low hydrophobicity and consists of only bwo prolines (P'ro) residues, representing about
17%. The BCM central section, ie., residues 44-135, has a low charge and moderate hydrophobicity,
while the C-terminal part of the molecule (136-20% residues) contains many non-polar residues and
is therefore highly hydrophobic [4]. «CMN is the third main but smallest casein protein (169 residues)
with a low calcium sensitivity. It is the only form of casein that can be glycosvlated in addition to
phosphorylation [4]. Phosphorylation compared to oM and BCM can also take place in the rest of
the threonine (Thr). Thr takes part in binding with zinc ions [¥]. Due to the considerable distances
between residues of Serl’ and Thrl k-casein, there is no phosphorylation center [4].

The structure of casein micelles most probably consists of a form of ®CN and BCN located in
the inside of the micelles and wCN forming the outside layver stabilizing the micelles sterically [12].
The stabilization of micelles is possible thanks to the hydrophilic part of «CN protruding into an
aqueous surrounding—glycomacropeptide. The actual internal structure of casein micelles is not fully
understood and explained [13]. For this reason, several models were developed to characterize casein
micelle [14]. The main models proposed are (i) the submicellar (subunit) model [15], (i) the coat-core
maodel [16] and (iii} the internal structure model [17].

The colloidal nature of milk poses a great challenge to isolate proteins. Casein micelles and fat
globules function as separate phases, preventing milk filtration and complicating the usual separation
methods [18]. Since purified individual milk proteins have better functionality than their native
protein mixtures, there is great interest in developing easier methods of preparing pure casein and
its isoforms on a large scale [2]. To eliminate protein—protein interactions, different concentrations of
urea [19], dimethylformamides [20], f merncaptoethanol [21] or dithiotreitol [19] are used, among other
things, to change the struchure of proteins by splitting hydrogen bonds and reducing disulphide
bonds. Differences in cCN, PCN and «CN solubility in urea solution allow for separating different
components [2]. Inaddition, the combination of proteins with d-electron metal fons allow s for obtaining
nanocomposites such as metallocomplexes (with zinc fons [9], uranium(VI) [22]) and nanoparticles
{with silver ions) [23] with a wider spectrum of biclogical activity. The mechanisms by which a protein
binds metal ions, which often improve protein function, are not well known [24].

Finc ions are essential for many living systems, playing a significant role in physiological reactions
and diseases [25]. Finc is a structural and catalytic component of many proteins. It modulates
the functions of glutamate and neurotransmitter receptors, regulates transcription factors and
inhibits tyrosine phosphatase proteins [26]. This element is also essential for the functioning of many
enzymes. Its defidency contributes to congenital defects and acquired immunological esponses [Z7].
Understanding the mechanism of zinc ion binding to casein and structural changes in protein induced
by these fons can prevent immune deficiencies or disease changes [10]. The use of knowledge about the
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mechanism of binding zinc to casein can be a tool in their medical application [28]. Pomastowski and
co-authors studied the interaction of zinc ions with casein [Y], however, the distribution of the zinc ion
binding in various casein fractions was not known.

Hence, the main goal of this study was to explain the binding process of zinc ions to individual
casein fractions. Therefore, models of zero-order kinetics, pseudo-first-order, pseudo-second-order
and Weber-Morris intraparticle diffusion wene applied. This objective has been achieved by previous
characterization of individual casein fractions (g CN, PCIN, xCN) isolated from cow's milk, and the
study of their dispersion stability, isoelectric point and molecular masses. In addition, spectroscopic
(FT-IK, FKaman) and spectrometric (MALDETOF MS) studies weme carried out to determine the
contribution of the active functional group in the binding process of zinc ions to casein fractions.

2 Results and Discussion

21. Characteristics of as;CN, BCN, «CN

In order to determine the isoelectric point and to examine protein stability, the zeta potential
value was measured for the initial time (¢ = 1 min), after one hour (E = 1 h) and after five hours
(t=15h). The zeta potential results of agCN, FCN and «CN as a function of pH (2-11) are presented in
Figure 1. Isoelectric points {pl) for mgyCN, PCN and «CN were found to be 480 + 0.72, 455 + 215 and
4.40 = 0.28, mspectively. The surface charges of all investigated proteins are in the range of —35—+32 mV,
In addition, it was observed that with increasing time, the zeta potential values changed and protein
stability was noticed after t= 1 h and t = 5 h. At low pH values, the surface charge of proteins was
positive and the zeta potentials became mome negative with increasing pH. The mesults show that the
more stable proteins ane BCN and kCN and the least stable is ag CMN. The potential values of o CM,
PCN and »CN at pH= 2 and pH = 3 weme found between +15 and +32 mV, except t = 1 min for a5 CN,
for which the zeta potential was noticed between +3 and +14 mV. Above pH = 3, a decrease in the zeta
potential to —20/—30 mV at pH = 5 for each protein was observed. In the case of t = 1 min for agyCM,
the decrease in the zeta potential ocourred from pH =4 to pH =6

The zeta potential provides an indicative measure of dispersion stability The chemical properties
of the surface of the particles affect the zeta potential of each dispersion. The surface chemistry can
be modified by changing the pH, surfactant concentration and salt concentration. Therefore, it is
important to determine the effect of pH on the zeta dispersion potential [29].

The protein charge is mainly controlled by two processes: (de)protonation of functional surface
groups and counger-ions condensation on the protein surface [30]. Farrel et al,, 2004 [31], indicated that
pl for egyCM, BCN and «CN wene 4.52-5.05, 5.41 and 5577, respectively, while according to Egito et al,,
2002 [32], the plvalves for ;e CM, PCN and «CN were 44-6.3, 4459 and 3.5-5.5, espectively. The pl
depend on the origin of the sample, the method of determination and the used electrolyie [23].
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Figure 1. Zeta potential of agCN (A), PCN (B) and «CN (C) as a function of pH. The ned line
Tepresetits the sigmoidal Ak trend line. Darker red indicabes a confidence band, while lghter indicates
a prediction band.

232, Kinetic Study of the Zinc Binding Process

Kinetic studies contribute to the understanding of the mechanism of binding casein isoforms
{at51CM, BCN and kCN) with zinc ions. The obtained experimental kinetic data were examined with
reference to zero-, pseudo-first- and pseudo-second-order kinetic models and the Weber-Morris
intraparticle diffusion model Matching the experimental kinetic data to the models allowed for
explaining the rate of the binding of zinc ions to proteins, but also for determining the degree of
adsorption of zinc ions on the protein adsorbent.

Figure 2A shows the kinetics of the binding process of zinc ions to casein fractions in the form of
a plot of concentration of zinc ions in solution per unit of time. For g CN, three steps were identified,
while for BCN and «CN, two steps weme identified. Step [ in agyCM, PCN and «CN is associated
with rapid initial sorption. Meanwhile, Step II for BCN and «CNM is related to slower sorption and
gradual achievement of the sorption equilibrium. A different situation is observed in the case of o CM.
Mamely, Step Il is also associated with gradual sorption, after which Step III appears with an even
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slower sorption compared to Step I without achieving a state of equilibrium. However, Step 1 in the
case of BCN and wCN is significantly faster compared to oy CM. The obtained results indicate that
the process of zinc ion sorption for all three proteins: mg TN, BCN and «CN, is not linear and several
separate steps can be identified.
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Figure 2 The kinetic steps of the Zn?* sorption anto agyCMN, BCM and 10N using the zeto-order kinetic
miodel (A, experinental data and Atted peeudo-first and paeudo-second-order kinetics models of the
i Tl sorplion by iscforms of casein (B) and the Weber-Morris intraparticle diffusion model (C).

In order to calculate the rate constants of the sorption kinetics of zinc ions for linear segments of the
obtained steps, a zero-order kinetics model was used, which describes in detail the successive steps of
sorption. The values of the rate constants for Step 1in the case of a5 CM, BCN and ©CN were noticed to
be equal to 3.02, 0.54 and 7.0 (mg'L)min, whereas they were 0.026, (L.030 and 0.085 (mg/L)}/min for Step
II, respectively. For Step Il in the case of ag)CN, the rate constant was found to be (L0033 (mg/L)/min.
The results are summarized in Table 1, and in Figume 3, the sorption effectiveness per time unit is shown

A pseudo-first- and pseudo-second-order kinetic model was applied to the experimental data as
well (Figure 2B). The calculated values of the determination coefficient {E?} and standard deviation (5)
indicated a more accurate description of the kinetics of the sorption of zinc ions to casein proteins by
means of a pseudo-second-order kinetics model. The obtained values of the defermination coefficient
for g1 CN and PCN, in comparison to CN, in the case of both pseudo-second-order kinetics models,
indicate low values of the determination coefficient to the obtained experimental results. The not
accurate fitting of cg)CN and PCN to the classical kinetics model determines the contradictory nature
of metal ions sorption in comparison to the glycosylated form of ©CM. The calculated kinetic constants
are summarized in Table 1. The fast sorption step (Step I) for the bwo proteins: agCW and «CN,
oocurs during the first 2 min of the process, in which 23.88 = 0.21% of zinc ions were bound to ag CN
and the sorption capacity of the protein was 2.41 + 0,02 mg/g, while for xCN, these values increased
slightly and amounted to 55.41 = 0.13% and 5.60 + 0.00 mg'g, respectively. For Step I, in the case of
PCM, the effectiveness of binding to protein was 42.88 + 0.20% and the amount of zinc ions absorbed
on the protein was 433 = 00,02 mg/g. The sorption process in Step I in the case of ag;CN, BCN and
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wCMN ends after 180, 50 and 20 minutes, respectively. The sorption effectiveness of zinc ions by casein
isoforms for this step was 4208 £ 1.31%, 47.62 + 0.72% and 61.48 = 0.32%; the sorption capacity
was found to be 425 + 0.14, 481 + 0.08 and 6.21 + (.05 mg'g. In the last step, Step 111, the sorption
process for mCN is completed after an incubation period of 1440 min, with a sorption effectiveness
of 58.31 = 1.31% and a sorption capacity of 5.8 + 0,12 mg/g. The maximum sorption effectiveness
and sorption capacity of ogCN, PCN and ©CN were 58.31 + 1.31% and 5.589 + 0.12 mg/g (o CN),
51.05 = 0.97%: and 5.16 = 0.11 mg'g (FCN} and 67.81 £ 0.30% and 6.85 + 0.05 mg'g (xCM).

Table 1. Kinetic meodel pararneters for the zine ions sorption by agyCN, BCN and eCN and values of
the: distribution coefficent and the Gibbs' foee energy change of the metal ions soTption.

Irrogy CN - InpCN In-xCN

anm 054 7.
Zerc-order kinetic model kg [(mg Lfmin] 0.026 0nz0 0085
00033
ky [1min] .08 013 076
Pseudo-first-order kinetic model 5 L2 0.7 0.58
R2 0075 0.7s 0.90
k2 [(gmglmin] 0006S Q050 0.21
Pseudo-second-order kinetic mode 5 Lo 0.8 0.40
R 45 071 0.96
A mgls] 258 3.56 5.30
T
Intraparticle diffusion model Kap [(mg/h/min—"] 0.oas b.1e 019
5 025 0083 0es
R .54 092 0.96
Qe [mge] 5.89 5.16 6.85
Distribution coefficient, the Gibbs" C [mgL] 10.53 12537 B.13
free energy change of the metal K4 550.49 417.25 B42 B2
ions sorption TI[K] 295 295 205
AGY [Klimel] -15.52 —-14.80 -1652

K.'P—th: 'irll:mparﬁcl: diffusion rate constant; q._-o—ﬂuz amount of zine sorbed 'hy casein isodorms at eq'u:ih'bl.ium Hime;
Co—the equilibrium concentrations of zinc in solation; Kj—the distribution coeffickent of zine ions sorption by
oy O, PN and T
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Figure 3. Sorption effectiveness of Zn®* by g CM, PCN and sCHL

In order to determine the mechanism involved in the process of binding zinc ions to casein isoforms,
experimental data were also subjected to the Weber—Morris intraparticle diffusion model (Figume 2C).
The Weber-Morris model revealed two steps of sorption. Step I was attributed to adsorption on the
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external surface of proteins or diffusion of zinc ions through the boundary layer as well as a sharp
drop in zinc ion concentration. In turn, Step II cormesponds to intraparticle diffusion that limits the
speed of the process, thus indicating the absorption of zinc ions into the protein structure. In the final
step, a sorption equilibrium was noticed. The Weber—Morris model revealed that zinc ions are mainly
adsorbed on the external surface of casein isoforms. Then, gradual sorption of zinc ions causes their
further diffusion inside the proteins structure.

In addition, the values of the change of Gibbs" free energy {AGT and the distribution coefficient (K4)
of sorption of zinc ions to mg)CN, BCN and wCN were calculated, w hich were found tobe —15.52 k]/mal
and 55949, —14.50 k]fmol and 417.25 and —16.52 k]fmol and 84262, respectively. MNegative values of
Gibbs" free energy for agyCN, FCN and ©CN confirm that the process of zinc ion binding to these
proteins is spontanecus. The obtained values are presented in Table 1.

The obtained results indicate that at the initial stage of rapid sorption, 1 mole of mgCN, GCN and
UM sorbed (0086 (g CN), 1.5% (BCIN) and 1.63 {(xCN) mole of zinc ions. It turns out that according to
the Weber-Morris model, most zine ions are surface-bound to CN and the least to oy CN. The situation
changes rapidly in a second, slower stage, namely, per one mole of agyCN, PCN and «CN, 212,
1.76 and 1.81 mole of zinc ions is sorbed, respectively. This shows that zinc ions are further diffused
and absorbed to the greatest extent into the internal structure of og)CN. These results are consistent
with the assumptions of the models characterizing casein micelles, where kCM constitutes the outer
shell of the micelles, and @) CN is localized in the interior of the casein micelle [14]. Assuming that
the synthesis of the binding of zinc ions with individual casein fractions is completed with a state of
equilibrium (except for ag) CN) after external adsorption steps and penetration of zinc ions into the
internal structure of proteins, KCN binding zinc ions on the external surface is the most spontaneous
reaction (AGT = —16.52 k]fmol).

2.3, Spectroscopic Analysis

Spectral characteristics of unmodified (control) @gCMN, PCN and «CM as well as the zinc
ion-modified ones wene determined to establish active chemical groups invobred in the zinc ion binding
process. The resulting FT-IR spectrum is shown in Figure 4. The obtained FT-IR spectra prove that zinc
binding influences the spectrum of individual caseins in infrared. Itwas cbserved that after binding
zinc to casein, the intensity of selected bands was significantly reduced and the appearance of the
spectra changed.

As a result of NH stretching vibrations, the amide band A was observed in the range of
3479 3100 e . Its frequengy depends on the strength of the hydrogen bond. The amide A band
is usually part of Fermi's resonance double [33]. For unmodified proteins, a shift appeared from
3301 (o TN Bo 3289 an~ ! (BCN and «CN). On the other hand, comparing the unmodified proteins
(Figure 4A) with Zn-protein complexes (modified, Figure 4B), the shift occurred from the bands of
about 3289 to 3429 o], mespectively.

The spectral range between 3000 and 2840 cm ! is dominated by the absorption of hydrophobic
hydrocarbons residue [24]. After binding proteins with zinc ions, bands in the respective region are
visible only for the Zn-kCN complex

The FI-IR spectrum is dominated by the protein amide I {~1650 cmi Yy and amide I {~1550 cm™ 1)
bands, mainly due to the C=( stretching and the NH bending of the peptide bond. The amide [ band is
extremely sensitive to secondary protein structunes (a-helix, f-sheets, random coils) and to the presence
of intermolecular f-sheets in protein aggregates [34]. According to Herskovits and co-authors” [35]
studies, the percentage of a-helix in a5 CN is estimated at 5-15%, and comparable values of o-helix
occur in FCN—7-25%, and xCN—10-20% [4,35]. The percentage of p-sheet in agCN is between
18 and 20% [36] and 34 and 46% for B-sheet-like [37]. Both oy CN and BCN have around 20304
turns. The tumns ame clearly distinguishable from what are commonly called undefined, random or
structureless [36]. For BCN, the presence of 15-33% p-sheet has been reported and in the case of
M, 20-30% of f-structure has been reported [36]. Comparison of the unmedified (control) proteins
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and zinc-protein complexes for amide I resulted in a shift from the bands of 1650 {control, Figure 44)
to 1633, 1632 and 1635 cm~! (0t CM, PCN and «CN, respectively, Figure 4B). In addition, amide I
vibrations, absorbing nearly 1650 cm™, also originate from the stretching vibrations of C=0 with
a small proportion of CN out-of-phase stretching vibrations, CN deformation and bending in the NH
plane. Amide [ vibrations are slightly dependent on the nature of the side chain [33]. Inamide II, there is
an out-of-phase MH in the bend flat, CM stretching vibrations and CN stretching vibrations with less
COin the plane bend and CC and NC stretching vibrations [34]. For amides [, shifts between control
proteins and Zn-protein complexes were observed from 1540 {ag; TN, ), 153% (BCN) and 1544 (xCN)
{Figure 4A) to 1548 (- CN), 1549 (Zn-PCN) and 1546 (Zn-eCN) am~! (Figure 4B). Signals at
~1400 em ™! from amine acid side chains in peptides and proteins are related to CHs asymmetrical and
symmetrical bending vibrations [35]. The band in this range corresponds to proline (Pro), the amino acid
most commonly found both in fCN and «CN, representing 16.7% and 11.8%, respectively, which can
make a significant contribution to the binding with zinc ions [33]. However, the bands at ~1540 and
~1400 emi! may also be assigned to the deprotonated carboxylic groups OO asparagine (Asp) and
glutamine (Glu) residues [39]. The most Glu is contributed by o CN representing 12.6% of total
amino acid residues, being the most common amino acid, followed by BCN at 9.1%, and «CM at 7.1%.
Therefore, the binding of zinc fons to o CN, BCN and ©CN can be carried out by coordinating with
the oxygen of the side chain Asp and Glu [40,41].
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Figure 4. Infrared specita of the agyCN, PCN and £CN casein isoforms control (A) and casein isoformes
after binding of zinc ions (B). Asterisks (*) indicake signal disappearance.

The spectral area 15001200 cm” ! also includes the area of amide 1l bands, resulting from bending
MH and stretching CM [34]. For the band at about 1401 cm™! corresponding to unmodified PCN,
a slight change was cbserved as opposed to unmodified azCN and ©CM (1398 and 1399 cm !,
mspectively). However, the bands 1398, 13599 and 1401 cm corresponding to unmodified g CN,
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wCN and BCN, respectively, afer binding tozinc ions are shifled to 1402 cm~ ! forall proteins. Momeover,
for unmodified BCN and ©CN, a new band at 1369 cm™! (not see in 0 CN) appeared with a slight
shift of kCN to 1579 cn™'. After binding of proteins to zinc ions, a shift in the 1369 to 1362 cm™?
band for FCN was observed and a new 1362 cm™! band for oy CN and ©CN was noticed. The bands
occurring at ~1240 and ~107% cm™! are caused by the asymmetrical and symmetrical stretching of
ionized POY, respectively [38]. The control protein bands 1241 (0 CM) and 1240 em” ! (PCN, kKCN)
were slightly shified in complexes to 1240 cm ! for mgy TN, 1236 cm ! for PCN and 1232 em™! for CN.
In turn, the bands 1079 {BCN, «CMN) and 1077 em ™! {xg) CN) were shifted to 1051 {as; CN, «CMN) and
1081 em™! {BCN) after binding to zinc fons. For BCN (unmodified, Figure 4A), a new 1207 em”! signal
was registered, while for o) CN (unmodified) at 1173 cm!, a shift to 1163 emi! for BCN and «CN
(unmodified) was observed. However, comparing these signals (1173, 1163 cm V) weith the signals
obtained after binding with zinc ions {1136 cm ™! for oy CN and ©CM, 1139 cm™! for BCN), a shift occurs.
For the Zn- fCN complex (Figume 4B), two new 1108 and 1100 cm” ! bands were cbserved. In the case
of control proteins (Figure 44, the bands 975, 978 and %78 cm ! {ogyCN, PCN and «CN, mspectively)
corresponding to the —POy moiety of the serine phosphate residue were observed. For complexes
{Figure 4B), there was a shift in the bands to a value of about 998 (Zn-o CN, Zn-wCN) and 981 cm1
{#n-BCN) to assign the phosphate ions HPOy®, The presence of the 978 cm ™! band means that CCP
{colloidal calcium phosphate) molecules are released from the phosphate residues, causing an increase
in the negative charge of casein particles. The appearance of the first band (~978 cm™") suggests that
the CCP particle dissociates into Ca®* and HPO4® when the serine phosphate residue is released [42].
In 51 CN, there are two phosphorylation centers containing serine (Ser), which is 8.0% and crucial
for stabilizing calcium phosphate nanoclusters in casein micelles [4]. These changes may indicate the
binding of zinc ions to casein fractions with phosphate ions.

All shifts and appearances of new signals, especially in the range of 1650978 cm ™", cccurring in
the cbtained complexes are correlated with metal-protein binding,

Moreover, the use of Faman spectroscopy allowed the observation of vibrational spectra.
The Faman spectra provided complementary information to that obtained by IR spectroscopy that
showed that apart from carbooylic and phosphate groups, aromatic amino acids alse play an important
role in metal-protein interaction. The Raman spectra were registered in the 4004000 e~ ! frequency
range and are shown in Figure 5.

The Raman protein spectra are dominated by bands assodated with the main peptide chain,
aromatic side chains and sulphur-containing side chains, and therefore are group vibrations that
are either multiple related or electron-rich such as C=0, C=N, C=C, 55, 5C and 5-H. Therefome,
changes may mesult in JCM being similar to complexes rather than to other control proteins [43].
Folar functional groups are characterized by stronger signals in the infrared spectrum, while non-polar
functional groups are associated with more intense Kaman bands [44].

Figure 5A represents the Raman spectra of unmodified protein fractions. Comparing the spectra for
unmodified proteins fractions (e CN, BCN, «CN), similarities were observed in the case of agg CN and
M, while BCN indicated large differences in the shape of the registered bands. Raman bands in the
range 24283381 em~ ! were assigned to bond CH (CHjy, CHy), -C-H or =C-H stretch [44]. For the bands
3380 (g CN) and 3381 e~ ! {kCIN), a shift was observed for BON to 32953 em ™! (Figure 54), while after
binding to zinc ions (Figure 5B), a shift was observed to 3260, 3255 and 3258 cmi~ ! for o TN, BCM and
kCN, respectively. For unmodified GCN, the 3058 cm” ! band was observed, which is not found in
unmodified agCN and «CN. However, after binding to zinc ions, this band (3058 cm—!) is present
in all complexes. Shifts were also observed between bands for unmodified proteins—2971 (CMN),
2966 (o CN) and 2930 cm™! (BCN). After binding of proteins to zinc ions, the absorbance of those
bands was similar to unmodified PCN (2929 em™! for Zn-FCN and ZnewCN, 2932 em ! for Zne oy CNDL
Similarly, it was observed in the case of bands 2818 and 2718 em ™ (o CN), 2820 and 2718 e~ (kCN)
and 2876 and 2725 cm~ ! (BCN) that, after binding, they corresponded to the value of unmodified PCN
bands (2675, 2723 am ™! for complexes).
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Figure 5. Raman spectra of the agyCN, PCN and kCN casein isoforms control (A) and casein isoforms
after binding of zinc ions (B). Asterisks (*) indicate band disappearance.

The spectra registered at amide and amino acids region 500-1655 cm ™" illustrate the changes
between the modified samples and unmodified. The signals noticed at 1663/1665 cm™! correspond
to the C=0 stretching mode associated with the CONH protein group (amide I) [45,46], but the
bands registered at 1600 and at 1613/1616 cm ™! are generated by Tyr-OH [45]. In turn, the 1455 cm™!
band is assigned to the NH deformation and CN stretching [46] in amide I The common bands
(16631665, 16131616, 1550, 1445/1446, 1315/1317, 1244, 1120 and 1002 cm™!) have been also noticed
for the modified ag;CN and PCN protein samples. The bands 1665, 1616, 1446, 1315 and 1002 cm™!
were also observed for modified xCN, while bands 1550 and 1244 cm! for modified kCN disappeared.
The 1120 em™! band corresponding to modified agiCN and BCN for modified kCN has been shifted to
1098 cm ™. Disappearance of the band also occurred for unmodified ag1CN and kCN at 1665 cm™! and
BCN at 1600, 1565 and 1123 cm™!. However, the 1411 cm™! band for unmodified as;CN and xCN for
unmodified BCN disappeared, and after binding with zinc ions, this band with a shift to 1420 cm™!
occurred only for kxCN. The mentioned bands, 1002 em ™! for Zn-ag)CN, Zn-BCN and Zn-xCN for
unmodified proteins, are shifted to 986 (ag)CN), 987 (xCN) and 1001 em ™~ }(BCN). The 1002 cm™! band
(Figure 5B) corresponds to phenylalanine (Phe) [47]. This amino acid constitutes about 4.0% of the
total of residues in ag;CN, 4.3% in PCN and 2.4% in kCN and may be responsible for protein binding
with zinc ions. The new signals were observed at 1206 and 852 cm ™" only for the modified as;CN.

The Raman's spectra illustrate the amide region III (1200-1340 cm™'), including C-N tension
and N-H bending [48]. The signal observed at 1306/1315 cm ™" is assigned to the alanine (Ala) bands.
The band registered at 1235/1244 cm™! comresponds to the CH; carbohydrate twisting mode. The most
important current vibration modes have been assigned to CO stretching and deformation of CC and
COH (1120-1064 cm™ 1), as well as deformation of COC (950-870 cm™!) [46]. What is more, the bands
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at 852, 830 and #42 am ™! can correspond to the tyrosine (Tyr) vibration [45] and the bands 755 and
556 am~! to the try ptophan (Trp) [45]. The regions 630670 em” ! and 70-745 em~! found in oy TN
and xCN control and Zn-os CN complex originate from -5 stretch ovsteine and methionine [44].
The occurrence of residues of Cys11 and Cys88 results in the formation of a complex disulphide
bond pattern among k-CM molecules, with all possible combinations being observed (Cys11-Cysl1,
Cys11-Cystl and Cys88-Cys#8). There is also a certain amount of monomeric kCN associated with an
intramolecular disulphide bond, but it is no more than 10% «CMN [49]. In turn, the 564 and 755 am!
bands are assigned to the tryptophan (Trp) residues [45], which ccoupy about 1% [4]. Signal shifts in
complexes may indicate their participation in the bond with zinc jions.

Similarly, kinetic and spectroscopic studies on the binding of zinc ions to casein carried out by
Pomastowski et al. indicate the dominant presence of carboxyl groups Asp and Glu and phosphate
groups involved in the binding [%]. In turn, studies on the binding of zinc ions to «oCN carried
out by Srinivas and Prakash [10] indicate the initial binding to serine phosphates. The binding
process is fast, while the affinity of the binding is weak and does not cause any structural changes.
However, further reaction with zinc ions leads to binding with aromatic amino acids, including Trp [10].
Zine binding causes the rearrangement of the secondary protein struckure and increases orderliness.
It was also ohserved in the quenching of intrinsic ®CN fluomescence by zinc interacting with histidine
(His), glutamic acid (Glu), aspartic acid {Asp) and cysteine (Cys) [10]. The presence of Asp and Glu
carboxylic groups has alsobeen found in the case of silver to lactoferrin (LTF) binding [23]. The potential
binding sites were defermined by means of molecular dymamics simulations, which were consistent
with and complemented the instrumental studies carried out. For caseins, which are non-crystalline
proteins, their total primary and partially secondary structures are known, but homologous proteins
with a known crystallographic structure are unavailable. In Kumosinskietal, 1991 [50], an atemptwas
made to construct a three-dimensional ©CN structure using molecular modeling, and the structures
obtained were preliminary models. Additionally, despite the fact that the computational approach
allows for studying the processes and properties of proteins, there are limitations to the possibility of
obtaining accurate parameters that would allow for studying posttranslational modifications (FTMs),
which ame crucial in caseins” structure [51]. The proposed casein models require additional validation
using other approaches and deserve further investigation, which will be our goal in future studies.

24, Spectrometric Analysis

Studies on control proteins (unmodified) before binding with zinc ions were performed for three
casein fractions obtained during chromatographic separation in our previous studies [52]. To determine
the masses of casein isoforms both before and after binding of zinc ions, the analysis of intact proteins
was carried out using MALDI-TOF M3 (Figure 6).

The masses of intact casein isoforms were found to be 23985874 + (.326 and 19,032.393 + (.326 myx
for BCN and wCN, respectively. In the case of agCN, two overlapping signals were observed.
These signals correspond to values 23,530,363 + 0.326 and 23,604.519 = 0,326 mz. According to the
literature data, the registered signals are coming from different genetic forms of mg CN [532,54].

The respective signals appeared in the sample after zinc ions binding (Zn-o5 CN complex) at
23507 614 and 23,597 329 mfx. This difference is connected to the degradation of some parts of
the protein structure during the zinc ions binding process. Compared to the unmodified protein
{control), in the case of the Zn-mgCMN complex, a new signal has been observed (8661218 and
Y257.008 myz). This observation is the result of protein decay to the more hydrophobic fragments, e.g.,
8661.218 and 9257.008 m/z (Figure &). A different situation was observed in the case of the GCMN protein.
The characteristic signal registered at 23 985.874 + 0.326/23 and 982 382 £ (.326 m/z was noticed in
both the unmodified and modified FCN protein. Momeover, in the case of the Zn-fCN complex, a new
signal with the m/z ratio of 8025.292 m/z has been noticed. This signal indicates that hydrophilic zinc
ions bind to the hy drophobic protein through indirect interaction with osxy gen from water. BCN is
more hydrophobic than other casein isoforms. This is due to a negative net charge in the N-terminal
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with five phosphoserylic and hydrophobic C-terminal residues [55]. In the case of the xCN protein,
which is the smallest of the caseins, the signal is suppressed (in comparison with the control signal
19,032.393 m/z) after binding to the zinc ions. Perhaps it is an effect of glocosylation occurring only in
xCN. The kCN is a glycoprotein sensitive to the proteinase (chymosin) site, which causes cleavage of
the glycoprotein into two parts: the N-terminal para- k-casein domain and the C-terminal domain of
x-casein with macroglyceride, which is highly het®erogeneous in terms of oligosaccharide content [56].
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Figure 6. Mass spectra of intact standard solutions of agyCN, PCN, KON and their complexes with
zine ions (Zn-ag;CN, Zn-BCN, Zn-xCN).

3. Materials and Methods

3.1. Characteristics of as;CN, BCN and xCN

3.1.1. Isolation of ag)CN, PCN and kCN, Chromatographic Separation and Matrix-Assisted Laser
Desorption lonization—Time of Flight Mass Spectrometry (MALDETOF/TOF-MS) Analysis

The casein fractions (ag;CN, BCN, kCN) used in present study have been previously separated
and identified by our research group according to Pomastowski et al. [52] using high-performance
liquid chromatography (HPLC) and MALDI-TOF MS techniques, respectively. In the current research,
the isolated fractions were used to continue the study by the investigation of the mechanism of binding
zinc ions with the obtained casein fractions.

3.1.2. Iscelectric Point Determination

The isoelectric point of casein isolated from milk was determined by the diffraction light scattering
technique (Zetasizer, Malvern Instruments, Malvern, UK). The protein was suspended in (.09% sodium
chloride solution (Sigma-Aldrich, Warszawa, Poland) in the range of pH 2-11, sonicated for 10 s and
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analyzed using the DTS1070 cuvette (Malvern Panalityveal). All the measurements were performed in
three repetitions.

3.2, Kinetic Study of Zinc ITons Binding fo cg CN, BCN and «CN

For the kinetic studies, the samples were prepared by mixing oz CN, fCN, xCN and zinc nitrate
(V) (Sigma-Aldrich, Warszawa, Poland) solutions at a ration of 1:1 (10} with the final concentration
of 5000 and 25 mg/l.. The protein samples were suspended in 0.09% sodium chloride at pH = pL
Then, the samples were incubated at 4 *C and analyzed after a certain period of time: 2, 5, 10, 20, 30,
45, bi, 80, 140, 180 and 1440 min, and centrifuged (12,000 rpm, 10 min). Part of the supernatant was
mineralized in aqua regia and diluted to 1% nitric acid (V) (Sigma Aldrich, Poland). The concentration
of zinc ions was determined by inductively coupled plasma-mass spectrometry ICP-MS (7900 ICP-MS,
Agilent Technologies).

To explain the mechanism of zinc ion sorption by casein isoforms, zero kinetics, pseudo-first
and pseudo-second-order kinetics models, and intraparticle diffusion models were used to analvze
the results.

The kinetic models were e xpressed with the following formulas:

s  The zero-order kinetics model:

C— Co—kot )

where: C—the concentration of zinc ions in aqueous solution for a certain period of time [mg/L],
C—the initial concentration of zinc ions in aquecus solution [mg/L], kp—the adsorption rate constant

[{mg/Lymin], and {—the adsorption duration [min].

¢  The pseudo-first-order kinetics model:

g = (1 - 75) @)

where: §i—the amount of zinc ions sorbed for a certain period of time [mg/g], §—the amount of zinc
sorbed at equilibrium [mg/g], and k) —the rate constant of the pseudo-first-order sorption kinetics
[1/min].

+  The pseudo-second-order kinetics model:

gkt
14 gekat @

where: k;—the rate constant of the pseudo-second-order sorption kinetics [{g/mg)/'min].

¢  The Weber-Morris intraparticle diffusion modelk

R )

where: A—a constant indicating the thickness of the boundary layer diffusion or external surface
adsorption [mgfg], and Kgp—the intraparticle diffusion rate constant [(mg/glmin®%]

The amount of zinc sorption by casein isoforms from an agqueous solution (for experimental data)
was determined as follows:

¥V
gr = (Co— C:IE {5)
whene: V—the volume of solution from which sorption occurs [L], and m—the sorbent mass [g].
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Additionally, the distribution coefficient (Kz) of zinc ions sorption by agyCN, PCN and «CN and
Gibbs' free energy for zinc adsorption were calculated.
The following equations wemne used:

_ e
K=& (®)

where: §—the amount of zinc sorbed by casein isoforms atequilibrium time [mg/g], and C—the equilibrium

concentrations of zine in solution [ogL].
AGY — _RTINK, 7

where: AG"—the energy of adsorption [k]fmol], E—the gas constant (8.314 J/mol-K), T—the adsorption
absolute temperature (295 K), and K;—the distribution coefficent

3.3, Spectroscopic and Spectrometric Amalysis

For the FT-IE, Raman and MALDI-TOF MS studies, the complexes were prepared by mixing
aig)CN, PCN, kCN and zinc nitrate (V) (Sigma-Aldrich, Warszawa, Poland) solutions at a ration of 1:1
(TfT) with the final concentrations of 5000 and 25 mg/L.. The protein samples were suspended in 0.05%
sodium chloride at pH = pl. Then, the samples were incubated at 4 “C for 24 h (because, after this time,
we are sure that the metal-protein binding will take place). After the incubation time, the samples
were cenfrifuged (12,000 rpm, 10 min). The supernatant was removed and the resulting sediment was
Ivophilized and submitted to further spectroscopic and spectrometric analyses. In tum, isolated CN
{control) was prepared by dissolving in distilled water.

331 Fourier Transform Infrared Spectroscopic (FT-IR) and Raman Spectroscopy (Raman) Analysis of
azCN, BCN and «CN

Spectroscopic methods (FI-IR, Raman) have been used as techniques for analyzing the changes of
the active functional group and the secondary structure of the protein system.

Spectra in FTI-IR analysis were recorded by using a Spectrum 2000 from Perkin- Elmer, Waltham,
MA, and were recorded in the MIR range from 400 to 40400 cm™ !, and 15 scans were averaged at
a msolution of 4. The samples were prepared in three repetitions by grinding them with potassium
bromide powder (KBr) and pressed into a disc.

The Kaman signals were recorded with the Raman Spectrometer (Senterra, Bruker Optik) in
a spectral range of 4004000 cn™! with an integration time of 3 % 30 5 using a 532 nm laser excitation,
at 20 % 5 mW power, in combination with 10 fM accumulation. The samples were prepared in three
mepetitions by direct application of the sample on a microscope slide.

All spectra were promssed using ORIGIN software.

332 Matrix-Assisted Laser Desorption lonization—Time of Flight Mass Spectrometry
(MALDE-TOETOE-MS) Analysis before and after Zing Binding to Isoforms of Casein

MALDI mass spectra were acquired using a Bruker UltrafleX treme II mass spectromefer provided
with 2 klHz speed in TOF mode and 1 kHz speed in TOETOF mode equipment with a modified
MNd:YAG laser operating at the wavelength of 355 nm. For MALDETOF MS analysis of the intact
proteins before and after binding of zinc to isoforms of casein, samples were prepaned according to
the dried droplet method using sinapinic acid (SA) as matrix, and next, the samples were applied
to ground steel In turn, Protein Calibration Standards I was selected for calibration. Spectra were
obtained in linear positive ion mode over an M range of S000-100,000.

4 Conclusions

This study describes for the first time the mechanism of binding zinc ions to individual casein
fractions, causing the formation of complexes, and thus indicating the precise contribution of individual
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fractions to the binding. The performed kinetic studies of the binding of zinc ions with mg)CN, BCN and
kM indicate a heterogeneous kinetic process carried out in three steps for £n-ouw; CM, Zn-pCN and
£n-gCM. The initial stage is associated with rapid initial sorption, the second stage with moderate
sorption and the third stage with gradual achievement of the sorption equilibrivm. Experimental data
subjected to the Weber-Morris model indicated two stages of sorption ending in a sorption equilibrium
step. The first step was related to adsorption occurring on the external surface of proteins, while the
second step was melated to intraparticle diffusion of zinc ions.

Spectroscopic studies (FT-IR) have proven that the main role in the binding of zinc ions to
agy CN, BCN and kCN complexes is played phosphate groups and carboxylic groups of Glu and Asp.
Faman’s spectroscopy supplemented the information from the gap in the information obtained from
FT-IR analysis and indicates that the presence of aromatic amino acids such as Ty, Trp and Phe was
involved in the binding with zinc ions,

The use of mass spectrometry allows the accurate determination of masses and thus the
identification of o) CM, BCN and kCM. The mass spectra obtained affer binding the profin with zinc
ions indicate that in the case of ag)CN, the carboxylic groups Asp and Glu play a key role. BCN binds
to zinc ions through indired interactions with oxygen ions, whereas in €CM, the binding of zinc ions
takes place probably through weak electrostatic interactions with deprotonated functional groups.
However, the proposed binding mechanism requires additional validation using complementary
approaches, especially molecular modeling methods.
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mgy TN Kigy-casein

BCM B-casein

M K-casein

Ala Alanine

Asp Agpartic acid

Glu Glutarmnic acid

Phe Pherylalanine

Pra Proline

Thr Thireime

Trp Tryptophan

Tyr TFyrosine

Ser Serine

oCP Colloidal calcium phosphate

FI-HIR Fourier ransform infrared spectroscopy
HPLC High-performance liquid chromatography
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The presented work is fooused on the isotherm smdy on the Zn®* jons binding o the individual ca-
5eiN ITACTions: &g, §- and k-casein (&g CN, 0N and £CN). The experimental isochenms were evaluarad
using Freundlsch and Langmusir models. Subsequently, the sabiliy of the obained complexes in the re-
spective Zn?+ ion concentrations {120, 350, 600 mgl) was determined by camying our €3 porential
measurements. Capillary elecrophoresis combined with inductively coupled plasma mass spectrometry
Keywords: (CE-ICP-M3) confirmed e oocurming binding process. Additsonally, physsoochemical characteristics of e
Finc abrzined metal-proein complexes was performed including scanning elecoron microscogy (SEM) in owo
Casems medes (SE and Z-conirast) and the Wnding sites of caseins o Z0°* ions were indcated using atreno-

ic study ared wial reflectance infrared spectroscogy (FTIR-ATR) and Raman analysis a5 well 5 miss specrmmemry
m’&’:‘d‘ﬁ’@ rechnique (MALDI-TOF MS). Isoehenmal smudses indicated 2 heterogensously COMpex ZinG jn adsorprion

! process, and a stability study showed thar the zeta potential is strongly relared o the hydrophobecry,
SiTe and strucmre of the cisein isoforms studied. Eleciron microscopy confimmed the modificaron of ca-
sein surfaces due o the addition of Zn'* sons. Specrroscopic echnigues indicared rhe interaction of Zing
iens with polar amine acids of casein, such as glutamic acid (Glu) and aspamic acid (Asp), but also His,
Cys. The influence of phosphate groups was also observed. Finally, the smody culminaeed in a molecular
docking study of the Zn® jon binding process, which confirmed the presence of the kisted amino acids
responsible for the binding process.

D 2022 The Aurhors). Puidished by Elsevier BY.
This i 2N OPEN access amscke under che CC BY license [NITp:)|creativecommons.org/licenses byj4.07)

1. Introduction

MNowadays, one of the main research paths is the in-depth
knowledge and use of the properties of compounds present in our
environment. One of the top-reach issue attracting attention are
metal-proteins interactions, mainly due to fact the metal-protein
binding results, e.g. metallocomplexes might be successfully im-
plemented in fields such as food processing pharmacology or
medicine [1]. Moreover, the use of food proteins is of particular
interest. The use of specific food proteins is also of ecological im-
portance. An example could be milk - using this raw material as

* Corresponding authar.
E-mul oddress: p pomastrwski@umbcpl (P Pomastosski).

hittpes:[ [doi.orgf MU 10MG[j molstrec Az 134251

a source of biologically active proteins in an alternative way fits
perfectly into the idea of sustainable development. The main pro-
tein of milk (abowut T5-80% w'v) are caseins (CMs). They form the
largest protein component in most milks of indwstrial significance.
The casein complex is divided into three fractions: g and @z (al-
pha), # (beta) and x (kappa) [2]. Casein is the basic building ma-
terial for the formation of hemoglobin and blood plasma proteins,
and also stimulates the proliferation of lymphocytes and activates
macrophages [3]. A special feature for this type of proteins is the
presence of a bond to a phosphate group, moreover, all polypep-
tide chains contain at least one of these groups in their structure -
the unigque sequence of amino acids leads o phosphondation [4].
In this sequence, serine occurs first, then any amino acid, and then
glutamic acid or serine again. The phosphorylated portions of the

D022 28600 2022 The Author(s). Published by Elsevier EV. This is an open acress article under the CC BY license (hitpc | creativecommens ong/licenses g 4.0
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polypeptide form specific clusters with the phosphoserine on the
outer side. This has a particularly important effect on the possibil-
ity of forming a bond with the metals. One of the main characteris-
tics is the presence of casein in the form of large colloidal particles
or micelles. Their size ranges from 50 to 300 nm and may contain
from 20 to 150,000 casein particles [5,6]. A typical micelle consists
of 92% @g-, @g- . f-. k-caseins in the ratio 3: 1: 3; 1. &% of inor-
ganic compounds swch as: calcium (2. 87%), phosphates [2.89%), cit-
rates (0.4%), and small amounts of sodium, magnesium and potas-
sium |G]. The dispersion stability of casein micelles depend is re-
lated with their structure. Among many proposed micelles models,
three main can be divided: (1) the sub-micelle model of Slattery
and Evard [7]; (2) the Holt nanocluster model [8] and [3) the dual-
binding model proposed by Horne [9]. Mevertheless, the precise
stability of agy-. §-, &-CMN micelles is still under debates and re-
quires further research in this area. Functionalization of casein mi-
celles by metal wns or other chemical might find the application
not only in food industty as nutraceutical ingredients but also in
medicine as a novel antimicrobial and anticancer agents |1,10-14]
The production of casein-metal based pharmaceuticals complexes
iz often the subject of the patents [15-17]

Zinc participates in mamy biological processes and has excep-
tional coordination chemistry - in the acidic agueous solution it
forms the stable agua compleces able to exchange water molecules
when binding to other ligands [13]. Due its high affinity for func-
tional groups, such as carboogyl or amino [19], binding zinc to pro-
teins create a new application. Zinc, as one of one of the most
essential microelements, has been shown o be crucial for the
proper function of a large number of macromobecules and en-
zymes, where it has both catalytic (active center of enzymes) and
structural roles [20-22] Importantly, the human body is not able
to store zinc, so that a daily intake of this element is required for
normal health and maintenance 23] Fortification of food prod-
ucts with zinc has thus been commonly used to prevent deficien-
cies. Here dairy products are of the special interest - they do not
contain a high level of zinc, but the addition of it o milk, yo-
ghurts or cheese might provide replenishment of zinc levels in
groups at nisk of its deficiency. However, the addition of elements
to dairy products might effect on the protein stability. The col-
loidal properties of the casein micelles play a major role in the
structural properties of dairy products [24.25]. Interestingly, ex-
cept the crucial role of zinc ions [Zn®*) for human health, the
free Zn*+ might play a critical role in neuronal damage and new-
rodegenerative disorders [25]. Then, the specific binding of Zn?+ o
proteins seems to be necessary to eliminate the toodc effect. The
results of metal-protein interactions may include metalloproteins,
metallocomplexes, nanocomposites and nanoparticles [ 1]. The pre-
vious works of our group have shown the successful binding of
zinc to milk and whey proteins resulting in both metallocom-
plexes such as: zinc-casein (ZnCM) [27.28] and zinc- Blactoglobulin
ZnBLG), which is a whey protein [29], as well as nanocompos-
ites: zine owide-ovalbumin (Zn0-0VA), which is protein isolated
from egg white [30]. However, the exact mechanism of zinc bind-
ing to the proteins is still unclear. The papers from the last few
years gave some insight in this comple: process by implementa-
tion of various instrumental and computational technigues [spec-
troscopy. specirometry, molecular modelling or density functional
theory calculations).

Therefore, the presented scientific problem prompted our re-
search group to complement our previows studies with izother-
mal studies of Zn®* ions binding to individual casein isoforms:
gy, - and wCH. As a complementary method, the CE-ICP-MS
was performed to confirm the zinc binding to the caseins. More-
over, microscopic (Scanning Electrom Microscopy: SEM), spectro-
scopic (Fourier Transform Infrared Spectroscopic with Attenuated
Total Reflectance (FTIR-ATR), Raman) and spectrometric (MALDI-
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TOF-MS5) analyses were used to monitor the binding of Zn®* ions
(120, 350 and 600 mg/L) to individual casein fraction. Addifonally,
zeta potential measurements were performed to determine the sta-
bility of the casein fractions. In the final step, the experimental
results were confronted with the theory by using the molecular
docking, allowing for deeper understanding of the potential Zn®*-
CN binding sites.

2. Experimental
21, Ispthermal study

For isothermal studies, samples were conducted based on batch
sorption approach by mixing solutions of agCN, ACN, «CN, and
zinc nitrate (V) (Sigma-Aldrich, Warsaw, Poland) at a ratio of 1:1
(vjv]. Proteins were suspended in 0.09% sodium chloride solution
at pH = pl [concentration 5000 mg/l) according to our previ-
ous work (pl anCN = 480 £ 072, pl §CN = 455 + 215, pl
KCN = 4.40 £ 028 [27]. Then, the proteins were sonicated for 10
min. The Zn?* ion concentrations used in present study was as fol-
lowe: 1, 6, 1Z, 40, 60, 120, 180, 300, 350 and &00 mg/L. The samples
were incubated for 1440 min (T = 21=C), centrifuged (4=C, 12,000
rpm, 10 min) and mineralized in aqua regia and diluted to 1% ni-
tric acid (V) (Sigma Aldrich, Poland) and the concentration of Zn?+
ions imvolved in the metal-protein binding process was determined
using Inductively Coupled Plasma-Mass Spectrometry 1CP-MS [ Shi-
madzu ICPMS 2030, Myoto, Japan).

The experimentzl results of Zn?* ion sorption process by g CN,
BCN, &CH were analyzed using Freundlich isotherm, Langmuir
isotherm. The Freundlich and Langmuir isotherms were chosen due
to the fact that they are the best knmwn and popular isotherms and
additionally they describe in a simple way the process of adsorp-
tion on the surface of biocolloids.

= The Freundlich isotherm was explained by the following for
mula:

g=KC n
Where: Kr - constant division (L/g), Ce - the equilibrium con-
centrations of zinc in solution [mgfL], n - an empincal constant,
characterizing the heterogeneity of the adsorption process. The
above model is widely used to describe the sorption process on
the surface of heterogeneous proteins.
The Langmuir isotherm was explained by the following for
mula:
q'mxl.fe
A (2]
Where: gm - maximum amount of zinc adsorbed in monolayer
(mg/g). K; - constant Langmuir division (Lmg)l This is a model
that assumes that a monolayer of molecules forms on the adsor-
bent surface, interacting with the adsorption sites rather than in-
teracting with each other, and that there is no possibility of form-
ing a multilayer, and that the adsorption energy is constant.

22 Capillary electrophoresis coupled with imdiectively coupled
plesma mass specrometry analysis ((E-JCP-MS)

The CE-ICP-MS analysis was performed for the ZnfSCN com-
plexes (precipitates) at all Zn?+ isotherm concentrations (1, 6, 12,
40, &0, 120, 180, 300, 350 and 600 mgl) to observe the effect
of applied binding procedure 2= a screening method. For this pur-
pose, a Prince CE 760 systemn (Prince Technologies BV.) coupled to
a MexOMN 300 D ICP mass spectrometer (Perkin Elmer) by a house-
made interface [31.32] were used. Moreover, the uncoated fused-
silica capillaries (length 1 m; i.d. 75 mm) and the background elec-
trohyte (BGE; Ma-borate buffer at pH 7.8) were applied. Zinc was

g=
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Takle 1
Dptimal running parameters of CE-ICP-MS.
Parameter Value
CE woliage 20 kv
Sample injection hydrody mamically for 20 5
CE capillary uncoated fused-silica capillaries id. 75
mm, 1 m length
Fumming buffer solution Na-Borat buffer, pH 78
EF powesr 1250°W
Outer plasma gas 16 L Arjrmin
Camrier gas 098 L Arjmin
Monitored isotopes rn, 0|

monitored at the 557n isotope, whereas the SN protein at *2[S0],
as far as sulfur is considered as the natural tag in proteins and dy-
namic reaction cell technology with cogygen as a reaction gas for
mass shift to the non-interffered miz=438. All of ZnfCN complees
were dissolved in the BGE at the protein sulfur concentration of
1000 ppm for the further anabysis. The CE-I0-MS measurements
were carried out in triplicates. The applied CE-ICP-M5S parameters
are summarized in the Table 1.

23 Zeto potential (ZF) measurement

The stability of casein fractions after binding to In®* ions was
determined using dynamic light scattering technigue (Zetasizer,
Malvern Instruments, Makern, UK). Metallocomplexes were sus-
pended in 009% sodium chloride solution (Sigma-Aldrich, Poland)
at several Zn?* ion concentrations (1, &, 12, 40, 60, 120, 180, 300,
350 and &00 mg/L). Directly before the ZP measurements, all sam-
ples were sonicated (10 s) by using the ultrasonic cleamer (USC
THD model with 4% kHz ultrasonic frequency and degassing func-
tion, VWR International, Poland). The measurements have been
performed in three replicates.

24. Midoscopic study

Changes in native agpCM, SCM, cON and InoegCH, IngdlN,
ZniwCN metallocomplexes surface morphology were imvestigated by
Scanning Electron Microscopy (SEM, LEQ model 1430 V), using
two modes: secondary electrons (5E) and Z-contrast backscattered
electron (Z contrast BSE). All images were acguired from the same
region, allawing for a better comparison of the image acguisition
modes. Images were taken at the zame high woltage and magni-
fication, and contrast and brightness were kept constant for each
mode. The sample were dropped on the microscopic glass, dried
and then analyzed while for elemental analysis the samples pow-
der was used.

2.5, Spedroscopic study of the Zn®+ ions binding process

FTIR-ATR and Raman spectroscopy were used to evaluate the
changes in caseins (M) structure before and after Zn®+ jons bind-
ing.

FTIR-ATR spectra were collected in the MIR range by 15 scans
at 4 cm~! resolution using a Bruker FTIR-ATR |[Eillerica, Mas-
sachusetts, USA) Approximately 1 mg of native g, CM, FCN, «CN
powder and Znog; (N, ZnfCN, ZneCN metallocompleces for spec-
tral analysis were applied o a platinum-ATR with a durable mono-
lithic diamond measurement interface.

Raman spectra in the MIR range were measured at a wave-
length of 4 = 532 nm as excitation light, with a power of about
20 mW and a counting time spectrum of 2 = 30 s with an accu-
mulation of 10 fM using 3 Raman spectrometer (Senterra, Bruker
Optik). Sample preparation consisted of applying the samples to
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InSe lemses, Focal length 50.8mm, 12 mm, 2.4 mm (IUVO-LASER,
Poland), drying at room temperature for 24 h and analysis.

25, Polyecrdamide gel elecrophoresis study

The standard solutions of @g-, - and &CN each casein frac-
tion before and after the Zn?* binding was investigated by us-
ing a one-dimensional sedium dodecyl sulfate-polyacrylamide gel
electrophoresis [ 1D 505 PAGE) [BoltTM Mini Gel Tank, Novex Life
Technologies, Carlsbad, CA, USA). As 2 marker, the SeeBlue™ Plus2
Pre-stained Protein Standard was used (Movex Life Technologies,
Europe, Bleiswijk, Metherlands). The preparation of samples was
based on the standard procedure recommended by the manufac-
turer

2.7, Mass spectrometric shidy

MALDI mass spectra were obtained using a Bruker UltrafleX-
treme [| mass spectrometer at 2 kHz in TOF mode and 1 kHz in
TOFRTOF mode by a modified 355 nm Nd:YAG laser. The spec-
tra were recorded in the positive ion linear mode in the range m
[z 5000 - 100000. Analysis has been perfformed according to the
manufacturer guidelines. For intact analyses, sinapic acid (5A) as a
matry was used, and Protein Calibration Standard 11 was applied
for calibration. 5amples (both control and complex at concentra-
tions of Zn®* dons 120, 350, and 600 mg/L) were dissolved in water
and applied to a MALDI steel target by the dried droplet method
after mixing with the matrix.

Protein Calibration Standard 1l and matrix (54) were purchased
from Bruker Daltonics, and all other reagents were purchased from
Sigma AbMrich (5teinheim, Germany) with the highest possible
commercially offered purity.

2.5, Molequlor dodking

When peforming molecular docking, we may encounter mamy
different approaches depending on the structures available and the
results we want to achieve. In our previous work [33] one exam-
ple approach is presented. The free and trial software were used
to simulate the attachment of the metal-ion to the protein. The
3D structures of the proteins in the .pdb extension were down-
loaded from https://alphafold.ebiaculf. The emvironment in which
the analysis was conducted and visualized was Metal lon-Binding
Site Prediction and Docking Server (MIB) http:/ (bioinfo.cmuedu.
twMIE/. MIB is an extremely fast server that allows to predict
where the bonding between the metal ion and the protein chain
occurs. Motable that the MIB is based on the fragment transfor-
mation method, which allows for high accuracy and sensitivity; in
the case of matching the Zn?+ ion, these parameters assume 94 8%
and T1TE, respectively. These values are constantly improving as
new structures appear in MIBs. Additionally, the Chem3D Pro 12
trial version, https:/|cs-chem3d- std software.informer.com /4.0 and
Molegro Molecular Viewer 7, http:/ /molexusio/ molegro- were used
to optimize the 30 structures of the proteins. The PyMol program
was employed o visualize the obtained results ( hitps://pymolorg/
)

In the first step all 30 structures of agCM, SON, kTN were
downloaded from AlphaFold Protein Structure Database. Bos taw
rus was chosen as the source organism for all structures, All files
were downloaded in .pdb format. The acquired structures were
single-chain and did not include post-translational modifications.
In method we use only nmative primary structures can be used as
a basis. Using a Molegro Molecular Viewer 7 we delete all water
particles from the files. Next using the same software, we made a
simple energy optimization. We could upload the prepared struc-
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Table 2

Isnthermal model parameters for Zn'* Gons sorption by x-. f-and TN
Cassin Freundlich model Langmusr madel
fracti

et % o S ¥ K G 5 B

agCN 155 070 2682 086 00015 28556 814 DA5
BLN DEF 092 071 058 0.000P4  GRS.aD  310R DOS
xCN LI 081 20 059 00015 13RT 3002 099

tures to the server performing automated calculations without user
intervention.

The MIB interface is userfriendly and intuitive. The website
also provides a simple instruction that allows less ecperienced
users to carry out the analysis. To perform the analysis, we upload
the files with the prepared proteins (one at a time]). Next, we select
the metal ion we want to attach, we choose Zn®* but there are 12
different options. Caloulations to predict the potential site of ion
attachment to the structure are based on the Fragment Transfor-
mation Method and do not require user intervention. The method
used is described in detail in the paper Lin et al. [34]. After just a
few minutes, the results in the form of a short report were sent to
an e-mail address [35,36]

The sites of the anticipated metal ion attachments to the pro-
tein proposed by the program were collected in the .pdb format
and Further visualized in the PyMol program.

3. Results and discussion
31. [sothermal study

Isothermal adsorption studies were carried out to better under-
stand the process of zinc ion binding to individual casein fractions.
The obtained expenmental data are presented as a plot of sorption
capacity change versus zinc concentration in solution (Fig. 1).

The ecperimental results obtained in the used concentration
range indicate that with increasing zinc ion concentration, the ad-
sorption capacity of different protein fractions increases. The ad-
sorption phenomenon was additionally described by two adsorp-
tion isotherms: Langmuir and Freundlich. The Langmuir model pre-
dicts adsorption in a monolayer when the probability of all ad-
sorption sites is equal, with no interactions between adsorbed
molecules while the Freundlich model, represents adsorption of
molecules in multiple layers with heterogeneous adsorption ener-
gies and interactions between adsorbed molecules [37].

The equilibrium constants for the Freundlich and Langmuir
models were 155 Ljg and 0.0015 Limg for o CN, 066 Lig and
0.000745 Limg for BCN, 107 Lig and 0.0015 Limg for & CN, respec-
tively. The obtained parameters and additionally calculated stan-
dard error (5) as well as correlation coefficient (R?) are summa-
rized in Table 2. These two models have a high degree of fit to
the experimental data. Successfully, applied Freundlich adsorption
isotherm for all three fractions, indicating multilayer adsorption
of zinc ions. Based on the theory of Freundlich isotherm model
[38.39], the heterogeneous surface of CN protein might have van-
ous kinds of adsorption sites, and the affinities of these adsorption
sites on the Zn®* ions are different.

Much more information was obfained by running the isotherm
as a function of CefCy. Consideration of this kind of dependence
made it possible to identify two dominant steps in the sorption of
Zn?* jons on zll three fractions of casein. First, the formation of a
monolayer of Zn?* ions is observed on the surface of each casein.
In turn, after the initial step, a second layer is formed imobing
the binding of Zn?+ ions to the already adsorbed monolayer. In the
case of GCN, the obtained curves both for Freundlich and Langmuir
isotherms and as a function of C /Cy are slightly steeper, which
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may indicate that this protein shows much stronger hydrophobic
properties than agCMN or k(M. Based on the obtained isothermal
results, three highest concentrations with zinc ion concentrations
of 120, 350 and 600 mg/L were selected for comparison, to observe
differences in the binding process and structure of casein fractions.
lsnthermal studies indicate that the number of zinc moles for par-
ticular concentrations at 120, 350, and &00 mg/L for @g CN are 10
moles, 22 moles, 36 moles, for AN 9 moles, 29 moles, 44 moles,
for kCN 7 moles, 21 moles, 32 moles, respectively. Hence, it can be
concluded that the amount of binding zinc to the protein increases
with increasing zinc ion conceniration.

3.2, Capillary electrophoresis coupled with imdiectively coupled
plesma mass specrometry analysis ((E-JCP-MS)

Metal-protein interactions were investigated by the comparison
of the zint composition of the (N and the ZnfCN complexes [ob-
tained by the using different Zn** concentration: 1, 120, 350 and
&00 mg/L). The assigning of zinc peaks to protein in CE-10P-MS was
made by comparison of their migration times. Fig. 2 presents the
557 spedific electropherogram of native protein and its zinc com-
plexes.

In all samples the detectable "7n levels in the SCN protein
were recorded (Fig. 2B-D), with the exception of sample prepared
by 1 mgL of zinc level (Fig. 2A). From analysis of ZnS0N com-
plex at the lowest In?* concentration (1 mg/L) it can be noticed
the unbound zinc monitored 100 s, while the #CN migrates at 200
s (Fig. 2A). The higher concentration of Zn®+ used for the bind-
ing process resulted in the detection of protein containing zinc.
finc binding was found to be concentration-dependent - with the
increase of Zn** concentration, the intensity of ®5Zn peaks was
also increased. The peaks assigned to the 350 and 600 mg/L of
zinc level was wider than the 120 mg/l. Additionally, the peaks
of the highest zinc concentration was shifted, compared to 120
mg/L Zn** concentration, The slight time migration shift can be
explained by the higher salinity of the sample with highest con-
centration of zinc, and in the consequence, the higher conductivity
of the sample. Similar effect was observed by manys authors in-
cluding Michalke et al. [32] who hawe noticed that migration times
of iron species in biological samples were higher than used stan-
dards solutions.

What is imteresting, the analysis of native (N protein sus-
pended in the BGE at pH=7.8 resulted in the two separate peaks
indicating the probable dimer of SCN [40].

33. Zeta poten ficl measurements

The stability of the obtained metallocomplexes was measured
by using zeta potential (ZF) at all istotherm points (1, 6, 12, 40,
&0, 120, 180, 300, 350 and 600 mgL). The zeta potental is a pa-
rameter commonly used to characterize the stability of colloidal
systems in solution. Based on the electrokinetic theory and Smeolu-
chowski equation, biocolloids have a surface charge that attracts a
thin layer of ions of the opposite charge to the protein surface. The
electric potential at the boundary of the double layer is called the
zeta potential [41-43L

The ZP of a5 CN was registered in the range of -31.8 £ 2.8 (1
mg/LZn?* ions) to 17.3 £ 1.7 (600 mg/L Zn** ions) my (Fig. 3).

The zeta potential of the SCN varied the most during the bind-
ing process (Fig- 3) - it was the most stable during the compleca-
tizn in the range of 40 to 180 mg/L of Zn®** jons (-259 + 136 to
-279 £ 3.0 mV). On the other hand, it was unstable at the lowest
{1 mg/L Zn?* jons) and highest {600 mg/L Zn®* ions) concentration
of zinc with the ZP at -5.1+ 0.6 mV and -5.94 3.8 mV, respectively
(Fig. 3). Acrording to the ZP value, the less stability has been pre-
sented by the xCM form with the ZP registered in the range from
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Fig. 1. The binding isctherms of Zn'* jons by oo ON, AN, and £ (N and the ft to Freundlich and Langmur isotherm models, ax well s the sorption isotherm of Zn?* ions

romsdering the GJC; relationship.

-125 £ 1.1 mV at the lowest to -13 £ 02 mV at the highest con-
centration of Zn®* jons (Fig. 3). This phenomenon might be cor-
related with the hydrophobicity properties of the all three fiorm
of casein; agyCN form is shown to has the hydrophilic properties
whereas SCN and xCN have hydrophobic properties, the higher
hydrophobicity is shown by SCN |24,44]. Therefore, the affinity to
the solvent oocurred in different manner. Moreover, from the ex-
perimental results it can be concluded that in the case of agCN
and & CM, addition of zinc did not affect the stability of this protein.
At the Znog;CN and ZnwCN complexes preparation step (See the
Materials and Methods section), no considerably changes in sample
turbidity after the Zn®* sddition were observed. Differently, bind-
ing the zinc onto BCN at 350 and 600 mgl concentration cosider-
ably deacresed its stability, and it was also visible as a change in
the turbidity of ZngdCN sample.

The colkxidal behaviour of various caseins forms during the
metal binding process is crudal for the further modulation of their

stability during the dairy technological processes [45] described in
detail in the Supplement section.

3.4. Miooscopic study

The Fig. 4 presents the scanning electron microscopy (SEM)
images of @g;-, B-, kCN before and after the Zn®* ions bind-
ing process in bwo modes, secondary electron (SE) and Z-contrast
backscattered electron (BSE). The 5E mode permits description of
the surface topography and size of tested materials. On the other
hand, the BSE 5EM images can be applied to confirm their chemi-
cal composition as well as the distribution of different elements in
the samples [46]. Due to fact that BSE images show high sensitivity
to differences in atomic number (£ number] it is possible to visu-
alize the elements with the higher atomic number as the brighter
spots in the SEM image [47].
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In the case of our study, Z-contrast BSE detection provides im-
proved imaging of deposited zinc fons on the surface of casein
fractions. Then, the brighter spots shown in the Fig. 4 indicates the
zinc deposition on the casein’s surfaces. Referring to the recenved
SEM images, the compositional variations of the samples were ob-
served. In the control samples (native proteins) zinc was not de-
tected, both, in the SE and BSE mode.

However, the native proteins were characterized by different
surface morphology. Compared to the Zn-CN complex, SEM image
of the native protein show a guite smooth and non-porous surface
of agy-, f- k(M. Instead, the protein surface after the Zn®* ions
binding is modified and with the increasing concentration of Zn®*
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ions, the greater changes of ox;-, - xCN surface topography are
noticed. The observed surface modification is generated mainly
by the adsorption of Zn®* ions on the tested protein, Explanation
of this phenomenon might be based on the fact that at the
lower zinc concentration, the casein molecules collapse in on
themsehves, while on the highest concentration the metal-induced
aggregation occcurred. It is in a good accordance with the zeta
potential values of compleces obtained for the 350 and &00 mg/L
In*+ concentration,

The work of Kumar et al. [71] who have investigated the inter-
action bebween caseins and polysaccharides support this lypothe-
sis. They have observed on the SEM images that addition of small
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amount of A-carrageenan resulted in the casein molecules collapse, sorption of Zn?* on the protein surface. Moreover, according to the
whereas the increasing of carrageenan concentration caused the obtained SEM micrographs, in the case of 8- and xCN the changes
formation of aggregates [71]. Similar results was also obtained in in the shape of protein molecules (more globular) was observed at
our previous study [36] during the zinc agua complexes interac- lowest concentration (120 and 300 mg/L) compared to the agCN
tion with ovalbumin from the egg white. The ovalbumin topogra- (600 mg/L)

phy modification was generated by two mechanisms including ad-

~
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Addition of the highest (600 mg/L) concentration of the metal
hawve caused the self-association of all tested caseins forms. The ex-
planation of this phemomenon can be based on the pimary struc-
ture of casein amino acids sequence, and in consequence, on their
hydrophobicity. The most hydrophobic casein is the SCMN, which
has a highly hydrophobic C-terminal domain consist of many of
the non-polar amino acids residues (such as isoleucine, valine or
proline) [48]. In the case of the wCM, the hydrophobicity is dis-
tributed irregularly throughout the protein and it is strongly asso-
ciated with the amino acid sequence of the xCN.

As an example, 1 - 20 amino acids show mainly lydrophilic
behavior (e.g., arginine, glutamic and aspartic acid), while the aa.
from 21 to 110 contains some strongly hydrophobic residues (e.g.
tyrosine, alanine or leucine) Furthermore, the post-translational
phosphorylation and ghycosylation oocurring in the «CN might re-
duce its hydrophobicty [4849]. On the other hand, the agCN
form is considered to exhibit the highest hydrophilic properties.
In comparison to other forms of caseins, @ (N consist of 39 neg-
atively charged aa. residues (f- and «CN contains 28 negatively
charged residues) [48]. Taking into consideration the observed zinc
binding to caseins, the attention should be paid to the major
amino acids responsible for such metal-protein interactions. Based
on the literature reports, zinc cations are mainly bound to pro-
teins through the negatively charged (aspartic (Asp) and glutamic
acids [Glu) or polar (cysteine (Cys), histidine (His) and asparagine
(Asp)) amino acids residues, but also to the phosphoserine. The
works of Pomastowski et al. [28] and Rodzik et al. [27] confirmed
that Zn®*-caseins binding process is occurring through their Asp-
and Glu~ carbogy] groups. In our work, the zinc cations might
bind to the phosphate groups of serine, the histidine imidazole
ring [mainly mitrogen) or to the deprotonated carbmyl groups of
glutamic and aspartic acids. Moreover, the divalent ions such as
zinc may take part in the cross-linking of bwo or more neighbor-
ing charged amino acids groups [50,51] The SEM data revealed
that the addition of the same zinc lons concentration resulted in
the slightly different shape of ZnCN complexes. Therefore, it can
be concluded that more In®* ions are required to neutralize the
atzy (M charge, in comparison to 8- and «CN (Fig. 48, C), to achieve
the folded, globular structure by the most hydrophilic asg; casein
(Fig. 4A). Taking into account the differences between the zinc de-
position on the all casein isoforms, the BSE Z-contrast mode should
be considered more detailed. The addition of the 800 mg/L Zn?+ o
the c5; CM resulted in the appearance of much brighter zinc ions in
the BSE image, compared to the 120 and 300 mg'l Zn+ concen-
tration (Fig. 4A). The result is a higher number of moles of zinc
ioms per protein. Similar observation was made for the others pro-
teins (- and xCN) (Fig. 4B and C), but here the zinc deposition
was not 5o high. The differences between the tested caseins might
be related to the various nature of zinc hinding process. Consider-
ing the Ce/Cy isotherm obtained for the §- and xCN (Fig- 1B and
C) it can be concluded that the sorption of zinc ions is coourred
mostly on the protein surface, in the multilayer manner. In turn,
the Zn?+ binding to a5 (N seems o be more complex - more ions
hawve been adsorbed on the already eisted monolayer (Fig. 1A).

35 Spedroscopic study of the Zn®* ions binding process

In order to describe the functional ag-, G and & CN groups in-
volved in the Zn* jons binding process, the spectroscopic study
including FTIR-ATR and Raman analysis were performed. On the
Fig. 5, the FTIR-ATR spectra registered for the proteins before and
after the Zn?* jons complexation is presented in three different
concentrations of Zn®* jons chosen on the basis of isothermal
studies.

In the case of a5 M metallocompleces with Zn* ion concen-
trations of 120, 350 and 600 mg/L (Znoeg CN120/350/6007), it is ob-
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served that with increasing Zn?* jon concentration the signal in-
tensity decreases over the entire spectral range while for FCN and
& CN complexes (ZnBCNI120/350/600, Zne CN120/350y600) the sig-
mal intensity increases. The reason for the observed changes may
be the kinetics of binding Zn®* jons with particular casein frac-
tions. According to our previous studies [7], for a2 Zn®* ion con-
centration of 50 mg/L for agCN three steps were observed: fast
initial sorption, gradual sorption and increasingly slow sorption
without reaching equilibrium, in the case of FCN and & CN equilib-
rium was reached. When the concentration of Zn®* ions is higher,
that is, the bound Zn®* ions are increasingly more. This is due to
the structure of the protein itself and its ability to hind o Zn*
ions.

For all three spectra obtained there was a large reduction in
intensity in the signal range 1447-940 cm~! [9-16) especially for
signals 1307 cm~' (11), 1172 cm™" [13), 974 cm~" (15) and 940
cm-! [16). Comparing the native {control) proteins of each casein
fraction among themselves, a decrease in signal intensity 974 cm ™’
(15) was observed for ACN and & CN compared to ag CN. Thus, it
can be concluded that Zn** ions change the structure of the differ-
ent casein fractions. The highest intensity among native proteins is
observed for s CN, followed by ACN and & CN. It may be a result
of the fact that olN occupies the biggest part of casein micelle
about 40%, FCN 35% and & CM 15%, respectively.

The observed signal 3275 cm~! (1) in the case of native CNs
(otsg-, @-, wCN) and their metallocomplexes [ ZmosCH1200350{ 800,
IngCN120¥350e00, ZneCN120{350y500) is assigned for the MH
stretching vibrations occurring in amide A, whose frequency de-
pends exclusively on the strength of the hydrogen bond. Mear
the obtained signal is the less intense signal at 3068 cm™' (2}
found among all native proteins - amide B, which is also due
to MH stretching wvibrations. This signal (2] disappeared among
Inoeg CNI20 3500600 and Znee CM120/350/600 metallocomplexes,
and in the case of ZnfCN for a concentration of 600 mg/L [52].
The =signals at 2050 cm-! (3) and 2931 cm-! (4) are from asym-
metric stretching vibrations, and the signal 2875 am ™' (5) is from
smiall stretching bands. For the metallocomplewes Inog, CN350/600
and Zni CN350/600, there was a disappearance of the band 2931
cm-1 (4] [53].

Absorbing at a wavelength of 1636 cm™' (&), amide | vibra-
tions derived from C=0 stretching vibrations together with minor
contributions from out-of-phase CN stretching vibrations, CCN de-
formation, and NH in-plane bending were recorded for both na-
tive proteins and metallocomplexes, with a significant decrease
in the intensity of the obtained signals among metallocomplexes
indicative of interference in the protein structure by the pres-
ence of Zn?* ions [52]. An out-of-phase combination of NH in-
plane vibrations and CN stretching vibrations with smaller con-
tributions from CO in-plane vibrations and CC and NC stretching
vibrations is characterized im amide |l commesponding to signals
1532 cm-! ({7) and 1516 cm—! (8] [52]. For all metallocomplexes
(Znors; ON120{350/600, ZnSCN120/350/600, EnxCH120/350/600) a
dizappearance of the signal (7) was noticed. The 1516 cm~! signal
(8) similarly to the signal from amide | (6) for metallocomplexes
was characterized by a decrease in intensity. A major role for both
amide | and amide Il are played by the secondary structure of the
proteins studied. According to literature data, the o-helix content
of @y CN is estimated to be 5-20%, and the value for §-sheet is T7-
46%. In FCM there is 7-25% of @-hel structure, 15-33% of §-sheet
and 28-35% of turn, Meanwhile, xCN suggests a proportion of 10~
20% a-helix, 20-30% §-sheet, and 15-25% §-tums [6]. Addidonally,
spectral bands at 1307 em~! (11) and 1237 cm™" (12) are derived
from amide [l as a result of the in-phase combination of the NH
bending and the CM stretching vibration with small contributions
from the CO in plane bending and the CC stretching vibration. For
metallocomplexes fnog, CNB00, ZnSCN120, ZneCH 1203500600, a
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signal observed at 1307 cm—! (11} disappeared. The predominant
presence of amides I, II, [Il and the observed changes are due o
structural changes of proteins.

The side chains of amino acids provide valuable information,
which by interacting with metals, especially in this case zinc ions,
affect the structural changes of the protein that are observed in
the obtained spectra [52]. Signals at 1447 cm~! {9 and 1395 cm—!
{10) are associated with asymmetric and symmetric CHy bending
vibrations and originate from amino acid side chains in peptides
and proteins. The band at 1080 cm—! (14) can be attributed to the
presence of threonine (Thr), which is formed by stretching the C-
0 vibration and rocking of NHy structure [54]. In turn, signals ap-
pearing at 29509, 2931 and 2875 cm—! comrespond to aliphatic sym-
metric and asymmetric CH; stretching vibrations of tyrosine (Tyr)
[55.56]. The 1080 cm-"! signal can also be attributed to His, whose
imidazole group has bwo nitrogen atoms that are coordinated to
metal jons [57,58]. The band at 1636 cm~! (6] may come from
stretching the symmetric CCC bond and the guanidyl group of argi-
nine (Arg) [59]. In turm, the signals at 1532 cm-" (7], 1447 cm~!
(9% 1395 cm-" (10}, and 1307 cm-! (11} are derived from car-
boecyl groups of aspartic (Asp) and glutamic (Glu) acids, which con-
firms the zinc-casein interactions through coordination with the
side chain cogygen of acidic amino acids [60). It is in a good correla-
tion with our previous studies in which similar FTIR-ATR vibrations
were observed | 14,27,30]. Signal at 1447 cm~' {9 can be attributed
to the CHy deformation bands of methionine (Met) but also bands
at 74 cm-! (15} and 940 cm-! (15) were assigned to CHy group
rocking modes [61]. The band in region at 940 cm—! {16) may indi-
cate the presence of isoleucine {lle) and band at 1172 an—! (13) in-
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dicates the presence of leucine (Lea). For Zn#CN120/350/600 met-
allocomplexes, a disappearance of the signal at 974 cm—! {15) was
ohserved and the signal at 940 om™" (16) disappeared for zinc
ion concentrations of 120 and 350 mg{L. On the other hand, for
Fruc (M 120/350/600 metallocomplexes, the signal at 974 cm ' [15)
dizappeared.

The observed signals at 1237 cm™' (12) and 1080 cm~! [14)
may be due to asymmetric and symmetric stretching of ion-
ized PO?~, respectively [62]. The signal for native proteins and
o5, CN120y350/600 at 974 cm~" (15) may correspond to the
-P:*~ moiety of the serine phosphate residue. The presence
of the 974 cm~' (15) band indicates that CCP molecules have
been released from the phosphate residues, leading to an in-
crease in the negative charge of casein. The COP molecule disso-
ciates into Ca** and HPOw*~ upon release of the serine-phosphate
residue [63].

The second spectroscopic technique chosen to determine po-
tential Zn?* ion binding sites t casein fractions is the abave-
mentioned Raman spectroscopy, which complements the results
obtained so far. These results are presented in Fig. 6. From the
obtained spectral spectra, it can be concluded that in the whole
spectral range 4000-500 cm—!, the native {control] ag,CH, which
is located in the inside of the casein micelle, and its metallocom-
plexes show the highest intensities of the obtained bands. Succes-
sively, lower signal intensities are observed for the control pro-
teins SCM and & CN and their complexes. The observed signal at
3300 cm~! (1) can be attributed to the MH; band and the signal at
3059 cm—! (2] to the aromatic CH band. In the range at 2800-3000
em~ ! (2029 cm ' (3) and 2875 cm! (4)) there are C-H stretching
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Fig. 6. Raman spectra of CN before and after Fn?* fons binding reaction at 120, 350 and 00 mg/L concentration of n’* jons.

and deformation bands of aliphatic amino acds, and the band at
2726 cm~! (5] corresponds to CH bonds (CH;, CHy ) [64]

A typical Raman spectrum of proteins consists of signals from
three main types of vibrations. These vibrations originate from
amide bands and from aromatic and non-aromatic side chains of
amino acid residwes, which are located in the 1656-826 cm—! re-
gion that is very rich in structural information and changes due
to the addition of Zn?* jons [65). The C=0 stretching vibration
in plane peptide and, in part, the N-H bending vibration in plane
peptide are due to the presence of the amide | band observed for
signal 1656 cm-! (6], which is characterized by high intensity for
each of the casein fractions and their complexes [64]. The vibra-
tion of amide 11 corresponds to signal at 1548 cm-! (8), which is
an out-of-phase nonphase combination of C-N stretching and N-
H bending motions [65]. Whereas the observed amide 1l band is
mainly due to C-N stretching vibrations and M-H bending wvibra-
tions in the peptide bond plane and is located in the 1200-1333
cm~! region {1333 cm-! (10), 1249 cm-! {11} and 1205 cm-" (12}
[65.66]. Because casein proteins are described as natively unfolded
with random coil structures, band at 1333 (10) may be associated
with the helical conformation of poly{L- proline) 11 (PPI). This may
be due to recent Raman optical activity (ROA) measurements that
determine the secondary structure of caseins [67,68]

The vibration of the ionized carboxyl group (O00-) of aspar-
tic (Asp] and ghutamic (Glu) acids shows a very intense band at
1445 cm~! (9] [64]. According to the literature data |5.6). ag-.
- and xCN possess 25, 19 and 13 glutamic acid residues, respec-
tively, making this amino acid one of the dominant amino acds in
their structure. The observed spectral changes are also in a good
agreement with the infrared spectroscopy data. The signal at 1333
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cm-! is attributed to the C-H deformation vibration of threonine
(Thr) [66.69] and cystine, but may also correspond to tryptophan
(Trp] vibrations. Signal 1174 cm~? (13) can be attributed © C-M2-
Hz asymmetric bending of arginine (Arg), but also to isoleucine
(Me) [65,70]. lle may also correspond to band 1613 cm—! [7) [66].
Signal 1029 cm~' (15) with much lower intensity among native
@M and its metallocomplexes is characterized by bands associ
ated o several C-C and C-MN stretching vibrations of leucine [Leu)
[71.72]. In contrast, signal 1301 cm-" {15) was assigned mw the aro-
matic amino acid residue phemylalanine (Phe) [64] These amino
acids may indicate the sites where connections to zinc ions oocur.
Also, signal 1001 cm~" (16) may comespond to HPOy and signal
851 cm~1 [19) to HPO,. [72]. All casein proteins are phosphory-
lated and these changes are indicative of the binding of zinc ions
to particular casein fractions with phosphate ions. The vibrational
modes of tyrosing (Tyr) residues were assigned signals 851 cm!
(19) and 826 cm~! [20), which often plays an important role as a
coordination ligand for metals [74]. These dual signals arise from
the Fermi resonance of the ring breathing vibration and the over-
tone of the ring bending wibration from the plane of the para-
substituted benzene ring [64,74]. From signals at 1443 cm—' (9],
1089 cm™? (14} and 851 cm~! (19), the imidazole group of hist-
dine (His) may be originated |66,75]. Typical phosphate-related os-
cillations were assigned to signals at 1089 o' (14) and 934 cm™!
(17]), which correspond to POy, Signal (17) disappeared for native
ag M and the ZnosCN120 metallocomplex and for native oCN
and all Znw CH120/350/600 metallocomplees. Similarly, there was
a disappearance of band at 885 cm~' [18) for £ CN and its com-
plexes, which is attnbuted to methionine [Met) which is a sulfur-
containing amino acid |66
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Fig. 7. MALDLTOF M5 intact spectra of native @y (N and complexes with Zn®* jons (@ nes CN1200 350/600)

3.6 Polyooylemide gel eledrophoresis study

A commonly used method to study proteins is gel elec-
trophoresis, in which the different protein fractions are sepa-
rated/differentiated based on differences in protein size, charge
and conformation. Performed gel electrophoresis, which was sub-
jected to native [control} caseins g CN, SCN, xCN, and the ob-
tained metallocomplexes Znoegy (N, ZnfCN, ZncCN at three differ-
ent concentrations of zinc ions 120, 350, and 600 mg/L allowed to
determine the purity of the obtained samples, as well as a pre-
liminary determination of their mass. The electrophoresis results
were evaluated visually and it was a qualitative assessment [Fg.
51). The obtained bands for @g (N, ACN, &CN, and their metal-
locomplexes indicated contamination in the case of ¥CN and its
complexes which may be due o the lower purity of the stan-
dard used (=70, Sigma Aldrich). The obtained bands indicate that
the mass of ag (N and ZnogCN120y350/600 is about 24 kDa,
for SN and ZnFCN120/350/600 about 23 kDa, and for xCN and
InwCHI120{350/600 about 19 kDa. In addition, polypeptide frag-
ments were observed for each of the casein fractions and their
complexes. Additionally, the same bands were obtained for met-
allecomplexes as for native proteins indicating that Zn?* fons do
not confribute to the degradation of native proteins.

3.7. Muss speciromeiric sudy

MALDITOF MS was used as a complementary technigue to de-
termine intact casein conirol masses and compare them with com-
pleces to monitor changes due to the addition of different concen-
trations of Zn?* ions (120, 350, 600 mgL). Figs. 7-0 shows the
spectra obtained for native CMs and their metallocomplexes using
the 54 matrix.

Based on the results, the intact mass of ogCN was 23611987
myz [Fig. 7). For the complexes, the mass changed (Znog, CN120-
23507725 mfz, FnogCN350-23564627 mfiz,  Znog CNED0-
23588492 mfz). The observed reduction im the mass of the
studied complexes is due to the modification of native ag CN with
zinc addition.
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Shightly different situation is observed for native SCN and
InACH120y350{600 complewes (Fig. 8) since in addition to
monomers, dimers and even trimer are noticed for the studied
samples. The obtained intact mass of SCN was 23985050 mjz,
and for ZnACMN120/350600 complexes similarly as for o CM com-
plexes there was a decrease in mass (ZnfCN120-23961.152 mjz,
InACMN350-23062.425 mfz, ZndCN/B00-23957880 miz). Also, as
the zinc ion concentration increases, a marked decrease in signal
intensity is observed.

For the smallest native casein protein (xCM), the intact mass
was 19017 846 miz (Fig. 9). In contrast, suppression for this sig-
nal is observed for ZneCN120/350/600 complexes. Based on the
comparative analyss of MALDI-TOF M5 spectra of control £CMN and
compleces with zinc ions additionally, two new intense signals ~
7974 miz and ~B045 miz are observed for Zm & CNI120y350/600
compleces. In addition, the appearance of new six signals in the
range S000-7000 mfz (Fig. @ — A) was also observed for the com-
plexes. The observed signal suppression and the appearance of new
signals indicate that zinc interfieres with the binding process. These
signals oocur as a result of the addition a zinc ion to the native
& CN. Karmakar and Das [75] in their study, performed trypsin di-
gestion of proteins in solution in the presence and absence of zinc
ions. It appears that the formation of new peptides is observed
when zinc is present |[76]. Regarding our results, it can be con-
cluded that zinc ions cause the decay of some fragments in the
source, generating new dehydration and decarbeogrlation which re-
sults in the presence of new signals, thus influencing the mass
change. In addition, the different result obtained compared with
@g CN and FCN may be due to the fact that &CN is the only ca-
=ein protein that undergoes ghycosylation.

The combination of gel electrophoresis and MALDI-TOF MS
mass spectrometry method provided accurate knowledge of the
mass of @5 CN, SCN xCN.

3.8 Molecular docking

Maolecular docking is a useful bioinformatics tool that can pre-
dict the sites and/'or nature of interaction between molecules. Typ-
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ically, a receptor macromaolecule, or protein structure and a ligand,
such as a small protein, metal ion, or small organic compound are
used. The basic idea of the simulation is to use at least two un-
related structures and find the strongest connection that can exist
between them [77-79]

Based on the obtained data regarding the interaction bebween
g, (N and the Zn* ion, it is can be concluded that the zinc ion
binds preferentially to certain amino acid residues. This group in-
cludes: Glu (2] cases, 58%), His (12 cases, 33%), Gln (2 cases, &%),
e {1 case, 3%] amCN shows high binding affinity for Zn?* with
docking scores of 1.791, 1416, 1.327 and 1.234, respectively. Inter-
estingly, for the first two scores the Zn?+ binding position is iden-
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tical {133E, 136H), the other nwo scores differ only in the first bind-
ing position [132E, 136H ). The predicted docking positions for Zn+
with gy (N are shown in Fig. 10 lists the binding positions, inter-
acting amino acids, and binding results for the g CM interaction
with Zn?*.

The operation of the MIE server is based on the collection
of protein structures of casein complexes with Zn®* ions in PDB
format. Homologous proteins were filbered out. From these metal
jon-bound proteins, templates of metal-binding residues were ex-
tracted. Each template represented a local structure of metal-
binding residues, Le. residues at least partially located at a dis-
tance of 3.5 A from the metal ion. A metal-hinding site had to con-
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tain a metal ion and at least bwo residues to qualify as a template
of metal ion-binding residues, A detailed calculation method with
ecplanation was presented by Liu et al. [34] and Lu et al. [79].
Interpreting the results obtained from the analysis of the in-
teraction between SCN and the Zn?* jon, we can conclude that
the zinc ion binds preferentially to certain amino acid residwes.
This group includes: Glu (7 cases, 50%), His (2 cases, 14%), Asp (2
cases, 14%), Gln {1 case, TX), Met (1 case, T¥), Thr {1 case, T}
HCN shows high binding affinity for Zn®* with docking scores of
1781, 1.496, 1452 and 1.449. The highest score the Zn®* binding
pasition is for (1598, 160H). The predicted docking positions for
In** with SCN are shown in Fig. 10 lists the binding positions, in-
teracting amino acds, and binding results for the §CN interaction
with Zn?*. The results obtained from the analysis of the interaction
between «CM and the Zn®* fon, conclude that the zinc ion binds
preferentially to certain amino acid residues. This group includes:
His (36 cases, 6BE), Cys (11 cases, 21%), Glu (2 cases, 4%), Arg (]
case, %), Asp (1 case, 2%), Thr (1 case, 2%), Leu (1 case, 2%). xCN
shows high binding affinity for Zn?* with docking scores of 14382,
1.430, 1.356 and 1282, The highest score the Zn** binding position
is [(121H, 123H), the second score (119H, 121H). Additionally, only
in & (M is zinc ion binding to Gys observed - & (M has two cysteine
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residues. The presence of Cys in £ CM contributes to the formation
of disulfide bridges to form a polymeric structure. Despite account-
ing for only 13% of all casein, x CN molecules must adhere to each
other in micelles to form disulfide-linked aggregates [ED).

A computer model generated for kCN by Kumosifiski et al.
|80] describes that xCM can be viewed as a _horse and rider”. The
amino-terminal portion of 110- 120 residues represents the  horse”
and the carboxy-terminal portion represents the _rider”. Two dis
timct legs can be seen in the Jhorse® part of the model. These legs
are represented by S-sheet regions consisting of residues 20-25;
20-34; 39-45; and 49-55, which are connected by - or f§-turns.
Cys-11 is located between the two segments with the predicted a-
helical conformation and is on the left side of the _rider®, and Cys-
BB is located in the predicted f-turn on the opposite side. Both
of these residues are located close to the surface of the molecule
and are more than 33 A apart. This may explain the ability of the
& CN molecule to form inter-chain polymers with disulfide bonds
|8&]. The predicted docking positions for Zn?* with £ TN are shown
in Fig. 10 lists the binding positions, interacting amino acids, and
binding results for the xCN interaction with Zn?+,

Studies on the prediction of Zn®* ion binding sites using MIB
server showed that metal ions have different binding sites for dif-
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ferent casein conformations included in the experiment. Studies
have shown that the interacting amino acids differ not only de-
pending on the structure and source of the caseins. The result of
the study is the determination of the affinity of the Zn®* ion for
different casein varieties. Thanks to this in slico analysis, informa-
tion on metal affinity to protein can be extracted before real-time
studies using advanced tools, thus avoiding unnecessary costs and
making appropriate modifications to the experimental procedure
at an early stage. Therefore, this computational analysis will serve
as an aid in evaluating the attachment of Zn®* ions to casein.

It is also important to compare the in-sdico results with pub-
licdy available literature data on experimentally determined amino
acid residues interacting with Zn?+ ions. According to the literature
data, Zn*+ ions show high affinity towards the following amino
acid residues: His, Gys, Glu and Asp. By comparing these data with
the tables obtained using MIE we can concude that the results
obtained are complementary to the commonly known knowledge
concerning the studied issue. Obviously, the modelling result and
thus the predicted site of attachment of the metal ion to the pro-
tein structure depends on the sequence and spatial conformation
of the protein structure,

The obtained molecular docking results correlate with the
obtained instrumental techniques. Mevertheless, using molecular
docking we are able m determine potential Zn?* ion binding sites
im the W-order tertiary structure of individual casein proteins,
which definitely gives more information in comparison with the
spectroscopic method. chain.

4. Conclusion

The present work shows, for the first time, the isothermal study
of zinc binding to the particular casein fractions: og-. 8- and
k(M. As the result of the binding, the specific ZnCN metallocom-
pleces were formed. Isothermal studies indicated that zinc adsorp-
tion on the casein surface ocours in a heterogeneous and com-
plex way. According to the calculated amount of zinc moles, it was
found that as the concentration of zinc ions increased, more zinc
ions were imvolved in the binding process with the different ca-
sein protein fractions. Based on the obtained experimental data, it
was concluded that the different manner of individual zinc-caseins
binding process strongly depends on their size, amino acid’s se-
quence|structure and hydrophobicity. As a complementary method,
the CE-ICP-MS was performed and finally confirmed the zinc bind-
ing to the FCM. The stability study revealed the zeta potential is
strongly assocated with the lydrophobicity, size and structure of
tested casein fractions. Moreover, the ZP of tested complexes de-
pends on the concentration of the bound Zn?+ ions. The g CN [av-
erage ZP value about -7 mV) located inside the casein micelle ap-
peared to be the most stable over the whole range of zinc concen-
trations. In the case of the most lydrophobic casein fraction [ SCN]
the addition of the lowest [1 mg/L Zn?* ions) and highest (GO0
mgiL Zn*+ ions) concentration resulted on the lowest stability of
sample. On the other hand, the s TN was unstable in the all tested
Zn** concentration with the average ZP around -5.9 mV. The col-
loidal behaviour of caseins as well as the possibility of their easy
surface modulation by zinc ions creates new opportunites in the
food industry. Scanning electron microscopy indicated the differ-
ence between the protein surface before and after the Zn?+ bind-
ing. The observed suface modifications were generated mainly by
the adsorption of Zn®* ions on the tested protein, However, the in-
fluence of the Zn?* jons concentration as well as the hydrophobic-
ity of casein on the protein surface changes was also observed. The
most hydrophilic g (N required the highest concentration of zinc
ions to change its structure to more globular. Spectroscopic analy-
sis, including FTIR-ATR and Raman, was employed to evaluate the
changes in og;-, f- and &CN after the zinc binding. The generated
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results have indicated the polar amino acids residues, mainly glu-
tamic and aspartic acid's carbosylic groups. as those mainly con-
tributing in the described phenomenon. The MALDETOF M5 anaky
sis allowed determination of the molecular profiles obtained native
proteins and their metallocomplexes, and served as an additional
method for the binding process.

Finally, the molecular docking study of Zn®* jons bound to in-
dividual casein isoforms is reported. Taking into account the ob-
tained experimental and computational data, it can be concluded
that the deprotonated carboyl group of glutamic acid as well as
imidazole ring of histidine were the dominant amino acids of @g-
and SCN interacting with Zn?+ jons the most. Intriguingly, in the
interaction between xCN and zinc, the sulfur from the cysteine
might play a pivotal role. Hence, the great agreement between the
molecular docking and spectroscopic results were obtained.
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The collodal behaviour of various caseins forms dunng the metal bindmg process 15 cructal for
the further modulation of thew stability dunng the dany technological processes [1]. The reducmg of
the repulsive forces responsible for the muecelles stability, it is possible to induce aggregation of protein.
In the consequence, the fexture and stucture of dairy products are created [2], [3]. The destabilization
of caseins 15 the common process used m e making a cheese — the mulk 15 coagulated by uzing
chymosin in the presence of caleium and at acidic conditions [4]. Furthermore, the agzregation of
caselns seems to be metal-dependent. Metal 10ns can act as both, promoters or mhabitors, of the protein
aggregation process [3], [6]. In the case of caseins, the most discussed 15 the influence of calelum on
this process [7], [8]. [#]. Chot, Horne and Lucey [7] have demonstrated that removing of insoluble Ca®
from casein mucelles strongly influnce on rennet gelation propertes. The lack of calcium 1ons have
sigraficantly reduced the repul=ion forces batween phosphosenne residuss of cazeins, and consequently,
the weaker gels were formed. Dalgleish [2], have shown thte Ca®* caused the aggregation of casein
micelles by decreasing their zeta potentizl. The removal of Ca™ have increased the repulsion forces as
the phosphoserines are megatively charped and the calemm has been peufraihizmg this. Im the
consequence, the gels were found to be weaker. Caleium ions preferably hind to oxygen-contzimng
ligands such as e.g., carboxyl group, but also oxygens of asparagme (A=), ghitamme {Gln), or senne
(Ser) [10]. Another important 1ssue, crucial for casein-metal binding 15 the phosprvlation cccunng in
their amino acid sequence and the ability of phosphorylated serine residues to bind caleium 1ons. The
amount of Ca®* is important in formmg stable micelles [11], [12]. Also zine might play an important
role m casein stabihzation through binding to the phosphoszernes. Bazed on the hiterature, mine are able

115



37
3B
39

41
432
43

45

47

49
50
51
52
53
54
55
56
57
58
59
&0
61
62
63
64
5
[
&7
68
69
70
71
72
73

to be bound to casein phopsphopeptides (CCF) containing the phosphosenine residues [13], [14], [L5].
Singh, Flynn and Fox [14] have observed that &s-casein aggregation was observed with the increasmg
Zn'" concentration. Therefore, the aggrezation of the all tested in this study casein fractions might be
alzo zinc-dependent, as it follows from the expenmental data we recerved m the present studv. In
contrast to caleium, Zn** ions are able to bind aditionally to sulfur and nitrogen [16]. On the other hand,
both zine and calomum, might exist m the aqua complexes forms, which might influence the stability of
biocelloids. This process can desenbed by the bnd@ing effect — drvalent aqua complexes screen the
charges that make up the electrostatic forces, bind to negatvely charged amino acids zroups by
displacing water meolecules from the Stern-Helmholtz layer and, in the consequence, the system charge
15 increased [17], [LE], [19]., [20], [21]. As an exaple, in agueous solufions, zinc forms stable aqua
complexes [Fn{H:0):]*". Polanzation of water molecules by the central zinc fon canses proton
dissoriation and results mn formaton of an agua-hydroxo complex [Zn(OHYWHAD)]", which can be
further transformed to [Zn(0H):]* [17]. [16]. Finally, the formation of differently-charged species and
binding to the profein mught modulate the surface charge of metal-protein complexes. It 15 In a good
correlation with results of Alhazmi et al [20] who have examined the zeta potential of bovine serum
albumin after the divalent metal ton (Cu®™) exposure. They have observed that protein dispersion
stability depends on the coordination capacity of the metal 1ons. What 15 more, metal-protein binding
involves the formation of intermolecular bridges batween the Me™ and protein molecules. Another
example can be work of Chakraborty and Basak [22] work, who have investigated the influence of the
Zn* ions on the structure and stability of bovine caseins. At the highest concentration of the added
metal, the aggregation and precipitation of protein cecwred. Based on our resuli=, due to the vanous
availabihty of carboxyl groups on the mdividual casems swface, the binding of zinc also oceur m
different manner. It 15 strongly connected with the generating of stable ZnayCH complexes. It has a
great reflection m the expenmentzl FTIR-ATE. analysis results, which was the crueial step i the proper
understanding of the descnbed phenomenom.
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Fig. S1. Elecrophoretic separation of casein fractions and their complexes with zinc ions.
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Abstract

In this study. our primary objective was to develop an effective analytical method for studying trypsin-
digested peptides of two proteins commeonly found in cow's milk: S-casein (FCN) and S-lactoglobulin
(FLG). To achieve this, we employed two distinet approaches: traditional mn-gel protein digestion and
protemn digestion using immobilized enzyme microreactors (p-IMEE). Both methods utilized ZipTip
pipette tips filled with C18 reverse phase media for sample concentration. The p-IMER was fabricated
through a multi-step process that included preconditoming the capillary, modifying its surface,
synthesizing a monolithic support, and further surface modification. Its performance was evaluated
under HPLC chromatography conditions wsing a small-molecule trypsin substrate (BAEE).
Hydrolysates from both digestion methods were analyzed using MAT DI-TOF MS. Cur findings indicate
that the p-IMEE. method demonstrated supenor sequence coverage for oxidized molecules in SCN
({33=1.5%) and FLG (65+3%) compared to classical m-gel digestion (20=2% for SCN; 49=2% for F1.G).
The use of ZipTip pipette tips further improved sequence coverage in both classical in-gel digestion
(26=1% for SCN; 60=4% for FLG) and p-IMER (41=3% for SCN: 80=3% for fLG). Additionally,
phosphorylations were identified. For SCN, no phosphorylation was detected using classical digestion,
but the use of ZipTip pipette tips showed a value of 2724%_ With p-IMER. and p-IMER-ZipTip, the
values increased to 30=2% and 33+1%, respectively. For fLG. the use of ZipTip enabled the detection
of a higher percentage of modified peptides in both elassical (79+£2%) and p-IMEE. {79+:4%:) digestions.
By providing a comprehensive comparison of traditional in-gel digestion and p-IMER. methods, this
study offers valuable insights into the advantages and linutations of each approach, particularly in the
context of complex biclogical samples. The findings set a new benchmark in protein digestion and
analysis, highlighting the potential of p-IMEER. systems for enhanced sequence coverage and post-
translational modification detection.

Introduction

Proteins, which are abundant macromolecules in cells, are composed of linear chains of amine
acids conmected by peptide bonds. A valuable source of biolegically active proteins is cow's milk,
providing essential bicactive components to the body, including high-quality proteins, lactose as a
carbohydrate source, mineral salts (such as caleium and phosphoms componds), and vitamins!. Milk
consists of two main groups of proteins: casem (as, s, 5, x-CI) and whey proteins (f-lactoglobulin,
a-lactalbumm, lactoferming bovine serum albumin). Among these proteins, beta-casein (fCN) and beta-
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lactoglobulin (FLG) are of particular interest due to their significant differences in varous aspects,
including primary strocture, secondary structure, terfiary structure, solubility, finetion, allergenicity,
occurrence, and polymorphism. These differences distinguish f-casein and f-lactoglobulin as distinet
milk proteins with unigue characteristics. In terms of primary structure, f-casein consists of 209 amine
acids, while f-lactoglobulin is composed of 162 amino acids, indicating a difference in their amine acid
sequences. When it comes to secondary struchwme, FLG contains o-helical and f-sheet structures,
whereas SCN is an intrnsically disordered protein and lacks regular secondary stuctures®. The
differences extend to their tertiary structures as well. f-lactoglobulin has a well-defined tertiary structure
with a hydrophobic ligand-binding pocket. In confrast, f-casein does not have a defined tertiary
structure. The sclubidity of these proteins alse differs. f-casein is highly soluble in water, whale [5-
lacteglobulin is less soluble and can form aggregates when heated. Functionally, SCN plays a vital role
in the stability of casein micelles and calcium binding, whereas LG 1s a lipid and vitamin-binding
protein. In terms of allergenicity, f-lactoglobulin is a major cow's milk allergen, while f-casein is less
allergenic. Furthermore, S-casein is specific to milk. whereas S-lactoglobulin also occurs in other body
fluids®. Finally, both f-casein and f-lactoglobulin exhibit polyvmorphism, but the different forms of these
proteins have different properties. For instance, different forms of f-casein (Al, A2, B) vary in their
calcium-binding ability”, while different forms of §-lactoglobulin (A, B) differ in their thermal stability
and allergenicity. In conclusion, f-casein and S-lactoglobuling despite both being milk proteins, exhibit
a wide range of differences in their structure, modifications, and properties.

Enzymatic hydrolysis of proteins leads to the release of fragments that can confmbute to the
overall health of various systems, including the immmme, cardiovascular, nervous, and digestive
systems’. Protein hydrolysates, primarily composed of dipeptides and tripeptides, are known to be
absorbed more rapidly compared to free amine acids or intact proteins, thereby enhancing the absorption
capacity of dietary supplements®. Furthermore, protein hydrolysates have found applications in animal
nmutrition”. Proteins frequently experience alterations in their native sequences through a process known
a3 post-translational modifications (PTMs), which can profoundly mmpact their functional activity. Cne
such PTM is phosphorylation. Post-translational medifications alse vary between the two proteins. §-
casein is phosphorylated at multiple serine residues, which is crucial for its calcium-binding ability®. On
the other hand, f-lactoglobulin is not typically phosphorylated Additionally, f-casein can be also
glycosylated, which mmpacts its functional properties, while flactoglobulin is not typically
glycosylated However, the phosphorylation of S-lactoglobulin vnder artificial conditions has been
observed in various studies®. In the study by Sitoha et al. different molar ratios of POCL:/protein were
employed to phosphorylate £-lactoglobulin, with the presence of either triethylamine or hexylamine as
the base. The use of aqueous conditions facilitated the phosphorylation process. Hence, the development
of efficient and precise methods for studying protein digestion is of paramomt importance.

A promising approach in the field of proteomic research 1s the use of microreactors with
immobilized enzymes (p-IVERs)"". These flow systems encapsulate or preserve the catalytic activity of
enzymes, facilitating sequential or contimuous digestion processes. The appeal of p-IMEEs over in-gel
digestion lies in their numerous advantages, such as reduced digestion times, enhanced sample
throughput due to improved mass transfer. increased enzyme concentration, and prevention of self-
digestion. Addifionally, the absence of enzyme molecules in the final sample and the extended reuse of
u-IMEE:s add to their appeal. Proteomics research predominantly employs p-IMERs in conjunction with
MS or MSAMS detection due to their capacity to provide valuable msights into peptide idenfification
and potential modifications, such as oxidation or post-translational modifications (PTMs)*. Matrix-
assisted laser desorption/iomization (MAT D) coupled with a time-of-flight (TOF) mass spectrometer is
frequently used as the 1on source In protecmic studies. Mass spectrometers serve as indispensable
analytical tools for determuning molecular mass, a cmfical factor for protemn identification
characterization of chemical modifications, and structural amalysis. Protein identification via MS
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techmiques can be achieved through two primary methods: bottom-up and de nove sequencing analysis.
The more commonly used bottom-up strategy involves the classical tryptic in-gel digestion or enzymatic
digestion of proteins into peptides, which are then identified on the mass spectrometer. PTM analysis
can largely be facilitated by PTMM-specific protein and peptide ennichment methods. such as the use of
ZipTips prpette tips after the digestion step !> Subsequent MS and M5/MS analysiz of peptides will
increase sensifivity and specificity. reveal the identity of protemns. and allow specific assiznment of
modifications sites’ While numerous studies have focused on monolith-based enzyme microreactors
for the detection and identification of digestion products using mass spectrometry, to our knowledge. no
literature has reported a companson between the classical in-gel digestion method and p-IMER. in
conjunction with the use of ZipTips pipette tips for peptide enrichment 1.

This study ammed to develop an efficient sample preparation method for identifying tryptic digest
peptides of two model proteins found in cow'’s milk: f-casemn (FCN) and S-lactoglobulin (FLG). These
proteins were selected for their abundant nuirient content and fumetional attributes, notwithstanding their
strictural and compositional differences. We employed two protein digestion approaches: the traditional
in-gel protein digestion method and enzymatic digestion using a flow-through micrereactor (p-IMER.).
Furthermore, we evaluated ZipTip pipette tips containing a chromatographic stationary phase for their
impact on sequence coverage, peptide concentration, and purification. The activity of trypsin
immobilized in the microreactor was assessed using the commercially available substrate BAEE,
enabling the determunation of optimal hydrolysis conditions. This holistic methedelogy enabled an in-
depth analysis of peptides in f-casein and fS-lactoglobulin, thereby enmiching our knowledge of these
essential bovine milk proteins.

Materials and methods

Materials. All chemicals used m this expeniment were of analytical reagent grade or ligher. f-casein
(PCN) and flactoglobulin (fLG) were purchased from Sigma-Aldnch (Steinheim, Germany).
Deionized water was obtained from the Mili-Q) ultrapure water producing system (Millipore, Bedford,
MA TUSA). Trypsin Gold, Mass Spectrometry Grade used for digestion in a solution were provided by
Promega (Madison, Wisconsin, USA). Fused-silica capillaries (130 pym id. = 375 pym o.d) were
purchased from CM Scienfific Ltd. (Dublin, Ireland); 3-(trimetheosysilyl) propyl methacrylate (p-
MAPS), glycidyl methacrylate (GMA), ethylene dimethacrylate (EDMA). azobisisobutyromirile
(AIBN), 1-dedecancl, cyclohexanel, sedivm bicarbonate, benzamidine, sodinm cyanoborolydnde, the
storage solution (containing sodium azide), N-g-benzoyl-L-arginine ethyl ester (BAEE), trypsin from
bovine pancreas, mfluoroacetic acid (TFA), acetomitrile (HPLC ultra-gradient grade), ammeonium
bicarbonate, dichloromethane, methanol, sodium hydroxide were purchased from Sigma—-Adnch
(Steinheim, Gemmany); acetone and toluene were purchased from Chempur (Poland); 1.6-
hexanediamine, glutaraldehyde, sodium phoesphate mencbasic dilydrate were purchased from Alchem
(Poland). All the chemicals supplied for the MAT DI-TOF MS analyses were at the highest commercially
available purity by Fluka Feinchemikalien (Neu-Ulm, Germany; a subsidiary of Sigma—Aldrich).

Instrumentation. Fheos 2000 HPLC pump (Flux Instruments, Remach, Switzerland was used to flush
the columns after monolith synthesis and for permeability measurements. A syringe pump NE-1002X
(WNew Era Pump Systems, Farmingdale, NY) was used to pass reagents during the modification and
trypsin immobilization and the substrate selution through the p-IMER. The thermostat (Julabo, type
F25) connected to a specially designed heat exchanger was used for reactions performed at a constant
temperature. Chromatographic expeniments were conducted in a nanol C system consisting of a 1260
Capillary Pump (Agilent Teclnologies, Waldbronn, Gemmany), a 10-port nanol.C wvalve {model
CTIMX-6600D Vici-Valeo, Schenkon, Switzerland) and a Crystal 100 UV-Vis detector (Thermo
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Separation Products, San Jose, CA. USA). The system was controlled using Clanty software (DataApex.
Prague. Czech Eepublic).

MATDI-TOF MS mass spectra were acquired using a Bruker UltrafleX-treme IT mass
spectrometer operating at a repetition rate of 2 kHz in TOF mode and 1 kHz in TOE/TOF mode. A
modified Nd-YAG laser emitting at a wavelength of 355 nm was utilized for the amalyses. The
expenmental procedures and parameters followed in this study were in accordance with previously
published protocols, ensuring consistency and comparability with prior work'®.

Classical in-gel protein digestion method with trypsin. Polvacrylamide gel elecirophoresis smdy: To
analyze the standard solutions of f-casem (FCN) and g-lactoglebulin (FLG), one-dimensional sodinm
dodecyl sulfate polyacrylamide gel electrophoresiz (1D SDS-PAGE) was emploved. The Bolt™ Mini
Gel Tank from Novex Life Technologies, located in Carlsbad, CA, USA, was uhilized for this purpose.
SeeBlueTM Plus? Pre-Stained Protein Standard, obtained from Novex Life Technologies in Europe,
specifically from Bleiswijk, Netherlands, served as the molecular weight marker during the gel
electrophoresis. Prior to 1D SD5-PAGE, proteins were punified using Amicon® Ultra centrifugal filter
umits (Merck, Poland)
Trypiic digestion in-gel: The trypsin digestion in gel was performed following the established protocol
described by Shevchenko et al.*¥. This protocol consisted of five key steps: (T) decolorization of the gel
using 10 mM ammonmm bicarbonate (NH:HCOs) with acetonitrile, (II) reduction of disulfide bonds
using 10 mM dithiothreitol (DTT) m 10 mM NHHCO;, (10 alkylaton of thiols nsing 35 mbM
iodoacetamide (TAA) n 10 mM NHHCO;, (IV) trypsin digestion carmied out for 24 hours, (V) extraction
of peptides™.

To target phosphorylation and enrich modified peptides, ZipTip pipette tips were employed.
After the peptide extraction step, selected samples were subjected to ZipTip pipette tip treatment,
utillizing a chromatographic bed of 0.6 L of C18 resin This step aimed to concentrate and punfy
peptides containing modifications, thereby improving the sensitivity and reselution of MALDI-TOF M5
analysis. Optimal binding to the ZipTip pipette tip was achieved by incorporating 0.1% mifluoreacetic
acid (TFA), which facilitated ion painng.

Capillary enzyme reactors (CER). Condifons for preparation and medificarion of the capillary
surface; First, the capillary (150 pm i.d. = 375 pm o.d ) was flushed with acetone, dichloromethane, and
then dried by flushing with nitrogen. After that, the inner surface of the fiused silica capillary was
modified by etching with 1 M sedivm hydroxide solution at 100 *C for 3 h followed by silanization with
10% p-MAPS solution in toluene at 23 “Cfor 2 b
Moenolithic support synthesis: Polymenization solutions for the synthesis of a monolithic capillary
column were prepared according to the procedure described in our previous work™. Namely, the
polymenzation solution consisted of a mixture of the finctional monomer GMA and the crosshnking
monomer EDMA m the presence of 1% mmtator ATBN (relative to the weight of the monomers) and the
porogen solution in a ratio of 40:60 (wiw). The weight ratic of the monomers was kept constant and
equaled 3:2 {ww), while the porogen solufion consisted of 1-dodecanol and cyclohexanol in a ratio of
30:70 (wiw). In the next step, the polymenzation mixtures were subjected to somcation, centrifugation,
purging with nitrogen (to remove oxygen), and then mjected mto the capillanes vsing a syringe. The
ends of the capillary were sealed with pieces of silicone rubber, after which the capillaries were placed
in a water bath The polymerization was camed out at 80 °C for 24 h.

The permeability of the produced moneliths (Er) was evaluated by measuring the flow rate of
acetonitrile through the capillaries at a given pressure. The following formmla was used:

FrL

Kp = 7ol [m?] 6
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where: F — flow rate [pl'min]; n — acetonitnle wiscosity [Pa s]; L — the capillary length [dm], AP —
pressure [Pa]; r —the capillary radius [dm].

The obtained polymer was characterized by high permeability K= 4.85 x 10714 m” mnd homogeneous
structure.

Trypsin immobilization: Immobilization of the enzvme was camed out in capillanes filled with
monolithic GMA-co-EDMA camier using a four-step method based on (T) mitial aminolysis of the
epoxide nng, (IT) aldehyde attachment (I} enzyme binding and (IV) final reduction of immne bonds.
The first step was the anunolysis of epoxide nngs performed using a 10%% buffer of 1 6-diaminchexane
at 80 °C for 2.5 h at a flow rate of F =1 pl/min_ The second step was the connection of ghutaraldelryde
dissolved in a buffer solution of pH 8.5 and at 23 *C for 3 h with a flow rate of 1 ploun. Next,
immobilization of the enzyme at a concentration of 3.3 mg/ml. was carmed out in the presence of 50
mM benzamidine at 4 °C for 24 h and a flow rate of F = 0.3 pl'min. The final step was the reduction of
imine bonds usmg 0.1 M sodium cyancborchydnde solution (NaCNBH:z) at 23 *Cfor 2hatF=1 pl'min.
Solutions were circulated through the capillary bed using a syringe pump equipped with a system to
regulate the temperature of both the capillary and the liquid being imjected.

The efficiency of the u-IMER produced: The efficiency of the obtained microreactor was evaluated by
measuring the activity of trypsin using N-a-benzoyl-arginine ethyl ester (BAEE). To find the BAEE
peik, standard solutions of the substrate at the concentration range of 0.5-75 mM were passed through
the IMEE. at a syringe pump flow rate of F = 1 pl'man at 23 °C (room temperature) and 37 °C
(physiolegical temperature). The IMEE. was comected on line to the imjection loop of the nanol.C
system, which allowed to inject the IMEE. effluent (containing the substrate and its digestion product)
sequentially into the separation column. Separation was carmied out using a nanol C system equipped
with a homemade column packed with the octadecyl stationary phase (HALO C18, 2.7 ym, Advanced
Materials Technology, Wilmington, DE, TUSA). The mobile phase consisted of water and acetonitrile
(both with 0.1% trifluoroacetic acid (TEA) at a flow rate of F = 5.0 pl/min. The chromatographic process
was started with 20%: acetonitrile (ACIN) content in the mobile phase, and then the it was increased toa
final 40% ACN value. Detection was performed at & =223 nm_

As the reaction preduct, N-g-benzoyl-l-arginine (BA) was separated from the substrate N-a-
benzoyl-l-arginine ethyl ester (BAEE) on the C18 columm, the degree of hydrolysis (%eH) could be
calculated from the peak area of the substrate from the difference in BAEE concentrations in selutions
before and after the reaction on the p-IMEE. The calibration curve and the following formula was used:

AH = Cpacest—Crace % 1009 2)

CoaEEst

where: Chaeee o — standard BAEE solution concentration before passing through a p-IMER [mM], Cauer
— BAEE concentration in solution after passing the standard solution through a pu-IMEF. [mM].

Protein digestion in p-IMER: fCN and SLG at a concentration of 45 pm/pl was dissolved in 50 mM
ammoninm bicarbonate buffer (ABC), pH 8.05. Using a syminge pump. protems were passed through
the u-IMEE. at 37 °C and a flow rate of F =0.03 pl/min. It comresponds to the residence time of 1633 s
= 28 min (capillary of 13.0 cm in length). The eluate was collected in a plastic vial and then analyzed
with MATDI-TOF MS. Similar to the classic in-gel protein digestion method, some of the samples were
subjected to an additional peptide entichment step using ZipTips pipette fips.

Spectrometric study. Intact spectra were acquired using a positive lon linear mode, covering the m'z
range of 5000-10000. Sinapic acid (SA) served as the matnx for imfact analyses, while Protein
Calibration Standard 0 was employed for calibration purposes. On the other hand, for the peptide mass
fingerprnt (FME) spectnm of trypsin-digested proteins, the positive reflectron mode was utilized,
spanning the m'z range of 300-3300. In this case, a-cyano-d-hydroxycinnamde acid (HCCA) and 2.5-
dibyydroxybenzoic acid (DHB) were used as matrices, and Peptide Calibration Standard II served as the
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calibrant. A mass tolerance of 0.3 Da was set for all spectra. and intemnal calibration was performed on
immonium ions. The measurements were conducted at an accelerating voltage of 25 kV. To apply the
samples onto a MAILDI steel target (AnchorChip), the dried drop method was employed.

Software programs such as flexControl and flexAnalysis from Bruker Daltonik were utilized for
acquiring and processing the mass spectra. Fragment spectra were collected using LIFT (Laser
Ionization Fragmentation Technologies) in MS/MS mode to investigate both peptide sequences and their
post-translational modifications. including phosphorylations. as well as oxidation. The resulting
peptides generated from the trypsin digestion of S-lactoglobulin (FLG) and S-casein (BCN) were
identified using the BioTools software (Bruker Daltonik). The sequence coverage reported was based
on the average of three replicate analvses. The experimental procedure followed the scheme illustrated
inFig. 1.
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Figure 1. Schematic representation of the experimental design.

Results and discussion

Classical in-gel protein digestion method with trypsin. Gel electrophoresis 1s a widely used method
for studying proteins, allowing for the separation of individual protein fractions based on differences in
size, charge. or conformation. In the context of this study. gel electrophoresis was performed to analyze
the proteins of interest, S-casein (fCN) and S-lactoglobulin (SLG). This techmque provided information
on the punty of the protein samples and offered a preliminary estimation of their molecular masses.
Visual evaluation of the electrophoresis results (qualitative assessment) was conducted. as depicted in
Fig. S1. The obtained bands indicated a mass of approximately 23 kDa for SCN and 18 kDa for fLG.
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Following gel electrophoresis. protein bands were excised from the polyacrylamide gel, and an
in-gel digestion process was camied out. This process included washing the gel pieces, followed by
reduction and alkylation steps, in-gel digestion, and subsequent extraction of the resulting peptides, as
described in the experimental section. Prior to spectrometric analysis, the peptide samples underwent
purification and concentration using ZipTip pipette tips. This step was performed to assass whether this
particular sample preparation method could potentially improve the results obtained (Spectrometrie
study).

Capillary enzvme reactors (CER) - the efficiency of the p-IMER produced. Attachment of the
enzyme to the support stucture is achieved by hydrophobic. electrostatic or covalent reaction
interactions. Choosing the comect support can be a real challenge becanse the enzyme loading, porosity
or pH stability must be taken into account. Many factors affect the effectiveness of digestion, these
include the choice of support, residence time as well as the dynamies of the flow supporting the
digestion. To allow enzyme-substrate interactions, a longer reaction (residence) time is usually required.
The residence time needs to be increased if reduced efficiency is observed in IMERs in comparnisen to
the free enzyme, or if reduced sequence coverage is observed by MS, particularly if no change in
substrate affinity is observed'?.

The activity (efficiency) of the prepared microreactor was checked on the basis of the trypsin-
catalyzed hydrolysis reaction of N-g-benzoyl-arginine ethyl ester (BAEE), as by the action of trypsin,
BAEE is hydrolyzed to N-g-benzoyl-arminine (BA) and ethanol. Trypsin was chosen because it cleaves
the C-terminal of arginine and lysine, thus leaving positively charged amino acids on the newly formed
C-terminal, which promotes ionization and fragmentation™. For BAEE, the product (BA) of the reaction
was separated from the substrate (BAEE) by capillary liquid chromatography, while the vield of the
reaction was evaluated using the peak area of the substrate. Due to the similar absorption of radiation
by both the substrate and the product, the detection was cammied out at & = 223 nm Imtially, isocratic
elution with 40% acetonitrile (ACN) in the presence of 0.1% trifluoroacetic acid (TFA) was used, but
due to the long analysis time, gradient elution was applied. The chromatographic process was camed
out from 20% ACN content in the presence of TFA in the mobile phase, increasing it to 40%. TEA is
the agent most commonly used to separate peptides and proteins in chromatograply and acts as an lon-
painng agent. Fig. 2 shows the effect of substrate concentration (0.5-75 mM) and temperature (23 *C
and 37 “C) on the efficiency of the prepared microreactor at the applied flow rate F =1 pL/min.
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Figure 1. Effect of substrate concentration and temperature on the efficiency of the prepared
mucroreactor at the flow rate of F=1 pl/min.

In our study, we explored the hydrolysis efficiency of BAEE (N-g-benzoyl-L-arginine ethyl
ester) using our immoehilized enzyme microreactor (u-IMER) under different conditions. For solutions
with low concentrations of BAEE (0.3 mM, 1 mM, and 2 mM) at rocm temperature (23 °C), we observed
complete hydrolysis, as evidenced by the absence of substrate signals in the eluate. This suggests that
the p-IMER 15 highly effective at these concentrations. However, for higher concentrations ranging from
10 mM to 75 mM, the degree of hydrolysis vaned between 91.23% and 27.74%. This incomplete
hydrolysis could be atnbuted to the presence of unreacted ester in the eluate, possibly due to insufficient
contact ime between the enzyme and substrate or the saturation of enzymatic sites. It's worth noting
that BAEE can undergo spontaneous hydrolysis. According to literature. approximately 4% of BAEE is
spontaneously hydrolyzed within 24 hours when left at room temperature, while the solution remains
stable for at least 14 days when stored at 4°C%. Therefore, the observed hydrolysis in our study is likely
enzymatic rather than spontaneous. especially at lower concentrations. When the temperature was
increased to 37 °C, which is closer to the optimal temperature for trypsin activity, complete hydrolysis
was again observed for low concentrations (0.5 mM, 1 mM, and 2 mM) as well as for some higher
concentrations (10 mM, 12.5 mM, and 15 mA*. For concentrations ranging from 20 mM to 75 mb,
the degree of hydrolysis was between 98.60% and 36.24%. Given that 37 °C is the optimal temperature
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for trypsin, we chose this temperature for further studies mvolving proteins f-casen (SCN) and §-
lactoglobulin (FLG). This comprehensive analysis underscores the importance of optimizing both
substrate concentration and reaction temperature to achieve efficient hydrolysis, particularly when using
u-IMER:s for complex biological samples™.

Capillary enzyme reactors (CER) — protein digestion in p-IMER. The use of hquid chromatography
allowed the separation of milk proteins #CN and fL.G. Considening that protein digestion requires longer
contact time with trypsin compared to the model BAEE ester, a lower flow rate of F = 0.03 pL/min was
used.

The chromatogram (Fig. 3) showed very good quality separation and clear sigmals from the
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Figure 3. Chromatographic profile of a mxture of #CN and S1.G — A nafive proteins — B, and protemns
passed through a mieroreactor — C.

i

The first eluted protein in the mixfure was SCN. then FL.G. The retention times of the elutad
signals coincided with those of fCN and SL.G included in the standards. In addition, two signals wera
observed for SLG. which are denved from its genetic vanants. A quick and easy way to prepare the
sample for the HPLC procedure was developed. Proteins that passed through a microreactor were
subjected to analogous tests. It was observed that the intensity of signals for both SCN and FLG
decreased compared to the native form of both protemns and additionally new signals appeared. The
results indicate the activity of the microreactor against the proteins studied.
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Spectrometric study. Proteomic research heavily relies on mass spectrometry (MS) coupled with
various sample preparation techniques and separation methods. However, the complexity of proteomic
samples poses significant challenges in developing fast and efficient sample preparation methods for
subsequent WS analysiz®. In our study, we conducted a detailed characterization of the primary structure
of two proteins, f-casein (FCN) and f-lacteglobulin (FfLG). Through careful analysis, we determuned
the molecular weights of intact CN (Fig. 4A) and FLG (Fig. 5A) to be approximately 23, 885900 216
Da and 18_307.5520.145 D, respectively. Additionally, besides the monomeric forms of the proteins,
the presence of dimers, trimers, and in the case of fLG, even tetramers and pentamers, was observed.
Interestingly, in the case of FLG, we also observed the presence of dimers [2M-H]" and various
oligomers such as trimers [3M-HJ", tetramers [4M-H]", and pentamers [3M-H]® (Fig. 54). These
findings align with the information provided in our previous research’ provides valuable insights into
oligomenc forms study of FLG.

To gamn further insights, the proteins underwent extensive analysis with a focus its peptides
modifications. Tryptic digestion was performed, and the resulting peptides were subjected to PMF
analysis in positive mode (Fig. 4 B, Fig. 5 B). Peptides were identified using BioTools software,
employing non-standard cysteine searches modified to account for carbamidomethylation, oxidation,
and phosphorylation. Tables 15 and 25 present the individual masses of the detected peptides, their
sequences, the sites of oxidation and phesphorylation, and the sequence coverage considering the two
different sample preparation methods: with and without the use of ZipTip pipette tips. The
phosphorylation was observed specifically on serine residues. The mass spectra of the identified protein
peptides are shown in Fig. 4 C, D and Fig. 5 C, D.

The in-depth analysis provided valuable information regarding the peptide sequences, and their
modifications, contributing to a comprehensive understanding of the proteins FCN and FLG in this
study.

10

129



357 mz miz
358  Figure 4. Schematic diagram illustrating the distinct signal pattermns of S-casein (fCN) as captured in
359 MALDI MS analysis. The mass spectra in MALDI-TOF MS mode display the components of SCN in
360 their intact state (Panel A): the spectrum obtaned following trypsin digestion of SCN (Panel B): the
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components of FL.G In their intact state (Panel A); the fryphic digestion spectrum recorded for fLG
(Panel B); the fragmentation of the signal at mz= 832 .46 (Panel C); and the fragmentation of the signal
at m'z = 1634.70 (Panel D), all captured using LIFT-TOF/TOF MS mode.

To identify the proteins f-casein (FCN) and f-lactoglobulin (FLG), enzymatic digestion was
performed using two different methods: the classical in-gel protein digestion method and the p-IMEE.
method. The aim was to determine the sample preparation method that would provide the highest degree
of sequence coverage, allowing for more accurate protein identification (Fig. 6). In the classical methed,
the proteins were digested in-gel following the established protocol. For the p-IMER method the
proteins were subjected to digestion within the flow-through microreactor, which offers advantages such
as shorter digestion times and improved mass transfer. Additionally, to assess the impact of ZipTip
pipette tips on sequence coverage, some samples underwent peptide ennchment using the
chromatographic bed of the tips. By comparing the results obtained from the different digestion methods
and sample preparation technigques, the most optmal approach for achieving the highest sequence
coverage was determined. This selection 15 crucial for accurate protein idenfification, enabling a
comprehensive understanding of the SCN and LG protems. The evaluation of the various methods and
techniques allowed for the identification of the most suitable sample preparation method for subsequent
analyses.
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Figure 6. Sequence coverage using different sample preparation methods for analysis to fCN — A and
FLG-E.
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The findings reveal that the sequence coverage for the protein f-casein (FCN), when subjectad
to classical in-gel protemn digestion was 20+2%, indicating that a fifth of the protemn’s sequence was
analyzed and identified. This 1s specifically refemng to the presence of oxidized molecules in the
protein's structure. However, when the ZipTip pipette fips were used in conjunction with classical
digestion, there was an improvement in the sequence coverage by 6%, mereasing it to 26+1%. These
ZipTip pipette tips, therefore, appear to enhance the detection and analysis capabilifies of the sequence
coverage process. The use of a flow-through microreactor, also known as a u-IMEE. further boosted the
sequence coverage, bonging it to 33%1 5%. This shows that the p-IMER provides a more efficient
environment for protein digestion, leading to an increased understanding of the protein's sequence. This
value was further enhanced to 4123%, when the ZipTip pipette tips were applied post-digestion in the
u-IMEE., meaning the combination of the p-IMER. and ZipTip was particularly effective in improving
sequence coverage. This method, in fact, provided double the sequence coverage compared to the
classical digestion method alone. The researchers also tested a second protein, S-lactoglebulin (ELG).
Here, the classical digestion method offered significantly higher sequence coverage — 4922%, without
ZipTip and §0=4%, with ZipTip. Again using the p-IMER. led to an increase in sequence coverage, in
this case to 6513%. With the additional use of ZipTip, sequence coverage reached 20+3%, which is
notably higher than the results achieved with the SCN protein_In our study, we utilized laser ionization
fragmentation technologies in MS/MS mode (LIFT TOETOF MS) to explore phosphorylations.
Metastable fragmentation of selected 1ons was achieved nsing laser ionization, eliminating the need for
additional collision gas®. Interestingly, no phosphorylation was detected in SCN when analyzed
directly. However, the incorporation of ZipTip pipette tips after classical digestion led to a marked
increase in the sequence coverage for phosphorylated SCN sequences, reaching 27=4%. This coverage
was further enhanced to 30=2% and 331 % when ZipTip was used in conjunction with p-IMEE. and p-
IMER.-ZipTip, respectively. For fLG, the use of ZipTip enabled the detection of a significantly higher
proportion of modified peptides in both classical digestion (79=2%) and p-IMEE. (79=4%). These
findings umderscore the wtility of ZipTip in enhancing the detection of oxidized molecules and
phosphorylations, particularly in the context of #CN, with similar improvements observed for fLG. The
data suggest that the combmed use of ZipTip and p-IMEE. offers a more effective strategy for achieving
comprehensive protein sequence coverage and post-translational modification analysis. Additionally,
our p-IVER method revealed the presence of new peptides that were not identified using the classical
method, such as those with m'z values of approximately 763 and 3109 for SCN, and approximately
2706, 2722, and 2312 for fLG. Smmilarly. the use of ZipTip led to the identification of new peptides
when compared to both the classical method and p-IMER. with m/z values of approximately 645, 763,
and 871 for fCN, and approximately 302 and 2312 for fL.G in the classical method and approximately
2235 for fCN and approximately 202 and 1248 for fL.G mn p-IMEER.

The concept of whlizing ZipTip pipette tips 1s akin to the traditional solid-phase extraction (SPE})
techmique. The prmary purpese of these methods 15 to augment the concentration of the analytes
{components of interest) within the sample and if requred to punfy the sample by elininating
unwanted substances. Both these processes can enhance sequence coverage, which is achieved by
amplifyimg the number of analyte molecules that undergo the Matmx-Assisted Laser
DesorptionTomization (MATDI) process. Addinonally, the removal of potential contannants
contributes to a more accurate and unobstructed analysis™ %%, However, it's impartant to note that while
these processes ncrease the concentration of the analytes, they might also madvertently preconcentrate
unwanted impurities™. Hence, one should remain cautious about this possibility during such operations.
In the study under discussion, 1t's clear that the application of ZipTip amplified the degree of sequence
coverage i the case of oxidized f-casein (FCN) and f-lactoglobulin (FL.G), and also enhanced the
detection of phosphorylated SCN in both the classical m-gel protein digestion and p-IMEE. methods.

13

132



433
434
435
436
437
438
439

a1
442
443

445
446
447

445
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479

Mevertheless, it is observable that the sequence coverage was supenior when the p-IMEE method was
used compared to the classical m-gel protein digestion. In particular, the use of the combmed p-IMER-
ZipTips methodology yielded the best results for SCN. These results emphasize the p-IMER's potential
for preparing samples swiftly for MAT DI-Time of Flight (TOF) Mass Spectrometry (MS) analysis. Thas
revelation highlights the immense potential of using the p-IMER. method to swifily prepare samples for
MATDI-TOF MS analysis. As such it's an encouraging prospect for advancing the field of protecmes,
which mwolves the large-scale study of proteins. their structures, and functions. By enhancing the
sequence coverage and mproving the detection of post-translational modifications like oxidation and
phosphorylation, these methods could significantly improve the quality and depth of proteomuc studies.

A key type of PTM 1s phosphorylation, which is essenfially the addition of a phosphate group
to a protein. Phosphorylations have an instrimental role in a wide range of cellular activities™!.
Meoreover, they are linked to the development of various health conditions. For mstance, abnormalities
in phosphorylation processes are assoclated with the development of cancer and newrodegenerative
disorders™*** . This makes the analysis of phosphorylation and other PTMs an essential component of
disease research and potential therapeutic intervention strategies. However, the analysis of PTMs
prasents several challenges, particularly in the context of Mass Spectrometry (MS) and Tandem Mass
Spectrometry (MS/MS), which are widely used analytical techmiques in proteomics™"**. Some PTMs
are unstable dunng these analyses and may break down or change, making their identification and
characterization difficult. Furthermore, several modifications result in the formation of hydrophalic
(water-attracting) products. These products can make the handling and punification of PTM samples
prior fo MS analysis more complex, as they may not interact favorably with the commonly used
techniques that are designed for hydrophobic (water-repelling) molecules*’. PTMs can also affect the
efficiency of proteases, such as trypsin, which are enrymes used to break down proteins info smaller
peptides for easier analysis. PTMs can lead to unusual cleavage patterns or larger-than-expected peptide
products. complicating the interpretation of results™ . Additionally, the presence of certain PTMs can
reduce the ionization and detection efficiency in M5. Ionization is a crucial step in MS where molecules
are charged so they can be moved and measured by an electric or magnetic field. Feduced ionization
can lead to lower detection levels, potentially obscuring sigmificant findings. Lastly, when a protein has
multiple PTMs, the resulting MS and MS/MS data sets can be incredibly complex and difficult to
inferpret. Each modification can affect the protein’s behavior in the MS, leading to a wide amay of
potential products and signals to be interpreted’. Owerall, while the analysis of PTMs can offer critical
insights into protein fimetion and disease development, it also presents various challenges that require
sophisticated techniques and careful interpretation of the generated data.

In protecmic analyses, enzyme autolysis stands as a sigmificant factor that can introduce
complexity and potential inaccuracies in the identification and quantification of target peptides.
Traditional in-gel digestion methods, while generally effective, often yield a complex polypeptide
muxture. This mixture comprises fragments from both the target protein and the protease, complicating
subsequent analyses. In our study, we observed trypsin autolysis signals in the n-gel digestion of £-
casemn (FCN) at specific m'z values (~842 and ~1045) with comesponding intensities of 3682 and 1375,
Additional signals were also noted at m'z values of 3092 and 2299, albert with much lower intensities
(~330). These findings align with existing literature that discusses the implications of frypsin autolysis
in in-gel digestion methods™. In the case of F-lactoglobulin (FLG), we detected multiple autolysis
signals at vanous m'z values (732; 342; 870; 1045; 1178), but these signals exhibited low intensities
(ranging from 300 to 900). This suggests that the impact of autolysis may be less significant for FLG
under our experimental conditions. Importantly, we utilized a specialized form of trypsin in which hysne
residues have been modified by reductive methylation. This modification yields a trypsin molecule that
is both highly active and extremely resistant to autolytic digestion thereby potentially mitigating the
issue of autolysis. Femarkably, our p-IMEE. method showed no evidence of trypsin autolysis. This
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absence could be atmbuted to the enzyme's immobilization on the microreactor, which may confer
stability and reduce its susceptibility to autolysis¥. This finding not only highlights the utility of p-
IMEE. in protecmic analyses but also warrants further studies to explore the stability and rensability of
immobilized frypsin in such systems.

This additional layer of complexity complicates the compesition of the polypeptide mixture and
makes subsequent analysis of the Mass Spectrometry (MS) spectra more challenging. Autolysis peaks
can suppress pephide signals in the MS spectra, thereby reducing the sensitivity of the methed. In simple
terms, the self-digested enzyme fragments can interfere with the detection of the actual target protein
fragments, making it harder to identify and analyze these components. To address these 1ssues, one
strategy is the immobilization of enzymes on solid supports or other camers. By fixing the enzymes
onto a solid stucture, autolysis can be mimimized while maintaining a high enzyme-to-substrate ratio,
which is crucial for efficient protein digestion™. A particularly effective method in this regard is the use
of a flow-through microreactor, alse known as p-IMER. This techmique offers several notable
advantages over traditional in-gel protein digestion. First, it greatly accelerates the digestion process,
enabling higher throughput than commeon protocels used in classical metheds, such as those invelving
gel preparation. Furthermore, the p-IMEE. method reduces the complications associated with sample
handling and processing. For example, it can minimize concems related to pipette transfer, which iz a
common source of ermor and varability in traditional laboratory protocols®. By streamlining and
improving the digestion process, the p-IMEFR. method can enhance the reliability and efficiency of
proteomic analyses. The majonty of the literature focuses on off-line microreactors, which although
easier to implement, do not offer the real-time analysis capabilities of on-line systems™. The challenge
in achieving on-line coupling, particularly with Mass Spectrometry (MS), lies in the difficulty of
harmonizing the expenmental conditions across different units in the workflow. This is a sigmificant
hurdle that our werk aims to address. While some studies have managed to achieve cn-line coupling
through Liguid Chromatography (LC) or Capillary Electrophoresis (CE)®, our system is desizned to be
more versatile and robust, capable of on-line coupling with MS. In terms of efficiency and time, the
study by Villegas et al. demonsirated that on-line digestion, separation, and characterization of proteins
could be achieved in less than 30 nunutes nsing commercial cellulose resin particles with immobilized
trypsin®®. Our system, while also aiming for ugh efficiency, has a vmique focus on robustness and
longevity. The umique monolithic support and capillary surface modifications contribute fo its extended
lifespan, making it a cost-effective option. Ancther study showed that an efficient IMER could
significanfly reduce the analysis time by approximately 15 hours compared to classical solution
digestion®. Our IMEF. not only aims to shorten the analysis time but also provides comparable or
superior protein sequence coverage. This is achieved through the wnigque moenoclithic support that
enhances enzyme stability. Our system employs a Capillary Enzyme Reactor (CEE) with a meticulously
prepared capillary surface. The capillary undergoes a series of chemical treatments, including etching
with sodivm hydroxide and silanization with p-BAPS, to create optimal conditions for enzyme
immobilization. This sets our system apart in terms of both efficiency and robusmess. The monelithic
support In our system is synthesized wsing a specialized polymerization solution, which consists of a
mixture of the fimetional monomer GMA and the crosslinking monomer EDM™. This unique monclithic
support offers a robust and efficient platform for enzyme immoebilization, contributing to the reactor's
longevity and performance.

Given the pivotal role of protein modifications, including post-ranslational modifications
(PTMhs), in determining the structure, fimetion, and biological interactions of proteins and peptides, their
detection and characterization are of paramownt importance. PTMs can modify amino acid side chains
post-biosynthesis, thereby influencing their overall behavior and properties. This msight is particularly
valuable for the development of functional foods and dietary supplements, such as protein hydrolysates.
In this context. the methodology mtroduced m this study shows considerable promise. The enhanced
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sequence coverage achieved throuwgh the wse of p-IMEE. and ZipTip. especially for protemns with
complex PTMs, underscores the potential of these techmigues to make significant conmbuhons to
protein research. Additionally, the speed and accuracy offered by these methods make them highly
applicable in various fields that require rapid and precise protein analysis, including the development of
fimetional foods and distary supplements.

Conclusions

This study offers a comprehensive comparison of proteomic methodologies, focusing on classical in-gel
protein digestion, the use of a flow-through enzymatic microreactor (u-IMEE), and the application of
ZipTip pipette tips. All methods were followed by Matnix-Assisted Laser Desorption/Tonization-Time
of Flight Mass Spectrometry (MALDI-TOF MS) for analysis. We centered our research on two bovine
milk proteins, S-casein (FCN) and S-lactoglobulin (FLG), which are characterized by their wmiegque
structural and molecular weight attmbutes. Chr findings underscore the distinct advantages of using p-
IMET., which yielded supernior sequence coverage of 331.3% for SCN and 65+3% for fLG, thereby
promoting a more streamlined digestion process compared to classical in-gel digestion, which yielded
20=2% for PCN and 49£2% for FLG. The incorporation of ZipTip pipette tips into both methods
significanfly enhanced sequence coverage, reaching 26=1% for #CN and §0=4% for FLG in classical
in-gel digestion, and 41=3% for FCN and 30+3% for fLG in p-DMER. It's important to note that
sequence coverage was sensitive to vanations in protein structure. Specifically, fLG, the smaller of the
two proteins, demonstrated higher sequence coverage results. For oxidized SLG, sequence coverage
increased steadily, peaking when both p-IMEE. and ZipTip techniques were employed. In the case of
FCH, the use of ZipTip in classical digestion enhanced sequence coverage to 27=4%., and further
increased to 30=2% and 33=1% when p-IMEER and p-IMER-ZipTip were used, respectively.
Additionally, ZipTip allowed for the detection of a higher percentage of modified peptides in both
classical digestion (79=2%:) and p-IMER. (79=4%) for fLG.

By fusing the digestion efficiency of the p-IMER method with the enhanced sensitivity and
sequence coverage offered by ZipTip, alongside a shorter analysis time, this techmigue could be
instrumental i elevating analytical capabilifies across vanous scienfific domains, including food
science. Our study suggests an innovative pathway to protein analysis by amalgamating classical n-gel
digestion, p-IMER, and ZipTip techniques. It sheds light on the pros and cons of these methods when
dealing with diverse proteins, inderscoring the impactfil role of protein structure n the final cutcomes.

Looking ahead. it would be worthwhile to test these methodelogies on a wider vanety of proteins
to gain further insights into the impact of different protein structures on sequence coverage and overall
analytical results. Exploring the use of additional proteases or combinations thereof could potentially
enhance digestion efficiency. Through ongoing research and development, we can aspire to broaden and
deepen our understanding of protein biclogy and its mamfold applications.
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Fig. S1. SDS-PAGE electropherogram for SCN and SLG.
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Fig. Sla. Ongzmal image of SDS-PAGE electropherogram for SCN and SLG mn a non-reduced mode.

Table S1
The mdnidual masses of detected peptides, their sequences, and the dagree of sequence coverage considenng the
two methods of sample preparation with and wathout ZipTip pipette tips for SCN.

S"'plf il m Sugm——h Sequence
preparation Theoretical Measured 196] range
747.38 74736 20 123-128 KEMPFPEY
779.50 77949 1851901 KVIPVPQKA
q,;:ml 820.47 82044 192-198  KAVPYPQRD
in-de';? el::iz:m 218513 218516 100217 R DMPIQAFLLYQEPVLGPVR.G
220108 220116 196217 R DMPIQAFLLYQEPVLGPVR.G + Onxidation (M)
741.44 74144 218224 RGPFPIV-
87145 87155 26 4147 RINEKIEKF
645.18 64532 115-120 KEAMAPKH
B 747.32 747.36 123-128 KEMPFPEY
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Classical  763.36 T63.36 173-123 K EMPFPELY + Onadation (M)

in-gel protein _ ~
dizestion snd 77947 77948 185181 K VLPVPQE.A
ZpT®  gyp43 57044 192198 EAVPYPQRD
218522 218516 199-217 R DMPIQAFLLYQEFVLGPVR.G
20121 220116 198217  FDMPIQAFLLYQEPVLGEVE. G+ Oxidaton (M)
74143 4144 218-224  R.GPEFIV.-
06150 206082 27 4563 K. FQSEEQQQTEDELQDE.I + Paogphe (5T)
74839 74736 123128 EEMPFPEY
78051 TT9.48 185181 K VLPVPQE.A
83048 57044 192198 EAVPYPQRD
218614 218516 199-217 R DMPIQAFLLYQEFVLGPVR.G
T42.45 T41.44 218224 R.GPFPIV.-
310941 310857 33 1744 R.ELEELNVPGEIVESLSSSEESITHINEE I
74733 74736 123128 EEMPFPEY
76334 763.36 123128 E.EMPFPEY + Ouidation (M)
779,45 T70.40 135181  EVLPVPQEA
829.42 82044 192198 K AVPYPQRD
218504 218516 199-217  R.DMPIQAFLLYQEPVLGPVE.G
220002 220116 195-217  R.DMPIQAFLLYQEPVLGFVE.G + Oxidation (M)
;.:-r?{m 741.41 T41.44 213224 R.GPEPIV.-
87141 87155 30 4147 F.INEKIEEF
06060 206082 4553 K FQSEEQQQTEDELQDEI + Phosgphe (ST)
74733 T47.36 123128 EEMFFPEY
770,45 T70.40 185181 EVLPVPQEA
829.41 81944 192-188 K AVPYPQRD
218504 218516 199-217 R DMPIQAFLLYQEPVLGPVE.G
74141 4144 218-224  R.GPEFIV.-
310077 310957 4l 17—+ R.ELEELNVPGEIVESLSSSEESITHINEE. I
273599 223620 64-83 K IEPEAQTQSLVYPFRGIIPE S
74720 747.36 123128  EEMPFPEY
763.29 763.36 123-128  E.EMPFPEY + Oxidation (M)
77028 T70.40 185181  EVLPVPQEA
_H_E,rfgg_m 82933 81044 192188 K AVPYPQRD
ZpTp sp3s11 218516 190717  EDMPIQAFIIYQEPVLGIVEG
220112 220116 195217  FDMPIQAFLLYQEPVLGEVE.G + Oxidation (M)
74132 74144 213224  R.GPEPOV.-
06080 20608 33 4553 K FQSEEQOQTEDELQDEI + Phosphe (ST)
74740 747.36 123128 EEMFFPEY
3
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2262.09 2262.03 120-147 EYPVEFFTERQELTLTDVEE L + Phospho (5T)

779.53 TR 40 185191 EVLFVPQE A
218508 218516 187215 F DAMPIQAFTI YQEPVLGEVE.G
218532 218516 197215 F DMPIQAFLLYQEPVLGFVE.G
74148 44 216112 FLGFFPILV -

25

26 Table 52

27 The mdradual masses of detected pephides, their sequences. and the degres of sequence coverage considering the
28 two methods of sample preparation with and without ZipTip pipette tips for LG

5""1"? Mass (DAl f:r&m: Sequence Sequence
Preparatiol Tpeoratical Measured (%] range
112045 112046 40 77-85 K WENGECAQEE
01546 01547 100-107 KIDALNENEV
106256 106458 105116 EVLVLDIDYEE
119266 119267 108-117 EVLVLDIDYEEY
281723 281726 118-140 K YLLFCMENSAEPEQSLACQCLVELT
R 118140 E;mﬂ?m“—“m‘lﬁmﬁm
Classical 124457 124458 141-151 R TPEVDDEALEEF
in-gel protein
dizestion 163476 163477 141-154 RTPEVDDEALEKFDEA
284526 234547 155178 K ALKALPMHIRLSENPTQLEEQCHL -
286126 286147 155-178 K.ALKAIPMHIRLSFNPTQLEEQCHL - + Oxidation (M)
23645 83647 158164 KALPMHIRL
85246 85246 158-164 K. ALPMHIR L + Oxidation (M)
171470 171480 165-178 R.LSFNPTQLEEQCHI-
231220 231225 60 57-76  RVYVEELKPTPEGDLEILLQE.W
112044 112046 77-85 K WENGECAQEEK
20255 90256 0200 ETEIPAVFKI
106456 106458 108-116 EVLVLDTDYEE
119266 110247 102117 EVLVLDTDVEEY
o BT 2w 118-140 K YLLFCMENSAEPEQSLACQCLVELT
_Classical 283318 283325 118-140 E}J'U_FGIELSAEPEQEL{QI‘.‘B_T+DEJ@M
in-gel profein
dizesion and 124456 124458 141-151 R TPEVDDEALEE F
ZipTip e
163474 163477 141-154 RTPEVDDEALEKFDE A
294524 284547 155178 K ALKALPMHIRLSENPTQLEEQCHL -
286122 286147 155-178 K.ALKAIPMHIRLSFNPTQLEEQCHL - + Oxidation (M)
83646 83647 158164 K ALPMHIRL
35245 85246 158-164 K ALPMHIR L + Omidation (M)
171477 171480 165-178 R.LSFNPTQLEEQCHI-
4
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29

30

31
32

270623 270637 65 3156 K VAGTWYSLAMAASDISIIDAQSAPLRV
713 272236 356 o y'_jmmgﬁmiummmsmxw
231214 231225 57-76 R VYVEELEPTPEGDLEILIQEW
119260 119267 108117 EVLVLDIDYEEY
c 1713 281726 115-140 K YLIFCMENSAEPEQSLACQCLVET
#IMER gm0 163477 141-154 R TPEVDDEALEEFDE A
284518 284547 155-178 K ALKAI PMHIRLSFNPTQLEEQCHI -
286118 286147 155178 K ATFAT PMHIRL SENPTQLEEQCHI - + Oxidation (M)
83636 83647 158-164 KALPMHIRL
171472 171430 165178 RISFNPTQLEEQCHI-
270639 270637 8O 31-56  KVAGTWYSLAMAASDISLLDAQSAPLR V
231227 231225 5776 R VYVEELEPTPEGDLEILIQEW
112052 112046 77-85 K WENGECAQEEK
14860 124856 77 EWENGECAQEE I
S0181 90256 0200 K TEIPAVFEI
01553 01547 100-107 K IDAINENEV
D 11273 119267 102117 EVLVLDIDYEEY
-IMER. mnd
ZipTip 281729 281726 115-140 K YLIFCMENSAEPEQSLACQCLVET
124463 124458 141-151 ETPEVDDEALEEF
163480 163477 141-154 R TPEVDDEALEEFDE A
284533 284547 155178 K ALFAT PMHIFL SFNPFTQLEEQCHI -
83653 83647 158-164 K ATPMHIRL
85253 85244 158-164 K ALPMHIR L + Oxidation (M)
171483 171430 165-178 RLSFNPTQLEEQCHI-
Data availability

All data generated or analysed during this study are included in this published article [and its

supplementary information files].
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4.6. Study on silver ions binding to g-lactoglobulin

[P6] A. Rodzik, V. Railean, P. Pomastowski, P. Zuvela, M. W. Wong, M. Sprynskyy, B.
Buszewski Study on silver ions binding to p-lactoglobulin, Biophysical Chemistry, 2022, 291,
doi: 10.1016/j.bpc.2022.106897.

144



Hiophysical Chemdistry 297 (2022) 106897

Contents lists available at ScienceDirect

Biophysical Chemistry

journal homepage: www.elsevier. comflocateb o physchem

F1.SEVIER

Study on silver ions binding to f-lactoglobulin
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ARTICLE INFOQ ABETRACT

Faywords: The drug-resistant pathogen phenomemon, resulting in infections and deaths that are increasingly difficult to
Pl b ) trent, requires research into searching new potential antimicrobial agents. The presented stady is focused on the
ﬂ"“‘*"’"“"‘; imvestigaton of impact of silver ions (Ag™ ions) to flactoglobulin (FLG) structure and mechanism formation of
|

silver f-lactoglobulin nanocomposites, that could find potertial applicafions in medicine. To determine the
phwsicochemical charncterisiics of silver ion binding, linetics and isothermal models were used. The presence of
functional groups involved in the binding process was investigated by spectroscopic methods (FTIR-ATH, Kaman
speciroscopy)l. The bhinding ability and nanocomplexes formation was determined by instrumental analyses
(SEM, TEM, EDIX). Based an the obtmimed results, the binding nt'.&g"' loms to $LG were heterogensous in nature
consisting of three main stepe mpid sorption of Agt bons on the §1G surface, immamaolecular diffusion of Ag™
ions, and chemical equilibrivm. Microscopic studies showed a change in the surface morphology of §LG and the
appearance of silver manoparticles. Speciroscopic studies indicnted that acidic {(Glu~, Asp™) and Lys, Tyr, Met
amine groups play a key role in the formation of the AgglG nanocomplex. Finally, molecular dynamdcs (M1 and
density functional theory (DFT) calculated studies as a compamtive and complementary method bave proven
contribution of respective amino scids in the binding process.

Active lunctionsl groups
Mabaralar dynassey
Mezhenism Sorsalion

L. Intreduction

In the last few yeam, an increase of antimicrobial resictance has
occurred. Thers iz an active search for new efactive treatment and drug
delivery methods for regiztant patogens [1]. Corrently, many different
metals have besn uoed az antimicrobial agens, incuding sinc, titanivm
[:],gnld [Jlmdﬂm.Hwem::m.giﬁﬁt.nﬂvuLnrh:fumof
dilver nanoparticles (AgMPa) iz the moat ignificant. Among methods of
fighting the problem of dmg resistance iz the study of metal-protein
interactiona. Az a result of such interactionz, we can obtain metl-
loproteina, metallocomplexer, nanoparticler and nanocompogites
(combinations of metallocomplex and nanoparticles). Interactions of
metal ionz with proteing play an important role because many proteins
use metal for their proper or better activity, finding application in,
among othern, the treatment of various diseazes [4].

AgNP are found to be the moat affective agentz owing to their unique
large area-to-volume ratio, which gives them imigue properties in

* Corresponding authar.
E-mmni addrese p.pomastowski fumic pl (P. Pomastowskd).

hitper/doi_org,10.101 6. bpe. 2022 106897

comparizon to molecoles and to the bulk of the same material [5].
Currently there iz a huge amount of research wing silver compounds for
variows clinical studies [6,7]. Hazarika et al. [0] studied the effecs of
AgNP:z on the structure and fonction of bovine serum albumin (HSA)
with the aim of uzing NP for drug deliveny in appropriate amounts and a
rpecific gite. The zilver jon (Ag™ ion) iz used doe to im ooft acceptor
properties and itz relatively flexible coardination sphere. Thiz allows the
ion to coorndinate with a variety of ligands with multiple geometries and
M.Tﬁeuﬂidﬁnf:mﬁ:ﬁmmﬁiﬁﬂ;ﬂm (1} cam be
explained by the lack of stereochemical directionality amsociated with
the d10 configuration [9]. Ag™ iong exhibit strong antibacterial prop-
ertiez [10]. It plays an important role in killing bacteria as it easily ad-
sarba to moat biomolscules much 2z DNA, membrane proteing, sn=ymes
or intracelhular cofactorn found in bacteria, inactivating their functions
[11]. Recently, our group performed experimental and computational
smudies on the mechanizm of metallocomplex formation due to the
binding of zinc ions to ovoalbumin (OVA) along with the dmuoltaneous

Recefved 28 Apeil 202X H.:-::l'r\:d in revised form 13 September 2022 Accepted X2 September 2022

Avnilable online 36 Ssptember 2023
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formation of zinc oxide nanoparticles. Moreover, additionally, amtimi-
crobial ohudies conducted indicated inhibitory activity againat clinical
srraine [12].

Due to the bioactive content, relatively high amount of branched-
chain amino acids, and low cost, whey proteine may be applisd =
mutracenticalz [13]. It has been proven that whey protein can prevent
ﬂ.i;.bete.:t-_,—_p-elT:njdi.:M aspociated with Bt accumulation [14].
Their high mutritional, biclogical and technological values are widely
uzed aloo in many food applicationa [15]. Whey protein supplementa-
tion iz prevalent in anticancer therapy due to itz higher leucine precence
and ability to modulste insulin-like growth Bactar (10F-1) levelz [16,17].
They alzo exhibit antibacterial activity against a wide rangs of Oram-
pozitive and Oram-negative bacteria [13). The major whey protein
among ruminants is Flactoglobulin (FLG). It iz 2 amall globular protein
of the lipocalin family, containing 162 amino acid residues with about
153,300 D [19]. The LG structure iz dominated by a f-chest comprizing
nine fotrands amd one major o-helix at the G-terminal end of the
molecule. Additionally, it containg two dinulfide bonds (Cye66-Cyal 60
and Cyal06 Cyal19) and = fres thiol (Cy121) [20]. Due to the signif-
the potential to bind variows hydrophobic ligands (vitamin A, Gty
acids) and bicactive peptides FLO hac excellent mutritional properties
[IE‘.E'.:JJ]:.nd ﬂ:.uefomrmchnﬂmu:mﬂjdminiuﬂu]num
study.

The amino acid aide chaing of proteing provide a wide range of in-
teractions (hydrophobic, hydrophilic, ionic, covalent bomda). In the
present atwdy, it is undertaben to invectigate the modification of proteins
with metal iona, which can lead to an extencion of their functionality
that would not be pomible withoot them [235], atrarting attention and
thuz opening the way to new applications in medicine [24] 22 new
antibacterial agents, or in manotechnology [25], among others.

Therefore, the present study focuced on the immobilization of Ag™
ionz to flactoglobulin (FLO) souctore and mechanion formation of
dilver-flactoglobulin nanocomplexes and silver nanoparticles#Hacto-
chemical characterization of the obtained nanoccompositea In thiz
regard, kinetic and isothermal sorption experimentz az well az inotro-
mental a.nalynu: much az zp-b:h:uempymj d.bctmnm.il:rmcnpywe
pesformed. In addition, an important complement to the obtained re-
maltz was molecular dynamics (MD) allowing to modal the strucnores of
AgfLO nanocomplexes and density functional theory (DFT) calculation
indlicating the binding cites and the reduction process of gilver jons.

2, Experimental
2.1. Syrthesiz/tmmobilization of Ag™ ions to JLG

At thiz step, the stock solutions of the protein (C = 5000 mg/L) kave
been prepared by muspending the LG in dictilled water (Millipore
Intertech, Bedford, Ma, USA) and mixed with silver nitrate (V) (Ag™ iom)
at a ratio of 1:1 (v/v). The protein mixture waz prepared at pH = pl =
4.6, Such ivoelectric point (pl) war selected based on our previous
stadiez [26]. The obined solutions vere vortexed and sonicarsd. Next,
rh:mmmpmmmmd zilver nitrateV) cohrtions were meubased At
room temperamure (BT). Por the kinetic smdy, 60 mg/L of dlwver jon
concenmarion was used and imvectigated at cermin pericd of time (from
2 min to 2380 min) while for ivothermal chdies several concensrations
of zilver iona have besn prepared (from 1 to 700 mg/L) and monitored
during 1440 min period of time.

Then, after incubation, the obtained colutions were cenmifuged 10
min (4°C, 12,000 rpm ) and the supematant was mineralized in agua
regia and dilured to 19 niic 2cid(V) (Sigma Aldrich, Paland) and Ag*
iona concentration waz determined by Inductively Coupled Plasma-Maos:
Spectrometry (ICP-MS) (7900 ICP-MS, Agilent Technologies) while
remained precipitate waz subjected to further instrumental analypes.
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The experimental data were mobmitted to kinetic and izothermal
models, and the degree of model fit was detarmined by the correlation
coafficient (B and standard error (51 Zar\o—nrdu': pneuljn—ﬁnt-nrﬂu:.
peendo-cecond-order kinetic models and the Weber-Morriso intraparticle
diffuzion models were used to evaluate the experimental regults. Addi-
tionally, the distribution coefficient (F;) of Ag™ ions sorption by fLO and
Gibba' free energy for silver adoorption were caloulated.
ergy were determined using the squation presented in owr previous
study [26].

Kinetic models were determined wing the following formmlas:

» The servorder kinetics model:
C= G — kgt 1

where: G - the concentration of Ag™ ionz in aqueous solution for a
certain period of ime [mg/L], ;- the initial concentration of Ag™ ions
in aqueous solution [mgsL], ks - the adsorption rate constant [(mg/L)/
min], t— the adsarption duration [min].

» The preudo-first order kinetics model

g =q(l-c™) iz

where: g; — the amount of Ag™ ions sorbed for a certain period of time
[mg/gl, q. - the amount of Ag* sorbed at squilibrivm [mg/g], k - the
rate constant of peeudo-firat order corption kinetico [1,/min].

» The preudo-second arder kinetics modiel

- gkt
1+ g kgt

s 3
where: ky — the rate congtant of peendo-cecond onder corption kinetics
[(g/mg)/min].

g =A+ K™ 4

where: A — 2 conztant indicating the thickness of the boundary layer
diffuzion or external surface adsorption [me/gl, K, — the intraparticle
diffugion rate constant [(mg/g)/ min™].

The amount of zilver sorption by §LO from an aqueous solution (for
experimental data) was determined az folloves:

¥
8 =(Ca—0)= =

where: V - the volume of solution from which sorption eocurs [L], m -
Additionally, the distribution coefficient (E,) of Ag™ ions sorption by
FLG and Gibba' free energy for silver adsorption were caloulated.
The following aquations were uzed:
KJ—E—: L]
where: g, — the amount of gilver sorhed by L0 isoforms at equilibrivm
time [mg/gl, G, - the equilibrivm concentrations of zilver in solution
fmg/L]
AG" = — RTInK; [}
where: AG” _ the energy of admrption [k/mell, B — the ga= constant
(8.314 J/mol ), T- r]:.e:.qu:m.un:bnulube temperature (295 K], K -
the distribution cosfficien:.
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2.3 Dothermal sudy of Ag™ ions binding to SLG

The obwmined experimental results were examined using Preundlich
isotherm Langmuir isotherm, Henry icotherm and izotherm as a fone-
tion of Co/Cy (Ce — the equilibrivm concentrations of ailver in solution
[mg/L], Gy — the initial concentration of Ag™ ions in aqueous molution
[mg/L]y to investigate the mechaniom of zilver ion sorption by GLO
based on the model formulas presented in our previous publication
deocribed in detiled by [26]

» The Preundlich isotherm

g=KgCn 3
wwrhmra: Kp- mnnhntﬂiuiﬁnn{,l...."g]. n- mun.ﬁ:i.ca] constant, charae-
tesized by the heterogeneity of the adoorption process. This medel i
generally used o deccribe the sorption process on the morface of hes-
erogenesus hydrocolloids.

» The Longnuir isotherm

gk, C,

T+ KL, =

g=

where: g - maximum amoumt of zibver adeorbed in monolayer (mg/g),
K; — conatant Langmuir divizion (L/mg). This model assomes that on the
surface af adsorbent forms a monolaxrer of molecoles which interact with
adsorption aites, and do not interact with each other, and that there iz no
pesaibility to create 2 mulslayer ag well az that the adocrption energy iz
conztamt [27].

» The Hery isotharm

q’—.ﬁ.’ul:,

whese: Ky — equilibriom constant of Henry'z adsorption [Legl.
The degree of model matching to experimental othermal dam was

Jesarminsd unin@!ﬁ:?eamnmnﬂaﬁm coafficient () and standard

error (5.

1o

2.4 Pourier tranusform infrered spectroscopic with atrruated ool
reflectance (FTIR-ATR) and Raman spectroscopy (Raman) analysis

FTIR-ATR and Raman zpectra were recorded for fLO modified by
Ag” ionz and native L0 to verify silver bhinding vith 7LO. Crigin Pro/
2016 ooftware (Originlab Corporation) was wsed for das proceszing.

The infrared spectrum wag recorded in the range 400-4000 e
uzing an FTIR-ATE specrophotometer from Bruber (Billerica, Mama-
chugettz, USA) About 1 mg of control fLG poweder and nanocomplexes
were used for gpectral analyziz by applying them to a platinem ATR with
a durable monolithic diamond measurement interface.

Ramoan analysic was performed uzing a Baman spectrometer (Sen-
terra, Bruker Optik). All Baman gpectra were recorded at room tem-
perature in the range of 4004000 con ! at the wavelength equal to k=
532 nm ag excitation light, with power of approximately 20 mW and the
counting time spectrum at 2 % 30 o with an accumulation of 10 £
Sample preparation waz performed by dropping the samples onto ZnSe
lens with Pocal length 50.3 mm, 12 mm, and 2.4 mm (IUVO-LASER,
Poland), drying at room temperanire for 24 kb, and analyzing.

2.5 Scamning and trarsmizsion clectron microscopy (SEM, TEM) with
energy disparsive X-ray (EDX} anclysis

Uning scanning electron micrcecopy (SEM, LEO model 1430 VP)
coupled with energy dispergive X-ray (EDX) detector (XFlach 4010,
Bruker AX5, Berlin, Oermany) and tranomimion electron microocopy
(TEM, model 02 F20X-Twin 200 kV, FED in combination with an enesgy
dizperzive X-ray detector (EDX, Energy Digperive X-ray, RTEM SN9577,
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134 &V, Bdax), the ocourring changes in the surface morphology and the
dilver nanoparticles formation were anahmed. In addition, quantitative

Por SEM ctudies, szamples were applied on the microscopic dide 2z 2
solution of native protein and nanocomplexes. In order to perform TEM
analyzin, the mamples were lapered to a carbon-coated grind (Lacey Grpe
Ca 400 mezh, Plano).

. Mo[ﬁctd.nrn‘punrﬁ.u (MDD} strmulzHors

To perform molecular dymamiczs (MD) simulations, the initial FLG
sruchure (POB IDx SBLO) was obtained from the Protein Data Bank
(PDE). Structure wasz originally characterized wing X-ray cystallog-
raphy at 2.56 Angptrom resolution [25]. Syotem wasg colvated wming a
TIPS water octahedral zalvation box with a varisble side length bassd
om the estimated gize of the protein and the zilver jons comcentrations.
Silver jong (in three concentrationa: &, 60 and 600 mg/L comresponding
to 5, 50 and 500 ions; computed with a fixed volume and upecalad) were
placed randomly into the system, by replacing the water maolecules with
dlver ions [29]). 'I'l!.ue...:lﬂe—lcngthn ufﬂ—‘- H, mjﬂ’?.‘tng,.—.tmmwu\e
uzed for solvation boxes for oystems with 5, 50, and 500 ions, regpec-
tively. Subcequently, the mutems swere electroctatically newtralized
uging Na™ and €I ions. AMBER ff00-SE-ILDN force fisld [30] was
emploved for the MD cimulations. Parameters of A (Ramine = 1443, ¢
= 0LOOB18431, T = 0.230939) to account for non-bonded interactions
have basn obtained from the litsramire [51]. Intsrsctions/contacs of
dilver with key amino acids (0lu™, Azp™, Cy=, Hiz, Try, Trp, Phe, Met,
Arg, Lys) were analyzed. Generally, a threshaold of —4.0-6.0 Angetrom iz
:Dmiljamdforintﬂarﬁmnufzﬂv\unampurﬁ.dﬁandm [8.37].
Here, a0 we have built protein — jon gystems, a more regtrictive threghold
of 3.5 Angorom has been employed ingtead Energy minimization wasz
emploved to remove bad contacts and structoral clashes; followed by
East heating to 298,15 K at a constant volume. Subsequently, dencity of
(1 bar) and temperature (296.15 K) — NPT ensemble. Production MD
dimulations in the NVT ensemble were conducted in GROMACS 5.1.2
sofbware. Vinzalization and analyzis of the large-scale dats were done
uging Vizual Molecular Dynamics (WMD) 1.923 [35] and Python 3.9,
respectively.

27 Dowity functioral theary (DFT) caleulations

To zhed light on the interaction of zilver jon (Ag™ ) with the §LO
protein, density functional theary (DFT) calculations, using Gausian 16
Programz (Prisch =t al, 2016}, were parfarm:d for five modallad 11
Ag -4 complexes (A4 = Asp, Glu™, Tor, Lyn and Mee) uzing MOS-2x
functional [34]. The bagiz setz wed for geometry optimizations corre-
rpond to the amaller 6-310* basiz et for non-eibver atoma and Def2-
SWPD [35] basiz o=t for ailver atoms. Por the larger bagic o=t for zingle-
point energy calculations, the 6-311 + @(2d,p) basic set iz used for
non-gilver atomez and Def2-TZVPD [36] for clver atoms. It in worth
noting that the D25VF and Def2-TZVFD basiz sets for Ag comtain an
effective core potential (BCP). Implicit sobvation model SMD [37] was
emploved o model the solvent effect of aqueous medium (e = 78.4) for
both geometry optimizations and single-point energy caloulations.

3. Results and diseussion
3.1. Kinctics and ésothermal shudies

Einetic studies provide information allowing us understand the time
dependence of the binding procem rate of fLO binding with Ag™ ionz.
Thesefore, the experimental kinetic data were mubmitted to seso,
p:euﬁln-.ﬁnt, ]:m:udu—md arder J:LI.I:I.EI:I.C mnddn and \'\:b:rHun'l...
to the models allowed to explain the rate of Ag® jons binding with JLG,
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but alco to determine the degree of adsorption of Ag™ ions in protein
adoorbent The kinetics of the Ag™ jons sorption process expressed aza
plot of concentration of Ag”™ ions in colution per unit of time are pre-
sented in the Fig. 14

The obtined requltn, indicate that the Ag™ ion adeorption process for
LG iz not linear and thres separate ste=pz can be noticed. It waz found
that ztep | iz associated with rapid initial sorption, while step 11 iz a
order to calculate the rate constants of sorption kineticz of Ag™ ions for
linear segments of the obtined stepa, 2 cerc-order kinetico model was
uoed, which dspcribes in datail the !miwﬂ:pﬂofmpﬁm_Thz
walwes of the rate constants for step 1 waz 3,36 (mg/L)/min while for step
IID.I:I'I?I:n:g.r'L}.r'min. The values of the rate constaniz are summarizad in
Table 1, which alzo chows correlation coefficient (R} and standard error
5]

The fast socption step (step [) oooure during the firot 2 min of the
procezz, inwhich 16.13% + 156 af Az~ ionz vere binding with fLG and
the protein sorption capacity was 269 + 0.23 mg/g. The sorption pro-
ceae in step I1 io much clower and ends after 720 min. The sorption
effectiveness of Ag™ iono for this step were effectively increased to
45.54% + 949 and the sorption caparity increased to 7.65 + 1.58 mg/
g- The maximum sorption capacity and sorption effectivensss were
45.24 + 3.73% and 8.05 + 0.62 mg/'y respectively. In order to better
ujp]a.l.n the proCEsnen, the -u:pemn:nlal data were mbmitted to a
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Table 1
Kimetic model parameters for the Ag* ions sorption by LG,
Kinetie modek
Mt moded ey bt coreler bt iyl diffain
manlel kil el
Thy = ky = Q006 [1F ey — OUOOEE [17 A= 020 [emggl
[w{.-"LCI-' mi] =in]
wain ]
0k — Q017 LET [y min™ ]
[mgL)
min]
8-158 5=1.23 8 — 083
E= 076 R= 085 = 008

peeudo-firet and peeudo-second order models (Fiz. 1B). In tum, match-
ing the experimental kinetic dats with the Weber-Morrio intraparticle
diffusion model (Fiz. 1C) showed two stepe. Step | wac assigned the
reducing Ag” ion concentration. In torn, step 11 waz assigned a gradual
sorption with a limited mechaniom of Weber-Morriz intraparticls
diffusion, ending in sorption equilibrivm. The intersection point of the ¥
axiz of the second-degres line iz a o of the thicknes: (wolume) of
external purface corption and it dope determines the value of the
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Fig. 1. The ldnetic steps of the Az jons sorpion omto §1G using the zero-order kinetic model {A), experimeninl data and fitted peendo-frst: and pseudo-second onder
kinetics models of the .'\.3"' sorprian by @0 (B, the Weber-Momis intraparticle diffusion moded (), Agfli complex sorption efectiveness fu],:mdmo&ﬂ.g" joms
sorption cnte @LG and fitting of the Freundlich, Langmuir and Henry's isotherm models (E), sorption isotherm of Ag® ions as a function of C0C, (F).
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intraparticle diffusion coafficient for the sarption of Ag™ ions by ALG, x=
thowm in the Table 1. Amalyzing the Webear-Morris intraparticle diffu-
zion model, it can be concluded that the sorption of Ag™ ions i mainly
regulated by the sorption on the external L0 qurface. Then, in atep 1,
gradual sorption indicates the absorption of Ag™ ions within the FLG
structure. The mentioned sorption effectivensas per unit time iz chown
in Fig. 1Du

Moreover, the values of change Gibba’ free energy (AG") and the
distribution coefficient (Ky) of sorption of Ag™ ions to JLO were caloo-
lated, which were — 14.52 kl/mol and 37278 recpectively. The nega-
tive value of Gibbe™ free snergy reqults from the spontaneocus natire of
the sorption processes for the bond of Ag™ ions o JLA. In the kinetic
study of the silver-cacein complex, the caloulated value of AGY was

1842 kl/mol and the distribution coefficient waz 1826 [33). Simi-
larly, for dlver-lactoferrin complex, the value of distribution cosfficiens
and Gibbe free energy were 69963 and — 16.06 k)/mol, respectively
[35]. Comparizon of the thermodynamic parameters obtained in the
present work for AgfLO nanocomplex with casein (CN) and lactoferrin
(LTF) complexes indicates that zilver in more readily adsorbed by CH due
to the kigheot K value. Neverthelem, these differences may be due to the
sructure of the proteing themselves Cazein exhibitn a very complex
sructure that forme micellss [40], whereas both LTF and BLG are
globular proteing. Pollowing thiz, the protein mazmes are 15.6 kDa (£L3),
76.5 kDa (LTF) and abowt 90 kDa for cassins :Dmislnrin.gitnfuur.ﬁ:a:—
thoma: gy, ey, F and &, respectively [41]. When tranalating this into the
amino arid amount of the individuwal milk proteins, we obtuin the
following: 162 (fALG), 658 (LTF), =764 (CN). Thus, it can be conchaded
that the process of metal binding to protein ic highly dependent on the
protein structure, mas: and amount of amine acida.

To further study relased to the mechanizme involved in the binding of
Ag” ionz by LG, the adsorption isotherm was imrestigated. Fig. 1B i-
lustrates the obtained isotherm of the Ag™ ion sorption process for the
upenmmb]ruultnunplﬂtnfth:d:ﬂngemnmphmupﬂnt}rm
the solution’s equilibrivm concentration. In addition, Henry, Langmuir
and PFreundlich isotherm models were fitted to the obtained expesi-
mental resultn. The characteristic parameters of the applied izotherm
modals are ummarizad in Tabls 2

Henry'z adoorption izotherm model was carried out for initial low
concensrations of zilver jone. Thiz model has the cimplest equation in
which the amount of murface adsorbate (Ag™ jons) i proportional to the
equilibrium concentration of adsorbate (Ag™ ionz). In tarn, the dhape
curve for the obtained Langmuir isotherm shows that the more cites in
the AL0 substrate are filled by Ag™ iona, the more difficult it iz for the
binding Ag™ ionz to find free cites. The Langmuir isotherm curve in-
dicates that Ag™ ions adsorh uniformly on the JL0 surface.

The rate constantz of the Preundlich and Langroir models used are
2.06 L/g and 0.0025 ml/g; recpectively, thus it can be concluded thar
the Preundlich model provides a better fit for the experimental data
obtained. Therefare, the binding process of Ag™ ions to fLO io surface-
baged.

In turn, the experimental recults for the isotherm ac a C,_/C, chow a
more complex natmre of the procesm (Fig. 1F). Namely, the uee of this
relationship makes it poszible to indicate two otepe of Ag™ ion zorption.
The firot step indicates 2 amall sorption capacity and a monolayer of Ag™
jomz on the §lLO mzface. Sulcequently, in the second step, the

Table 2
Henry, Langmuir and Frenmdlich parameters approximation mathemstical
madels of adsorption isotherms to the experimental datn.

Hawry Rt Frawdich

iy — 02 [Lg] B, - L0028 [Limg] Kp= 206 [Lig]
Qoo = J17.26 [emg gl =075

§- 202 8- 257 8- B.ED

T B - 098 R - 008
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application of higher concentrations of Ag™ ionz about 150-700 mg/L
canses the ralaxation of ALG stroctures due s mm:bdchm.g\ezufﬁlm
FLO system caused by Ag -AmT and AgT-Olu” bind [42). Gradual
penetration inzide the stucture aloo influences on relaxation effect. In
the next step, the redction of Ag™ ions up to 2 concentration of CGe/Co =
0.79 and the relsaze of metallic zilver {A.g”] o fom.nmnpﬂrﬁd.-ez wWas
cbeerved.

The obtained data indicate that at low concentrations (1-75 mg/L)
the sorption processes io achieved. The uee of higher concentrations of
silver jons ndicaten that the we of isothermal models iz incorrected due
to the formation of cilver nanoparticles. The lack of cence fitting of
isothermal models iz due to the formation of nanoparticles described in
claczical theories az nucleation of coymtalline graing. The firmt step, and
therefore nucleation, ocours by the reduction of silver ions (Ag™) o
metallic glver (4g™ [43). The resulting pasticles, which moet likely
have poor sability, then wndergo coalescence processes leading o a
reduction in particle number. If the concentration increases sufficiendy,
the dizsolved silver binds with the result that a stable surface iz formed.
When the particles rearh a certin size, knowm as the critical radius the
particles become energetically favorable thereby stabilizing encugh to
continue to grow. The remlting nuclens ;ubsequenty becomes in the
ryutem and grows when more sibver atoms diffuze through the zolution
and artach to the murface [44,45]. If the concentration of dizsolved
atomic zilver decreazes, there iz no way for enough atoms to bond
together to form a otable nuclews. Then, at thiz mudeation step, new
nanoparticles ctop forming swhile the remaining dissolved zibver iz
abaorbed through diffusion into the growing nanoparticles in solution
[46]. Marsover, 810 iz 2 mmall globular protein, and globular proteins
are characterized by a gpecific secondary structure in the native otate,
namely, they kave a cermin number of e-helix, fFhelix and disordesed
peptide chain conformations. Due to the compact struchure of L3, it iz
difficult for zilwer jonz to get inside the protein strocoare [47].

Bazed on the obtained isothermal studies, silver ions concentration of
6, 60 and 600 mg/L (3, 30 and 300 mg/L concenration of silver jons in
na.lmtnmp]mn} ware salactsd for further studiss

32 Spechoscopic studies

Kinetic and isothermal shudies indicated that zilver iz binda to §LG
maolecules. In torn, to oboenve changes in the sructure of FLO and o
anower the gquestion, which artive functional groups of L0 ar=
responzible for the binding process, FTIR-ATE and Raman spectroccopic
srudien woere performed.

In the case of FTIR-ATR analyzic, g™ ions lead to a decrease in the
imtenzity of the signals recorded in the entire gpecral range 4004000
e compared to the control (native FLO), especially for AgdLO30 and
AgLO30) nanocomplexes (Fig. 2A) On the other kand, the binding of
FLO to Ag™ ionz lead to the dizappearancs of 3274, 3078 and 1240 cm™
signal: for AgflG30, AgFLO300 nanocomplexes: 1311 cm™' for
Agila3, AgflO30, AgfLO300 nanccomplexes and dizappearance of
1514 oo™ band only for AgfLOS00 nomocomplex. The oboerved
changes are the result of zilver interference in the protein structure. The
changes registered at 3274, 3078 cm™" originate from M—H stretching
wibrationz in the amide band A and B [45]. Bands at 1240 e~ and
1311 em™! representing 2 combination of M—H bending phase and C—N
stretching vibrations with small in-plane G—0 bending and G—C
otratching wibrations aciginate fram amids [0 (1220-1400 em ') [45].

The 1240 cm~! band also criginates from the in-plane bending wi-
bration of W—H and &—H, and the G—N stretching vibration of Hia [43]
and the 1311 ! band iz derived from C—C and &—N stretching wi-
bumunnmdﬂ—ﬂm—plm:h-nmimgﬂbnmufﬁ'p [50]. Band 1514
oo™ m&umamdeﬂu:mn:qumnfmmrh:f—phmmmhmm
of ¥—H in-plane bending vibrationz and G—N atretching vibrationa with
lezg in-plane C—O0 bending wibrations and &—C and N—C stretching
wibrationa [43,49). Stuctoral changes resulting from the presence of
amides may depend on the interaction of reduced zilver jons with FLG
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Fig. 2. FTIR-ATH (A) and Raman (B) spectra for comtral SLG and Agdli
namocompleves. Peak bands in em~ ! for FTTR-ATH and Baman, respectively: (1)
3654, 3284; (Z) 3274, 305%; (3) 3078, 2933; (4) 2980, 2874; (5] 2971, IFE;
(6 2931, 1666; (7] 2888, 1611; (B) 1627, 158X (9) 1514, 1553; (10) 1472,
1445; (11] 1461, 139 (12) 1386, 1340; (13} 1311, 1318; (14) 1250, 1241;
(15) 1240, 1173; (16) 1154, 1123; (17) 1073, 1002; (18] 964, 958; (19) 954,
B2t (20) 414,

structure, Band at 1514 em™' zignal may abeo originate from the
stretching mode of G—C and C-OH wibrations plane bending vibrations
ocourring in Tyr [50].

Moreower, the addition of Ag™ ions alzo resulted in a new gignal
recorded 2t G14 cm™' for the nanocomplexes AgfLOS, AgALG30,
AgfLO30D, which originates from I-T interaction of ringz of Tyt 2nd Phe
rezidues with glver jons [51]. The appearance of new bandz indicates a
change in JLG structore after the addition of silver ions.

The 1386 cm™' zignal recorded in case of both control LG and
Agfl0 nanocomplexes, with various signal intenoities, may originate
fram the & 0OH deformation uf:.np:.rﬁ: [.‘up_]mﬂg]ulzm.i.c (Gl ) acids
[51] responsible for Ag™ ion binding to JL0 stouctre. Om the other
hand, the signal at 1075 cx™ ' can be ascociated with &—MN stetching of
Trp invalved in Ag™ ionz binding [51], and the signals xt 964 cm™" and
954 crn ™! were amsigned to band of ©—H of Met involved in the binding
procesz. Whereas bands 1472 e’ and 1461 cm™ ' may be amociated
with amino acid side chaing in peptide and protein stroctures, excited by
asymmetric and oymmetric CHy bending vibrations [52]. Band 1472
e~ may correspond to the oeizsors modes found in Arg, which has 2
relatively long CH,y chain [51], while for band 1461 cm™’, the CH,
deformation modes appearing in Cys were amigned [51]. The cignals az
1250 cm™! and 1154 en™! may be the resulsm of 0—C and O
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sretching vibrations and in-plane bending vibrations C-OH of Tyr res-
idues [50]. The 1250 cm' and 1386 cm~? aignals are derived also from
—H bending and G—N stretching of amide M1 [45]. The 1627 e
dignal recorded in both control fLO and AgALG3, AgflLGI0, AgALOS00
nanocomplexes iz amzigned to C = O swetching vibrations with 2 amall
contribution from out-of phase G—N stretching CCN deformation and
NH plane bending in the amide T region (1600-1650 cm™") [45]. This
band can be amigned aloo to the aspmmetric and symmetric deformation
vibration of the NH group derived from Lya [50].

Additionally, the FTIR technique monitors changes in the secondary
struchure of proteine such an foheet (162001630 an™ ') [47). The
recorded spectrum also chows a 3654 cm ! cignal from NH stretching
vibrations in the amide band A [43]. In contract, the signals 2930, 2971,
2031, 2858 cn ! are dominated by the aboorption of kydrophabic hy-
drocarbon regidues [35].

Faman spectroscopy (Fig. 2B) waz also used to explain the binding
mechanizn of Ag™ iong to FLG, which indicated the gite of active func-
tional groups of L0 structure in the binding process by Ag”™ ionz. The
regiztered Raman spectra confirm the phenomenon recorded in the FTIR
mpectra regarding the appearance of new bands. However, for Raman
analyzis in the registered spectral range of 7O0-4000 cm™ | indicase the
increacing of the all speciral signals after addition of Ag™ ionz compared
to the contral L0, where the ailver iong were not pregent.

Received Raman spectra suggested the presence of 1666 cn™' and
1611 cm™! bands derived fram C=0 peptide in-plane stretching vi-
brations and on-plane ¥—H bending vibrations ing to amide
I in the region of 1600-1690 cm ™" [54-56]. The band 1611 em™ " may
aloo attributed to out-of-plane deformation of Tyr [55]. Banda registered
2t 1562 cm™’ and 1553 em™ ariginate from an out-of-phase combina-
tion of O—MN stretching and M—H bending motionz from amide I,
whersas gignals 1340, 1515 and 1241 e’ are due to G—N atretching
and N—H bending corresponding o amide [T (1200-1340 cm™
[54,56]. The recpective obeervations in the regpective regions are the
result of conformational changes in the protein. The increase of intenaity
mhwdmﬁhm]mlmm'thmmmpluh
:dmdtnﬂ::bmhngofnmnp:mdgn\nlhmnin:nmim
proteine which changes their structure [57]. Moreover, signals at 1340
e and 1318 em ™! derived from indale ring vibrations of Trp. Bamnd:
at 1553, 1358 and 958 oo~ may also ariginate from Trp [56,55,55].
The registered Trp signals indicates an egeential role in the binding of
LG to Ag” jona. Por band 1553 cm™, an imidazole ring derived from
the hiztidine regidue (Hiz) can be amsigned [55]. Only the spectra for the
AgfALO300 nanccomplex chowed 2 kand 2t 1553 e !, The two band:
1318 cm™’ and 1173 cn™’ are assigned to Arg [60]. The mensonsd
sigral at 1340 em™' can be attributad to the presence of CH, wapging
and G—H in-plane deformation of Met or through CHz in-plane bending
of Lya [60].

Faman gignals ar 3254, 3059 and Wﬂm"maﬂi@:ﬂdmCH
(CHa, CHy), -G-H or = C-H stretching bondz [55]. Por bands 2674 co!
and 2935 ™!, ©—H otresching wibration bands of aliphatic side chains
were oboerved [61]. The signal recorded a2 1449 o™’ and 1002 cm™!
represent ionized GO0 derived Clu™ and the band at 1123 cm™!
correcpond to ionized CO0™ derived Asp™ [60]. The presence of these
bands suggesm that theee FLG functional growps (Olu™, Asp™ ) play an
important role in the binding of Ag™ ions to fLO and aloo in formation of
zilver nanoparticles. The intence band 2t 1002 com™ " iz typical for phemy
ring of Phe [53,55] and the signals noticed at 1241, 1173, 1125 and 829
e are amociated with the presence of C-0H plane bending vibration:
Tyt involred in the binding procesz [53,59]). FTIR spectroacopy iz based
on abeorption phenomenon of functional group and Raman spectros-
copy ic complementary technique based on a light scattering effect. Both.
FTIR and Raman spectroscopy have provided information abowt the
vibrationz of moleculss that promote the binding of zilver o FLO.
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3.3, Scanning and cansmizsion eleceron microscopy (GEM, TEM) Witk
energy dispersive X-ray (EDX} and X-ray diffraction (XRD} analysis

uging microocopic methods. Among these methoda, three different
techmigues were noed: BDX, SEM and TEM. EDX allowed 1= o determine
the elements in the ample and aloo to obtain elements] mape. SEM
permitted scanming the surface of the sample giving information about
the surface topography and TEM wao used to determine the gize of the
formed nanooyztem.

The BEDX analyvio chown in Fig. 3 was performed for both native
(control) fLO and Agild nanocomplexes. Por the Agfl0 nano-
complexes, the anahmiz confirmed the presence of metal silver with
dgnak around 3 keV, compared to the conwol Maorsover, it was
observed that with increasing Ag” ion concentration, smonger Ag™ ion
cignal: appear corresponding to percentage macces of 0.67% (AgiLG3),
1.72% (AgFLG30) and 3.65% (AgFLG300). In the resulting spectra,
carbon, nitrogen and cxypen play a dominant role n addition, zmall
amounts of sodivm, phosphorug, sulfur, copper and alumininm are also
observed. The precence of sodium, phoophoniz and gulfur iz due o the
structure of FLG itcelf, while copper and aluminium are due to the
apparats background. Additionally, mapping imagea chow the homo-
geneous dispervion of silver on the surface of all nanocomplexes (Fig. 3.

SEM anady (Fiz. 4) wag used to analyze the morphology changes of

In addition, a comparison hag been made between the images of the
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Fig. 3. EDX anmalysis and zlementl mapping amalysis for comtrol MLG and
AgALG nanooomplexes.
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nanocomplexes and the native §L0. These changes were found to be
dependent on the Ag™ ion concentration. Homogeneous struc tares of the
obtained Agfl0 nanocomplexe: were oboerred. Howewer, a the Ag™
ion concentration incresses, the surface morphology becomes more
porous indicating that more Ag™ iong are bound under higher concen-
tration. Modification of the protein surface with zsilver jons and more
rpecifically with higher silver ion content, the specific surfsce area of the
protein increased significantly. The presence of zilver nanoparticles waz
noticed uzing TEM analyziz for highest concenmation of cibver. hMore-
over, the gize, chape and oystallinity of the prepared Agfld nane-
complexes were determined. The obmined resuliz confirm the SEM
results that ag the Ag® ion concentration increases, the structure of the
nanocomplexes iz more dense and more parous. On the other hand, after
addition of Ag™ ionz at higher concentration the TEM regultz (Fig. 4)
chow the formation of spherical zilver nanoparticles (abowt 5 nm)
homogenously dizperced and ako aggregates (about 1300 nm) fived into
the protein strocmre.

The formation of silver nanoparticles 2z a recult of meal-protein
interaction during microscopic analyzes, confirma the observations ob-
tained from the isotherm az a function of Ce/Co by the reduction of Ag™
ionz o Ag”, coalescence and nanocryatallizarion [43).

However, thers are aloo places where aggresations form between
glver nanoparticles. The high-resclution TEM (HRETEM) image and
eelected area elecmon diffraction (SAEDY) pattern for the AgfLO nano-
complex at a concentration of 300 (mg/L) iz chown in Fiz. 4. The
characteristic HRTEM image with distinct lattice fringes with 0,23 nm
mpacing shows that the growth of silver nanoparticles ocours mainly in
rhl.-:plme (1110 The mtgrp]:.nurd.lmm of the Ag ph.l:u.- (111) i=
comziztent with the (1117 d-cpacing of bull Ag (0.2355 nm). SAFD with
bright circalas ringe relating to the (1117, (220}, {222, (331} planes of
one of the ospherical particles indicate that they have a highly cryetalline
sruchure. Similar regqults were obtined for zilver nanoparticles by
AgNPz oynthesic uning Loctobarillies parecasei LPC20 bacterial strains
izolated from whey [62].

34 Molecular dynamics (MDY} sirwalesions and quanomm mechmics
QM) caloulations — binding affmity of amine acids twaerds Ag™ ions

In order to clarify further the interaction mechaniom betwsen gilver
iomz and L0, pointing out the dites responzible for binding and com-
plmn:nﬁn.grhemﬂn obtainsd oo far, mn]mﬂumlﬂin.g[m]mﬂ
guantum chemiztry calculations were additionally carried out uaing
ﬂu:mi.t!r functional 'r]:-em'_; {DFT). Initial struchurss with three concen-
trationz of Ag™ ionz used for MD aimmlations are depicted in Pig. SA.
Smability of control FLG and AgfilG nanocomplexes was svaloated ar
thres Jiffsrant concentratons. Az:.m:h'in:.'lh-emtmnn.:qua.remw
of deviation (RMSD) relative to the energy minimiced struchure was
uzed. All complexes (Agilid3, AgflG30, AzfLG300) were found to be
stable with average RMSDe of —1.25-1.50 Angetrams (Fig. 56). Hence,
it was concluded that the molecular dymamice simulations comverged
well In turmn, the Bexibility patterns were analyzed wing the root mean
square ervor of fuchrations (RMSF). Pour Ag™ ion show no zsignificant
change in the fexibility of f.0, while the Gexibility of four key regions
decreases with increasing gilver concentration (Fiz. 5C). Subsequentdy,
the dictances batween ten amine acida (4827 Glu™, Agp~, Cye, Hiz, Tyr,
Trp, Phe, Met, Arg, Lyw and Ag™ ionz were analy=sd throughout the MD
cimulation with a threzhold of 0.35 nm az chown in Table 51.

Among the twenty Ads, the aforementione=d A4z are the stromgest
b.i.ndm-ufﬁg_ fons and wers galectad fnrm.u].cmh:d';nmicn{hﬂ]]
analyziz [63]. Number of binding zites (n(binding sitez)) refers to the
total mumber of binding gites detected in a defined zampling range
(40-140 nz) of the MD majectories where the gimulations were desmed
comverged (otable RMSD), comizstentdy. Percentage of binding zites (%)
in Table 51 pefers to the ratio betwveen the total number of binding zites
per amino-acid over the total number of binding cites acrom the amino-
acide (Le., mufaﬂbimihgnit:.:h.ﬂmd]mﬂmdﬂﬁmbemﬂu
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Fig. 4. SEM and TEM image for control #1.G and Ag/lG nanocomplexes at concentrations of 3, 30, and 300 mg/L; epergy dispersive X-ray spectrum, selected-area

electron diffraction image, and high-resolution TEM image for AgoLG300.

concentration of ionz in the systems and the total number of binding
sites (R* = 0.9) per amino-acid has been obzerved. Model structure of
AgfiLo 1pl az proposed based on the computational results iz
depicted in Fig. 6. Based on chemical properties, amino acids can be
divided into four groupe: (I} acidic, (II) polar/hydrophilic, (II1) non-
polar/hydrophobic, (IV) bazic. According to the selected AAz for mo-
lecular modeling, group (I} includes Azp and Glu, group (I} consista of
Cyz and Tyr, group (111} iz compozed of Trp, Phe, Met and among group
(IV) we can distinguizh His, Arg and Lyo. The strongest binding sites of
zilver ions for each group were observed for Azp and Glu, Tyr, Met, Lyz,
respectively. In addition, it was observed that the binding zites of zilver

sl
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ionz concentration. In view of thiz to quantify the binding of zilver ion
with amino acid (AA) residues, DFT calculations were performed for five
1:1 Ag™-AA complexes, AA = Asp~, Olu™, Tyr, Lys and Met ac chown in
Fig. 6. The AAz were modelled with one amide unit and capped with
methyl groups. Solvation effact in aqueous environment was modellad
using the implicit SMD zolvation model.

The optimized geometries and binding free energies (Ag™ + AA —
Ag -AA, AGus) of the lowest-energy conformations of the five com-
plexes are given in Fig. 6. Due to the strong affinity of nitrogen towards
Ag™ ion, interaction of Ag™ with the zide chain via Ag eseN coordi-
nation interaction, iz oboerved in all complexes. Az aresult, Ag(l) formaa
bidentate or midentate Ag™-AA complex. The second attachment zite iz



A Roded ot o Blphysical Chessistry 291 (2022) 106897

Side length; 54 Angstrom
B .«

18

Side length: 9 Angstrom

14

BMED [ Angatrom
AMSD S e
E B

s
N e
‘ .
[ LG control a2 AgBLG3 (5)
EERE T E S b % i us ot 236 @ M
B ) Tew )

|
:

ARFLG300 (500)
1] » s [ - oo oo 143
Trse | =
C 751G control .| AgpLG3 (5)
e
e &)
;l e ii 19
:g e i; os
R
H 2 i
i ase
o = - w w0 wo 129 w » ® L - - L e o " w
L Sryeue rrvse
AgBLG30 (50) " ARLG300 (500
2 %)

M
.
-

WMST [ Angatromn

P s
i

\au
ic

1% i
a
(L)
o 2 © “

" we w2 e e - [ " ez
Rasebor wandes Prsabor savier

°
¥
3
s

Fig. 5. Initial of AgG pl at three different tions (A) - 3 5, 50 and 500 Ag* ions per 1 JLG molecule, respectively;
root mean square error of deviation — RMSD (B) and root mean square esror of flexibility - RMSF (C) parterns for systems with: native $L.G and its three complexes
with 5, 50 and 500 Ag* ions.

153



A Rodelk &t al

Biopleysical Cheseiarvy 391 [2023) 106397

Quiantim Mechanics r
Calculation M
[Ag*-Ghi]
By = :ar.z K fimuad %
[Ag*-Lys] __-............‘t.............-‘_
Ay = -53.7 kelfmal <7 Molecular Dynamics Simulation ™. g -Asr]
J’! 28 g 23 p -, :f .ﬁl:i}f\f:mI AgiLOE ) ﬂc’es"f’iﬁ“‘::":"
o 2.9 3! ; ° 9
¥ A e g @ o 2as
o 3 e = %}:’ < 2.40
"' ] ] i Ty .,
5 o= g L 3’
[ag- net] “ -* [Ag* Tyr]

Gy = <382 bl fmal

wacleit
CalEve

@ g ]
i 4 /#
st pad
b ol 2™ 4
4 S : |
; # 2] Bilver neneparticles formation
ehige EraingiT
-
AspfGlu [Ag*),=—= AR" —= SILVER NANOPARTICLES

Hybrid system of AgPLG/AgNPsFLG

Fig. & Schematic illustration of the ¢10G (control) and Ag#LG ranocomplexes structures; Optimized geometries of modelled Ag* -AA complexes; Proposed mechanism
of silver anoparticles formaton of AgflG300 nanoromposites by interaction of AgflG nanocomplex with Asp™ and ™.

different for different amine acida. Por the aromatic AA (Tyr), the second
gite iz one of carbon of the six-membersd ring, via cation-T interaction
[54,65]. Lyz and Met coordinate Ag™ to the nitrogen and gulfur atoma,
respectively, which function as lone pair donors. In the cases of Ag™-
Amp” and Ag-Olu™ complexes, interaction between the carboxy group
(000 and Ag” & monodenrans 5o thar multipls interesions with Az~
iz optimized. Thuz, a tridenmate complex iz formed for Ag™-0lu™ com-
plex, with a2 more fexible Glu™ dde chain

From the spectroscopic rezult, it was found that Ag™ ions bind to the
carbouyl groups of Asp™ and Olu™ due to the obtained high signal in-
tengities. Similarky, high intensity band was oboerved for Lyn and Tyr.
The presence of Met, Arg, Hia, Cys, Trp waz obeerved to a Lower degree.
The potential binding zites obtained from FTIR-ATR and Raman otudies
were complementary. On the other hand, molecular modeling otudies
are characterized by higher accuracy of the simulations performed. The
MD analyziz performed enriches the reqults obtined from FTIR-ATR and
Raman analynia, indicating the maost zsignificant role in the interaction of
Rq}'nnﬂﬂlu_lﬁ.lhnilvuimzpmmwﬁiual[ﬂ]inﬂ:ﬁrnmﬂyof
the interaction of ilver ione with lactoferrin alse indicated a dominan:
role for agpartic acid and glutamic acid. The MD studies were aloo
complemented the FTIR-ATR measurements in which Lyz was obeerved
in the 1627 cm-1 region on the spectrom, which alzo played a ey role in
binding. In addition, MD analysiz indicated binding of silver cations to
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aromatica, mare to Tyr and leoo to Trp amd Phe, complementing the
spectroscopic recalts in which intensity changes ccourred depending an
gilver ion concenmation (6, 60, and 600 mg/L). Attention waz ako
trzvwn to the binding of cilver to oulfur present in Met, ecpecially at
higher cilver concentrationa, which iz aloo oheerved on the FTIR-ATR
cpectnam.

The process of reduction initiated i due to electron ransfer from the
amino acid recidues of ALG to the adoorbed zilver cations reulting in the
formation of atomic zil\rert.r’lgu]. Subsequentdy, the reduced Eil\nﬂ't.r’lgu]
acty as nucleation zites on which, through an elecmochemical procesz,
gilver cations (Ag ™) are reduced to atomic zilver, leading to the forma-
tion of silver nanoclugters (Ag") These nanoclusters coalesce to form
nanoparticles stabilized by protein molecules [39]. Bazed on the
isotherm reculm and the TEM study performed, the presence of slver
nanoparticles of about 5 nm was additionally cbeerved in the cage of
AgLO30) nanooomplex, the one with the highest concentration of ail-
wer jons. Sibver nanoparticles were formed a0 an additional element aza
rezult of the formation of the Agfl0 complex at the highest concentra-
tion of the AgflO300 complex. The proposed scheme of the mechanizm
iz shown in Fig. 6.

Moreorer, based on the molecular dynamic simulation and quantizm
mechanics calculation approach the proposed mechaniom of the dlver
iong binding and silver nanoparticle: formation waz proposed (Fig. 61
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Silver interacting with JL0 at lower szilver jons concentrations (6, 60
mg/L) leada to the formation of metallocompleaxes. On the other hand,
uzging higher concentrarion of zilver jons (600 mg/L) a difference iz
observed, namely the formation of metallocomplexes: but aloo the for-
mation of silver nanoparticles forming AgfALG/AgNPzIL0 hybrid ay=
tem. Thiz i due to the strong affinity of Glu~ and Azp~ at higher zilver
:nn::nm.ﬁm(ﬁDDm.gflJpermnhofM[mnilnrimfﬂﬂ
moleculs].

Por all five complexes, the calculated binding free energy i
exothermic, souggesting that the formation of the Ag™-AA complex iz an
energetically favorable process. Ar expected, the largest interaction
energies are predicted for AgT-Azp~ and Ag-0lu~ complexes (A0, =

6006 and — 67_2 kJ/mol, recpectively), which attributed to the srong
electroatatic interaction of the negatively charged carboxyl jon (COO0™)
and Ag™ cation Thiz regult readily confirme the otrong affinity of Gla™
and Azp” recidues towards aquecus Ag™ don in the MD gimulations. The
exothermic process indicates that the formation of silver nanoparticles iz
not determined by the addition of a reducing agent, but by the pregence
of the protein itelf The calculated rend of complexation free energies
of the Five A" -AA complexes (Glu~ = Asp~ = Lys = Tyr > Mes)izalsoin
good accord with the MD simulation fmding (Table 511

4, Conclusions

In the present work, we repoct for the firet time the characterization
of binding mechanizm of Ag™ ionz with whey protein such == JLO,
rezulting in the formation of nanocomplexes; means from one zite
site the formation of the cilver nanoparticles. Baced on the oboined
results, Ag” ionz were found to be efficiently immobilized by native fLO
protein. The kinetic shudies performed on the binding of Ag™ jons @ FLO
thowed a heterogeneous kinetic process ooourring i three stepa. The
firet otep waz rapid sorption ocourring after only two minotes, the sec-
ond step in tum was ascociated with moderate corption, and the third
step was the gradual achievement of sorption equilibrium . Applying the
ending in a sorption equilibrivm otep. The first otep iz related w
adoorption on the external surface of LG, while the second otep iz
related to the ntramolecelsr diffusion of Ag® ioms In addistion,
isothermal omadies identify two dominant steps in the sorption of Ag™
jono. During the first otep, 2 monolayer of Ag* ionz iz formed on the
murface of fL0O, followed by relacation of the fLO structore and pene-
tration (step Ifl. Scanning and trancmizsion electron microecopy in-
dicates that Ag™ ion concentration changes the surface morphology of
BLG while a uwing of higher concentration of Ag™ iong lead to the more
porous sructure and aloo silver nanoparticles formation. Spectroacopic
rtudies and melecular modeling determined the major roles of zilver ion
interaction with Gla™, Asp™, Lyz, Tyr and Met Moreover, quantum
mechanical calculstions based on DFT simulations indicatsd the
reduction of sihrer and the precence of nanoparticles, due to the binding
of zilver jons with Azsp™ and Olu™; therefore, for the first time the gihrer
jonn immobilication and zilver nmpumdufumunmmed:mm
(formation of AgfLO/AgNPefLO hybeid syotem) was proposed.

The performed phymicochemical studies and molecular modeling of
the interaction of silver with L0 lead uws to conduct further stodies on
the antibarterial properties of the obtained nanocompoaites to meet the
challenge of developing new low-cost potential antibacterial agentz.
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Table S1. Interaction’s analysis of Ag* ions with SLG.

AgpLG3 AgpLG3 AgpLG30 AgpLG30 AgpLG300 AgpLG300
n(bind.sites)  %(bind.sites)  n(bind.sites) % (bind.sites) n(bind.sites) %(bind.sites)
Glu™ 42532 67.016 119147 57.910 148081 48.812
Asp™ 16860 26.566 69971 34.009 94501 31.150
Cys 0 0.000 7 0.003 65 0.021
His 0 0.000 0 0.000 0 0.000
Tyr 295 0.465 2915 1.417 6336 2.089
Trp 3 0.005 38 0.018 855 0.282
Phe 0 0.000 91 0.044 74 0.024
Met 0 0.000 561 0.273 77 0.256
Arg 19 0.030 947 0.460 4994 1.646
Lys 3756 5.918 12067 5.865 47687 15.719
63465 205744 303370
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The sudy of metak-ions binding w whey proweins is the Arst step for their application in nUraceutscals.
This sudy is focused on the iMvestigaon of the Zinc ions concentration (6, G0 and 600 mgl) afec
on the metallocomplexes formaton (ZnfLGE, ZnfLG30, ZnfLC300) with the f-lacooglobulin and their
characerization by a series of insrumental and computational echnigues. Detziled surace morphology
of the meraliocomplexes was ivestigamed by Mansmissson and scanning electron mEToscopy combined
with energy dispersive X-ray analysis, and X-ray diffraceon. Moreover, metaliocomple formansan was
monitored by arenwated towal reflectance infrared specroscopy and Raman speciroscopy. Experimental
results were complemented by moleoalar dynamics (MDY sosdies indicating the precise binding sires of
ALG w Zné*{aq) sons and guantum mechanics (M) simulation combined with densiy funmional theory
(IDFT). Electron microscopy sudies indscated thar with increasing concentrarans of Zn*{aq) ions, the sur-
face morphology of SLG changes, and the formed meralioccomplexes exhitic higher porosicy. Meamyhile,
spectrscopic sudies indicared the formarion of metzllocomplexes through the binding of 2n™(agq) sons
10 AMEND 2Ceds [(AAS) Such &5 gluramic ackd (Glu), asparmic 0 (ASp), oy prophan (Trp), tyrosine (Tyr), and
phemylalanine (Phe). Smong positive COMeLIToNSs Derwesn the iTeXsing concentration of Zn*(ag) wons
and the numbser of binding sires were derermined based on the MD results. DFT calculations confirm the
sirong binding aMnity of Asp~ and Glu- 2 Zn**{aq) ions.

D 2022 Elevier BY. All rights resenved.

1. Introduction

Metal ions play a crucial role in most biochemical processes
fundamental to life [1]. Mamy proteins bind one or more metal
ions to properly perform their function by stabilizing their tertiary
and quaternary structures. Metal ions also participate in the cat-
alytic mechanism of enzymes (e.g. Fe™ in lactoferrin, Zn®* in car-
bonic anhydrases; hemoglobin containing Fe?* ions that cause axy-
gen transport from the lungs to body tissues [2.3] Such proteins
are termed metalloproteins. An important metal is zinc, which is
one of the most abundant transition metals in living organisms,
right after iron [4]. Zinc ions play an important role in stabiliz-
ing proteins as well as in facilitating the folding of their subunits

* Corresponding authaor.
E-mmil nddrerer:  pupomastoe skiffumie pl (P Pomastow ki), bhociumkpl (B
Bumzewsia).

hitps: [doiorgf W10} molstnec 30F2 133745
0022- 2B60fD 2002 Elsevier BV. All rights reserved.
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|3]. It is an essential trace element for the growth, development
and integrity of the immune system, which means that it influ-
ences major immune factors such as enzymes, thymic peptides and
cytokines and thus regulates the activation of lymphoid cell pro-
liferation and apoptosis [5]. It participates in bone mineralization
and in the effective wound healing process [6]. The effects of zinc
deficiency include skin lesions, stunted growth, decreased immu
nity. and impaired wound healing |&]. Zinc coordination chemistry
in proteins and peptides imvolves M, O and 5 donors of histidine
(His), glutamic acid (Glu), aspartic acd (Asp) and/or cysteine (Cys)
side chains with any permutation of these ligands and with sev-
eral protein ligands from three to six. The limited number of lig-
and donors and their geometty induces proteins to control and ad-
just their affinity for Zn®*depending on physiological functions de-
pendent on, among other things, the structural properties of the
In**binding sites (the second coordination sphere imvolving hy-
drogen bonding to ligands) [7]. Unique complexes from a chemi-
cal and biological point of view are the zinc finger domains. These
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are Zn[1l} complexes with Cys- and His-containing peptides whose
structure is highly ordered during metal complexation [2]. Often,
water molecules are also invobved in the binding of metals, pro-
viding them with stability in a particular conformation [9]. Un-
like other transition metals in biology, zinc does not undergo re-
dox reactions due to its d-flled shell. Although zinc has no redox
activity and is considered nontmic, studies report that free zinc
cations contribute to newronal and glia degradation [10]. However,
zinc cations exhibit Lewis acid properties and ease of forming sta-
ble complexes with proteins thus eliminating their todic properties.
Performed studies binding of zinc ions to bioactive ligands eg. ca-
sein [11], ovoalbumin [12], eliminate towic properties of free zinc
ioms and contribute o its assimilation. Therefore, it is important to
further elucidate the occwrring processes and mechanisms of zinc
binding to proteins. Obtaining stable metallocomplexes is essental
for their potential application in industry.

High-value proteins are whey proteins obtained as a by-product
of cheese production. The main whey protein in cow's milk is 8-
lactoglobulin | LG). It comprises 162 amino acd residues contain-
ing two disulfide bonds [Cysoe-Cys180 and Cys106-Cys119) and
one free thiol [Cys121). Secondary structure of the SLG macro-
molecule consists of nine antiparallel f strands and one o helix
[13]. It is a source of essential branched-chain amino acids such as
leucine [Leu), isoleucine (lle) and valine (WVal). SLG can bind and
transport hydrophobic ligands and is able to bind vitamins A and
D as well as metals such as Zn®* [14]. As a result the synthesis
of a3 metal-protein system can produce an artificial arrangement
through weak electrostatic interactions, lydrogen bonds, Wan der
Waals forces or acceptor-donor bonds, termed a metallocomplec
[15]. Buszewski et al. have been demonstrated two types of bond
of metal-protein interactions for the obtzined Zn+Zn0-0OWA hy-
brid complex: (i) one-to-one Zn?*-Asp binding; (i} one-to-more
Zn?*-Asp/Glu binding where the amino-acids (AfAs) originate from
one more OWVA monomers (ie., forming interface bonds) [12]. Tang
et al. have proven the endothermic nature of zinc ions uptake by
fA-lactoglobulin and @-lactalbumin structure via interactions with
His, Asp and Glu AAs [16]. Studies of antibacterial activity of sev-
eral metallocomplexes such as silver-lactoferrin (Ag-LTF) - protein
found naturally in milk [17] and zinc iong'zine @xide-ovalbumin
EZn*+Zn0-0WA) - protein isolated from egg white [12] indicate
their application in medicine and food industry as innovative an-
tibacterial agents. Metallocomplexes containing whey proteins can
also be used to encapsulate active ingredients of foods and drugs.
thus increasing their solubility, transport, dispersibility or bioavail-
ahbility [18]. Fourier transform infrared spectroscopy (FTIR) and Ra-
man spectroscopy studies of the interaction of Zn**with individ-
ual casein isoforms (og N, SCN and &CN) reported previously
by our group [19] indicated the major mole of binding due to the
phosphate and carbaxylic groups of Asp and Glu, and the aromatic
amino acids such as tyrosine (Tyr], tryptophan (Trp) and phenylala-
nine (Phel In order to determine the specific binding sites of met-
als (e.g. Zn?+) to protein and, evaluate thermodynamic and kinetic
parameters of the processes imolved, and reliably assign functional
groups o experimental FTIR/Raman spectra, molecular dymamics
(MDY simulations/amalysis and quantum mechanical (QM) calcula-
tions can be carried out [12]. Understanding the connections be-
tween metals and biomolecules as protein, offers infinite opportu-
nities to influence the properties, speciation, reactivity, and ublti-
mately the hiological effect of metals in specific medical contexts
[20]

Mot only metal ions themsehres, but also their appropriate con-
centration of metals, are essential for maintaining the biological
activity of proteins. Removal or ion exchange is often associated
with a loss or reduction in the biological activity of metallopro-
teins. Knowing the type and number of amino acd residues that
coordinate the metal ion is crudial for clarifying how specific they
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are for the presence of a particular metal and for understanding
their possible relationship to protein function [21,22].

Therefore, this work focuses on the immobilization of Zn?+{aq)
ions by ALG at different Zn+{aq) ion concentrations with the aim
of detailed understanding of the mechanism and nature of the for-
mation of ZndLG metallocomplexes. For this purpose, microscopic
and spectroscopic were carried out complemented by MD and QM
calculations, indicating the precise ZnfLG binding sites (with an
emphasis on the impact of concentration) taking into account the
oxidation processes occurring during metal-protein formation.

2. Experimental

21. Preparation and physicochemical charecteristics of ZnflG3
In BLGS and InBLG30 complexes

Metallocomplexes were prepared by suspending SLG in QU049
sodium chloride at pH = pl = 4.6 (pl; iscelectric point). At the re-
spective pH, the total charge of the protein molecule is equal with
zero; the protein has no electrophoretic mobility. For the respec-
tive experiments zinc nitrate (V) solutions (Sigma-Aldrich, Poland,
Warsaw, Poland) were prepared in three different concentrations
of In**(ag) ions: 6 {~1 = 10-* molL), 60 (~1 = 10-* molfL),
and 600 [~1 = 107% mol/L) mgl Subsequently, SLG solution
(5000 mgll = ~3 = 10~* maol/L) was mixed with Zn?+{aqg) ions
concentrations in a ratio of 1:1 (vjv) and incubated at room tem-
perature (BT) for 24 h.

Zn**{aq) ion concentrations were measured by nductively Couw-
pled PlasmaMass Spectrometry (ICP-MS) (7900 1CR-MS, Agilent
Technologies, Warsaw | for both the supernatant and the precipi-
tate after mineralization of the samples in @qua regia diluting them
to 1% HMOy (Sigma-Abdrich, Poland).

For the preparation of spectroscopic data Origin Pro/2016 soft-
ware [Originlab Corporation) was used.

Instrumental analyses were performed for the native (control]
FLG and ZnfLG complexes [EnSLG3, ZnSLGI0 and IndLGI00).
The choice of three concentrations was determined based on our
previous work [23] where the binding efficency of Zn*(ag) ions
(60 mg/L) to SLG was found to be about 69% Moreover, it has
been observed that the efficiency increases with the increases of
the concentrations. Therefore, in this work three different concen-
trations (low, medium and high) have been chosen for a compara-
tive study.

21.1. Scanning and trnsmission electron microscogy (S3EM, TEML
energy dispersive X-ray (EDX) and X-ray diffraction (XED) analysis

The observation of changes in the surface morphology of na-
tive protein and metallocomplexes as well as gquantitative analysis
of elements was camied out wsing scanning electron microscopy
(SEM, LED model 1430 VP) in combination with energy dispersive
X-ray (EDX) detector (XFlash 4010, Bruker AXS, Berlin, Germany)
and transmission electron microscopy [TEM, model G2 F20X-Twin
200 k¥, FEl} in combination with energy dispersive X-ray detector
(EDX, Energy Dispersive X-ray, RTEM 5M9577, 134 &V, Edax). For
SEM analysis samples were prepared by applying powder of native
protein and metallocomplexes on the grid, whereas for TEM analy-
=is, the samples were layered to a carbon-coated grind (Lacey type
Cu 400 mesh, Plano}

In order to characterize the form and nature of the ob-
tained metallocomplexes, the X-ray diffractometer (X'Pert Pro-
Analytical Phillips) equipped with Ni filter and CuKoe radiation
source (A — 1.54056 A) was used. The registered XRD pattern was
processed using XRD Malvern Panalytical software. The samples
were applied on a microscope slide, dried and then, analyzed.
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21.2. Fourier transform infrared spectroscopic with attenuated total
reflectance (FTIR-ATR) and Roman Specroscopy (Raman) anchysis

The presence of active functional groups occurring in ZnALG3,
InfFLGI0 and InfFLGID0 compleces for confirmation of metal-
protein binding was studied by Fourier Transform Infrared Spec-
troscopic with Attenuated Total Reflectance (FTIR-ATR) and Raman
Spectroscopy (Raman) method.

FTIR-ATR spectra were collected in MIR 400 - 4000 cm—! range
by coadded 15 scans at 4 cm!' resolution using FTIR-ATR from
Bruker (Billerica, Massachusetts, U5A). Appraximately 1 mg of na-
tive ALG powder and metallocomplexes were used for spectral
anmalysis by applying them to a platinum-ATR with a durable mono-
lithic diamond measurement interface.

Raman spectra in the range 400 - 4000 cm—! at the wave-
length equal to A = 532 nm as excitation light, with power of ap-
przximately 20 mW and the counting time spectrum at 2 = 30 s
with an accumulation of 10 M were measured using the Kaman
spectrometer (Senterra, Bruker Optik). The samples were prepared
by dropping of the samples on Zn5e lens, Focal length 50.8 mm,
12 mm, 24 mm ([UV0-LASER, Poland), drying at room tempera-
ture for 24 h and analyzed.

22 The mechaism of ZnBLG3, IndlG3 and Zn SLGI0 compleces
formation

221, Moleculor dynamics simulations

For Molecular Dynamic (MD) simulations, the mitial LG struc-
ture (PDE 1D: 3BLG) was obtained from the Protein Data Bank
{PDE). Originally, the structure was characterized by X-ray oys-
tallography with a resolution of 2.56 Angstrom |24]. Zinc ions at
three concentrations: 6, &0, and 600 mg L were randomly intro-
duced into the system, then sobvated using a TIP3P water box with
variable side length depending on the size of the protein/zinc ions
[25]. Then, the systems were electrostatically neutralized with Ma+*
and C1- ions. MD smulations were performed using the AMEBER
FO9-5B-ILDN force field [26]. The MD simulations were performed
according to the protocol developed and refined in our previous
works described in Pomastowski et al., 2016; Buszewski et al., 2021
[12,17]. To remove bad contacts and structural dashes, energy min-
imization was applied followed by fast heating to 29815 K at con-
stant volume. In turn, the density of all systems were equilibrated
by subjecting them to constant pressure (1 bar) and temperature
{29815 K] - NFT ensemble.The production of MDD simulations in
the NVT ensemble was conducted in GROMACS 5.1.2 sofftware. Vi-
sualization and large-scale data analysis in Visual Molecular Dy-
namics (WMD) 1.9.3 [27] software, and Python 3.9.

222 (uentum mechanics calow atons

To further darify the interaction mechanism between Zn?*{aq)
ions and SLG, density functional theory (DFT) calculations, us-
ing Gaussian 16 Programs [28] were performed for four modeled
Ir-AfA (AA = Asp, Glu, Tyr and Cys compleces. These complexes
were optimized using the MO6-2X functional [29] together with
the &-314+G*" basis set. Higher level relative binding free energies
[ AG3gq) were obtained at MOG-2X]6-311++G 3df, 2p) level.

3. Results and discussion

31. Determination of zinc ion {Zn®{ag) ions) concentration by
indied ively coupled plasmo-mass specrometry (ICP-M5)

The binding process of Zn®*(aq) ions at concentrations &, 60,
600 mg/L to SLG has been investigated by ICP-MS. The application
of ICP-M5 method allowed to quantitatively measure the content
of zinc ions in metallocomplexes. The study was carried out for
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both, obtained supernatant and precipitate derived from the syn-
thesis. For the supernatant, the amount of Zn®+{2q) ions adsorbed
in 1 g BLG was found to be 0.30 £ 010 mgg (~ 1 mol), 978
78 £ 058 mg/g [~3 mole) and 1106 + 1.59 mgfg (~31 mole) for 3,
30 and 300 mg'L, respectively. For the precipitate in the same con-
centrations, the following values were obtained 146 + 001 mg'g
[~ 1 mol], 19.36 £ 011 mgg (~ 5 mole) and 102.97 + 000 mg'g
[~ 29 mole) respectively. Results indicate that the sorption ca-
pacity of metallocompleies increases with increasing Zn*(aq) ion
Concentration.

In addition, the walues of the change in Gibbs free energy
{AGoge) and distribution coefficient [Ky) of Zn?+{aqg) ion sorp-
tion at concentrations of 6, 60 and &00 mgL to BLG were cal-
culated. For the supermatant, these values were —991 and 5692,
=1578 and 27511, —1431 and 34237 k|imol. respectively, and
for the precipitate, — 1490 and 434.78, —16.71 and 909,09, -16.92
and 99010 klfmol, respectively. The negative AGyge values con-
firm that the binding process of Zn®*{aq) ions o SLG is sponta-
necus and, more energetically favourable with increasing Zn?+{aq)
ion concentration. In previous studies of the interaction of zinc
cations at a concentration of 50 mg/L to individual casein frac-
tions (CMs) of og-, -, kCN performed by our group, the cal-
culated Gibbs energy and distribution coefficent were —15.52
and 55949 kjimol (Znog CN), —14.80 and 41725 kl/mod (ZnSCN),
—16.52 and 84262 k|/mol (ZneCM] for the compleces, respectively
|19]. The calculated values of AGqgg for ZnfLG complexes are sim-
ilar to those of ZnCN compleces. On the other hand, based on the
Ks coefficient, it can be assumed that zinc ions are more readily
adsorbed by SLG due to its highest value. This may be an effect of
the fact that ALG is a globular and smaller protein than CN, which
forms a micelle from its individual fractions. Considering the re-
sults obdained, the structure and size of the protein as well as the
metal concentration play an important role in metal-protein inter
actions.

3.2, Microscopic and X-ray diffraction analysis

In order to analyze the protein morphology before and after the
binding process, electron microscopy was employed. Fig. 1 shows
the surface morphological changes of ZngLG metallocompleces at
different concentrations (&, 60, 600 mg/l) of Zn?*{ag) ions. The
images of the metallocomplexes were compared with the control
sample (native SLG).

As shown in Fig. 1A, differences between surface morphologies
protein have been observed. It was observed that the respective
changes are Zn?*{aq) fon concentration dependent. With the in-
crease in the Zn?*{aq) ions concentration, more tailored, dense and
rough morphologies were observed. The metallocompleces ZnSLGE3
and ZnBLG30 have a rather rough and immegular surface compared
to the surface of the metallocomplex ZnB8LG300, which is more
regular and structured. In addition, transmission electron micro-
scope (TEM) analysis was performed for the control SLG, and
InfALG metallocomplexes and the results are shown in Fig 1B
Through TEM analysis, it is possible to obtain information on the
structure, size and morphology of the metal protein partides. The
obtained TEM micrographs of the metallocomplexes indicate that
with increasing Zn?+(aq) ion concentration, the structure of the
compleces is denser and more porous which indicates that more
In**{aq) jons are bound in case of higher concentration. The phys-
ical properties of the protein surface play an important role. Paul-
som et al. [22] in their study explain that the effect of metal ions
on protein aggregation depends on several factors, e.g. pH. protein
concentration and the concentration of metals that contribute o
inhibiting or accelerating aggregation. These studies play an impor-
tant role in all kinds of pathologies in medicine. It was concluded
that as the concentration of metal ions in the brain increases, a
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Fig. L SEM (A) and TEM (B) images of SLG coctrol and ZnfLG complexes.

more significant aggregation of proteins promotes the progression
of Alzheimer's disease. We presume that using different concentra-
tions of d-electrons metal jons such as zinc ions and their action
on the protein could influence the biological properties and appli-
cations of the obtained metallocomplexes.

Moreover, confirmation of Zn?*(aq) ion adsorption was pro-
vided by elemental EDX chemical analysis, which determines the
elemental composition of the studied metallocomplexes. The ob-
tained EDX spectra are shown in Fg. 2.

EDX analysis for the control SLG as well as the metallocom-
plexes showed carbon, nitrogen, and oxygen were predominantly
present. Additionally, small amounts of sodium, phosphorus, sul-
fur, copper, aluminum and chlorine were found in the samples.
Sodium, phosphorus and sulfur originate from the protein struc-
ture while chlorine from sodium chloride in the prepared com-
plex solution. In turn, copper and aluminum come from the ap-
paratus background. Furthermore, additional signals indicating the
presence of Zn?*{aq) ions involved in binding with SLG were re-
vealed for metallocomplexes. EDX analysis for the metallocom-
plexes showed that with increasing concentration of Zn?+(aq) ions,
more intense signals of Zn?*(aq) ions appear, whose percentage
masses are 0.47% for ZnfALG3, 091X for ZnBLG30 and 1.06% for
ZnpSLG300.

Furthermore, SEM-EDX analysis enabled mapping of the ele-
mental distribution in the sample. The SEM-EDX mapping images
represent the homogeneous dispersion of Zn?*(ag) ions on the
surface of all metallocomplexes. Additionally, the obtained X-ray
diffraction image for the metallocomplexes is characterized by a
single broad signal at 20-30°9 (CuKa), indicating the amorphous
nature of the metallocomplexes. These results are shown in Fig. 3.

The resuits are in contrast to previous work published by
Buszewski et al,, 2021, where the Zn?*/ZnO-0VA hybrid complexes,
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registred four additional peaks, characteristic for the crystalline
structure of ZnO nanoparticles | 12].

3.3. Spearoscopic analysis

The binding of metal ions with proteins is an important process
affecting their catalytic activity, structural stability as well as func-
tional regulation. Generally, the coordination of zinc by proteins
is mediated by functional groups of the protein side chain, which
include histidine (His), methionine (Met), cysteine (Cys), tyrosine
(Tyr), aspartic acid (Asp) and glutamic acid (Glu) [30]. In order to
confirm the formation of ZngSLG3, ZnBLG30 and ZnSLG300 met-
allocomplexes, we used FTIR-ATR from which the active chemical
groups involved in the binding process were identified (Fig. 4A)

The observed changes in the FTIR-ATR spectra indicated poten-
tial binding sites. After the addition of the Zn?*(aq) ions, the inten-
sity of the metallocomplexes spectral signals decreased compared
to the control {native SLG). The binding of the SLG to Zn?*{aq)
ions caused the disappearance of 3078 cm~! and 1311 cm-! signals
in metallocomplexes formulations (ZnfSLG3, ZnALG30, ZnfLG300).
The respective changes originate from NH stretching vibrations
in the amide band A and B, [31]| and from amide Il (1220 -
1400 cm~'), which is 2 combination of NH bending phase and
CN stretching vibrations with small CO in-plane bending and CC
stretching vibrations [32]. Moreover, the sorption of Zn*(aq) ions
caused also the appearance of a new signal registred at 817 cm-?,
which originates from Tyr and Phe residues [33]. Sorption of the
Zn**(aq) ions additionally induced the decrease in the signal in-
tensity registered in the 400 - 4000 cm-! spectral range com-
pared to the control. The signals observed at 1386 cm~! for the
obtained ZnfLG metallocomplexes and control LG with different
signal intensities can be attributed to binding of zinc ions to ALG
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to Asp and Glu [31.33]. In contrast, the 1073 cm~! signal indi-
cates the presence of Trp involved in Zn?*(aq) ions binding [31].
Signal observed at 1514 an' is characteristic for amide Il as a
consequence of an out-of-phase combination of the NH in-plane
bending and CN stretching vibrations with a smaller contribution
from the CO in-plane bending and CC and NC stretching vibrations
[31,32]; in addition, the described signal can also be attributed to
Tyr originating from the stretching mode of the CC and C-O vi-
brations and the COH in- plane bending vibrations [34]. According
to Barth, 2000, the signals at 1250 cm~" and 1154 cm~? can also
correspond to the Tyr residues [34]. The 1250 am-! signal, as well
as the 1311 cm~? and 1386 cm~! signal, correspond to amide III
[31,32]. The 1627 cm~! signal recorded in both control LG and
metallocomplexes is due to C-0O stretching vibrations with mi-
nor contributions from the out-of-phase CN stretching vibrations,
CCN deformation and NH in-plane bending in the amide | region
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(1600 - 1650 cm~') [31]. In contrast, weaker signals at around
1472 cm~! and 1461 cm~! are from amino acd side chains in pep-
tide and protein structures, induced by asymmetric and symmet-
ric CH; bending vibrations [35]. The signals at 964 and 954 cm~!
are associated with the presence of methionine (Met) involved in
the binding proces [33]. The 3657, 3274, and 3078 cm~' signals
from NH stretching vibrations in the amide A band were also no-
ticed on the recorded spectrum [31]. In contrast, the signals 2980,
2971, 2931 and 2888 cm-! are dominated by the absorption of hy-
drophobic hydrocarbon residues [36].

Further, Raman spectroscopy (Fig. 4B) was used to shed light
on the binding mechanism of Zn?*{ag) ions to FLG, which indi-
cated the location of the active chemical groups of ALG in the
binding process by Zn?*(aq) ions. The recorded spectra by Raman
spectroscopy were able to verify appearance the bands established
by FTIR-ATR method. But for Raman analysis in the entire 700 -
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4000 cm~' spectral range, the addition of Zn?*{aq) ions o SLG
showed an increase in the intensity of all spectral signals in com-
parison with the control SLG.

The obtained Raman specira indicated the presence of 1666
and 1611 cm~! bands originating from in-plane stretching vibra-
tions of the ¢ peptide and from on-plane M-H bending vibrations
equivalent to amide | in the range 1600 - 1690 cm-! [37,38,30].
Sigmals 1583, 1552, 1523, and 1507 cm-! are from amide Il in
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the 1480 - 1585 cm~! region and result from an out-of-phase
C-M stretching and M-H bending motion combination, while sig-
mals 1336, 1314, 1310, 1233, and 1208 cm! represent amide [l
(~1200 - 1340 cm~") and arise from C-M stretching and M-H bend-
ing [37,30].

In addition, signals 1336 and 1311 cm~' represent new sig-
nals indicating the presence of Trp for ZnSLG30, ZndLG300 met-
allocomplexes and in case of signal 1583 cm~!, a new Trp band
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additionally appears for the metallocomplex fnSLG3. The pres-
ence of new Trp signals indicates an important role in the bind-
ing of SLG with Zn**{ag) fons. Trp has also been assigned
bands 1552, 1398, 1387, 1233, 1103, 960, 930, EO8, EEO, 792 and
754 cm-! |39,40,41]. New bands were also observed for all metal-
locomplexes for the bands at 1387 and 1021 cm? and for the band
at 1091 cm-! for ZnALGS. Only the control SLG and the ZnfdLG3
metallocomplex showed bands at 1523, 1314 cm- '. Whereas at
721 and 708 cm—! there are C-5 stretching bands from Met [38].

Raman signals at 3201, 3056, 2766 and 2725 cm~! have been
assigned t CH [CH,, CHy ) -C-H or =C-H stretching bonds [40],
with the 3291 and 2725 cm~' bands appearing only for ZngLG30,
InfFLG3I00 metzllocomplexes and the 2766 cm-! band occurring
for ZnALG30D metallocomple:.

This indicates that higher concentrations of Zn?+{aq) iocns inter-
fere more strongly in the protein structure. In the range of 2860 -
2940 cm—' (2870, 2931 cm~'), C-H stretching vibration bands of
aliphatic side chains were observed [42]. The bands around 1445,
1004 and 754 cm~! comespond to ionized (00- group derived
from Glu and the bands at around 1121 and 10891 cm-! to ionized
000~ group derived from Asp [43). The presence of these shifts
bands suggests that these LG functional groups (Glu, Asp) play an
essential role in the binding of Zn?*{2q) ions to SLG. Intense bands
at 1004 cm ! and 1031 cme? are characteristic of Phe [40,41], and
bands 1507, 1233, 1208, 1157, 1148, 857 and B25 cm-! are related
with the presence of Tyr [40,41] For all ZnfLG metallocomplees,
the disappearance of signals indicative of Zn?*{2q) ion interference
in the protein structure is observed at 1148 cm', and the 1167
and 708 cm~! bands disappeared for ZnBLG32, the 930 cm-! band
disappeared for ZnfLG3 and Zn@LG30, and the 721 cm~" band dis-
appeared for ZnALG3 and ZnALG300 complexes. Table | shows the
total signals found by FTIR-ATR and Raman spectroscopy.

Both FTIR-ATR and Raman specira are rich in bands originating
from proteins as well as interference from zinc ions, nevertheless,
the obtained signals may overlap, which makes them difficult w

interpret.
34, Moleadar dynamics and quanium medhanics analysis

The ab initio MD method for predicting protein structure and
dynamics enabled a tighter complement of FTIR-ATR and Raman
ecperimental data. In view of this, the stability of control ALG
and ZnfLG complexes was evaluated at three different concen-
trations. Root mean sguare error of deviation (RM5SD) w. r. © en-
ergy minimized structure was used as a metric. All the com-
pledes are shown to be stable with an average RMSD of ~125
- 150 Angstrom. Molecular dynamics simulations are well con-
verged. Flexibility patterns analyzed via the root mean square error
of fluctuation (RMSF). Four Zn?*{aq) fons do not exhibit 2 notable
change in the flexibility of control SLG, whereas the flexibility of
the four key regions decreases with the increase of Zn?+{aq) ions
concentration. Sampled MI} range for Zn?*{aq) ions-SLG interac-
tions comprised 50 - 150 ns. Fig. 5A presents the model of the
obtained ALG structure by molecular dynamics simulation and the
effect of different zinc ion concentrations on the SLG structure.
The optimized geometries of the 4 Zn-AA complexes are depicted
in Fig. 5B. Interactions between Zn?*{aqg) ions and Glu, Asp, Cys.
His, Tyr. Trp, Phe, Met, Arg, and Lys were analyzed with a distance
threshold of 0.35 nm [Fg. 5C).

According to literature data, the most common zinc-binding
sites are those containing several types of amino acids, among
which Cys, His, Glu and Asp account for 96% of all zinc-binding
sites [44]. Our results indicate the strong correlation bebween con-
centration and number of binding sites Glu/ Asp dominating amino
acids interacting with Zn?*{aq) ions. Glu accounts for 65 - 85% of
all the interactions. The non-polar amino acids Trp, Phe, Met are
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Table 1
‘Wavenumber of FTIR-ATE and Eaman bands and assignments for side-chain wibra-
tions of F1G.

Waenamber (cm') Band assigment Hef.
FIIR-ATR
AE5T, 3274, 3078 Amide A and B 131)
200, 2971, 2931, 2588 Absorption of hydrophobic |36]
hydrocarbon residues
&7 Amide | 131)
1514 Amide 1 |31.32]
1472, 1451 Amino acsd side chains in |35]
peplide and protein stractures,
induced by asymmetric and
symmetric (H; bending
wibrations
1286, 1311, 1250 Amide 11 |31,32]
1386 Asp, Glu |31,33]
1514, 1233, 1154, 817 Tyr |33,34]
1073 Trp (]
S, 554 Met (EE]]
BIT Phe |33
Eoman spectroscopy
3291, 3056, ZT6E, 2725 CH {CH,, CH; ), -C-H or =C-H |40]
stretching bond
1931, 2870 C-H stretching wibration bands ~ |42)
of aliphatic side chains
VGGG, 1E11 Amide |
|37,38,39]
1583, 1552, 1523, 1507 Amide 1 |39.40)
1583, 1552, 1298, 1387, 1236, Trp
L300, Vzd, 1003, 960, 530, |39.40.41]
BOE, BRO, 79z, 754
1507, U208, 1167, 1148, 857, Tyr |40]
B |41]
1445, 1004 Gl |38]
1x36, 1314, 1311, 1233, 1208 Amide 11 |37,39]
1121, 10a1 Asp |43)
131, 1004 Phe |40]
[41]
721,708 Met |38]

not invohved in the interaction with zinc ions due to their high pKa
values around 9.0. A similar situation exists for the basic amino
acids His, Arg and lys [45]. Although Zn-lys active sites appear
for Lys at higher concentrations, the pKa value of about 395 for
Lys under the conditions of the analysis performed at pH 4.6 indi-
cates that it cannot interact with zinc cations. Similar observations
were observed for polar amino acids, whose high values of pKa
constants indicate that, like non-polar or basic amino acids, they
cannot interact with zinc ions, for Cys due to the presence of a
thiol group, whose pKa value is 818, and Tyr, for which the pKa
is 911 [45]. As an additional confirmation, in order to quantify the
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Fig. 5. The structures of SLG control and ZnglG complexes (AL Optimized grometries (M0G- 2X/6-314G(d,p)) of 4 modelled Zn-AA complexes. &
A (B). Interaction anafysis between Zn**(2q) jons and Ms (C)
binding affinity of amino acid (AA) residues to Zn?*(aq) ion, model |Zn(H,0)51** + Glu= —  [Zn{H;0)Glu-]* +
complexation reactions of four AAs, namely Glu, Asp (strong inter- | AGaog = —65.9 k]/mol]
action) and Tyr and Cys (weak interaction), were calculated with
respect to aqua Zn** complex, Zn{H,0)]** (in octahedral geom-
etry ). Zn(H20)6]* Asp Zn(H20)sAsp™ |*
The AAs were modelled with one amide unit and capped { Anéz; : ]—SZ.QttJImoI[], + el %
with methyl groups. The complexation free energies (AGyas)
of the four Zn-AA complexes were computed at MO6-2X/6-
31 4++G3df 2p)//M06-2X/6-31+G(d,p) level of theory (in aqueous [Zn(H, 0% + Tyr —  [Zn(H0kTyrP*  +

solvent).
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[AGage = +12.5 kj/mol]

H,0

H,0

H,0
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Zn(H; 0P+ + Cys —  [Zo(H;0kCysP*  + H;0
[AGae = +15.8 kijmo]

Strong complexes with bidentate interaction between the car-
boeyl group and Zn®* were obtained for the Zn-Glu and Zn-Asp
complexes. In both cases, the calculated binding Gibbs free en-
ergy is exergonic, suggesting that the displacement of 2 water
molecules to form the six-coordinated Zn-AA complex is an ener-
getically favourable process. The strong Zn-AA interaction is read-
ily attributed to the strong electrostatic interaction of the nega-
tively charged carbaxyl ion (000-) and Zn?* cation. This result
readily confirms the strong affinity of Glu and Asp residues to-
wards aqueous Zn?+ fon in the MD simulations. FTIR-ATR and Ra-
man analyses indicate structural changes due to the presence of
amides visible in the spectra thus affecting the conformational
changes of the protein. The spatial structure in the MD studies per-
formed may change due to conformational changes. These results
complement/confirm the experimental spectral results in which
the intense 1386 cm~' signal from FTIR-ATRE analysis indicates
the binding of Zn?+({aqg) ions to Asp and Glu and the 1445 cm-1
and 1004 cm~' signals correspond to Glu and 1121 cm~' and
1091 cmi~! Asp in Raman spectroscopy. For the Zn-Tyr and ZFn-Cys
complexes, the complexation process is unfavorable [positive bind-
ing free energy ). Only one water molecule is displaced in these fn-
AA complexes. For the Zn-Tyr comple:, the OH group of Tyr coor-
dinates with Zn®+ ion. In the case of the Zn-Cys complex, the thiol
group is not competitive compared to the carbonyl group for Znit
binding. As a result, the carbonyl O coordinates to the Zn?+ ion
in [Zn{H;0);Cys]?+ and the SH group stabilizes the complex via
bidentate hydrogen bonds. Owerall, the calculated trend of com-
plecation free energies of the four Zn-AA complexes (Glu == Asp
=z Tyr = Cys) is in good accord with the MD simulation finding.

4. Conclusions

In-depth physicochemical study on metallocomplexes demon-
strated that the concentration of Zn®+[aq) ions notably influences
the process of binding to whey protein - f#-lactogiobulin [ SLG).
Scanning electron microscopy showed that the surface morphology
of BLG changes depending on the applied Zn**{aq) fons concentra-
tion of &, 60 and &00 mg/L For metallocompleces in the concen-
trations of 3 and 30 mg/L, the differences in surface morphology
are similar in character, but the concentration of 300 mg/L affects
the surface morphological changes to a greater extent. The forma-
tion of metallocomplexes monitored by transmission electron mi-
croscopy indicates that with increasing Zn®*(aq) ions concentra-
tion the obtained metallocomplexes are characterized by a more
porous structure. The energy dispersive X-ray (EDX) analysis per-
formed confirmed the adsorption of Zn?+{aqg) ions. The spectro-
scopic analysis performed showed that aspartic acid (Asp) and glu-
tamic acid (Glu), as well as the aromatic rings of tyrosine (Tyr).
tryptophan (Trp) and phemylalanine (Phe), play a key role in the
binding of Zn**{aq) ions to carboyl groups. Density functional
theary (DFT) calculated trend of complecation free energies of the
four Zn-AA complexes (Glu = Asp == Tyr = Cys) is in good ac-
cord with the molecular dynamic (MD) simulation findings. These
results suggest that the obtaining of the protein metallocomplexes
can be the first step in the development of new therapeutic agents
used in medicine, but also in the food industry as a potential di-
etary supplement.
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4.8. Metal-protein action for the wound healing process using murine
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GRAPHICAL ABSTRACT

ABSTRACT

The present study investigated the effect of zine and silver nanocomposites based on whey protem (-
lactoglobulin) on wound healing using the C37TBL/6] mouse model. Indirectly, a study was conducted
to determune the anhmicrotal properties of the nanocomposites by determining the minmum mhibatery
concenfration (MIC) and performing a colony forming unit {CFU) test. The process of wound closure
was momtored using a stereoscopic microscope. Lhe Inductively Coupled Plasma-Mass Spectrometer
(ICP-MS) was used to analyze the distnbution of zine and silver in the blood and lrver to evaluate the
process of metal 10n absorphion through the wound and to eshmate potential toxic effects on the body.
Transmission electron microscopy (TEM) analvsis showed that tested zine and sihver nanocomposites
enhances collagen deposiion dunng wound bealmg. At the same time, only one change observed mn
hepatocytes affer treatment with silver and zine dressings was the drop in the level of glycogen. Obtamed
results have grven msight into the achions of zme and silver complexes and have provided a powvel
direction to study the role of metal 1ons in hard-to-heal wound regeneration as well the carmers for thewr

releazing.
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1. INTRODUCTION

Eegeneration of hard-to-heal wounds 15 a major therapeutic problem due to the complexity of
the process and the lack of effective dmgs. Wounds that do not heal are prone to infection and left
unrezolved; an infected wound can cause amputation or even death. For this reason, scientific efforts are
directed toward the search for new compounds with natural engins that could be used as drugs or
evaluated for subsequent drug design '. For many vears, the participation of many metal ions in wound
heahng has been confirmed, as thev play crucial moles m vanous bological processes, mmcludmg
inflammation, cellular proliferation, and tizsue remodeling. One of the key metal 1ons involved in wound
healing 15 zine (Fn®") which 15 an essential trace element that plays a crucial role in immune functon,
protemn synthesis (extracellular proteins, such as collagen and keratin), and cell drvision. It 1s mvelved
in the synthesiz and stabibzation of the extracellnlar matix, as well as m the regulation of enzymes,
including metalloproteinases, which are important for wound healing. Sibver 1ons (Ag™) also have been
known to play a role m wound beahing, particularly due to thewr antimicrobial properties. Bacteria
cccwring in wounds can adversely affect the healing process, hence the merease m mmlti-resistant
strains of bactena is a cause for concern in the field of wound care. Silver 1s a useful tool in the treatment
of mfected wounds; however, the effachiveness of silver-based products depends on the form of silver
used and the mechamism of delivery * It is important to note that the use of zine or silver ions I wound
healing should be carefully considered and menitored, as excessive exposure can be toxic. Therefore,
the use of protein-ton complexes that will control the level of metal 1ons o the wound may be a good
solution.

In our previous studies we have developed the methods for symthesis metal 1ons — protein
complexes which exhibit different biological achviies. Buszewsk: et al in their work indicated the
inhikitory effect of Zn*"'Zn0-0VA hybrid complex based on egz white ovalbumin (OVA) azainst veast
stramn Candida albicans ATCCI023] and bactena Acetimobacter baumanmii ATCCI605, Klebsiella
pneumonia ATCCI003]®. The results obtained by Pomastowski et al. also demonstrate that the
synthesized silver-lactoferrin hvbrid complex can be used as an economical and emvironmentally
friendly antimicrobial agent *. So far, we have focused on the immobilization of zine (Zn*") * and silver
(4g") *ions on f-lactoglobulin (FLG), which is a small globular protein present in whey (a waste product
of milk production). Zn* adscrption on SLG was aimed at obtaining metal complexas (ZnfLG). In tum,
as a result of the Ag™ ion adsorption, reduction process was taking place and apart from the AgfLG
metal complex, sikver nanoparticles (AgNPs) were obtained, creatng 2 hybnd system
(AgFLG/AgNPsFLG). It tums out that depending on the structure of the protein itself as well as on the
type of metal, its cxidation state, coordination numbers, and geometry, an infinite number of shuctures
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and conformations can be obtained, which have an impact on further properies of the parbicular
complexhybrid svstem 7.

The present work 15 focused on determining the effect of synthesized metal-protem complexes:
Zn-f-lactoglobulin (Zof1.G) and Ap-F-lactoglobubn (AgF1.G) as potential antmierobial agent= on the
wound healng process based on an ammal model (C37BL/6] mice). The antimicrobial properties of the
tested manocomposites against microorgamsms 1solated from bedsores, diabetic foot and whey were
studied by determinimg mummum inhibitory concentration (MIC) and colony-formmg umit (CFLT) test.
In addition, the degree of zme and sibver acowmulation m blocd and hiver was determuned whach allowed
indirectly to estimate the toxicity of used composites. We also studied the effect of the complexes on
wound healing and Irver fimetion at the ultastructural level.

1. RESULTS
1.1. Antimicrobial potential of nanocomposites

For the study, four pathogens 1solated from the bedsores, that are the cause of delayed healmg
and infections ocomming m acute apd chronic wounds were selected, such as Staphylecocons aurens,
Pseudomonas aeruginosa, Proteus mirabilis, and Escherichia coli. Successively, 1solated from chrome
wounds were fungz1 meluding Candida albicans and Candida brusei, which cause fungal immfections m
immunocompromised patients®. Also, two probiotic lactic acid bactena (LAB) Lactococeus paracasei,
Lactecoccus lactis, producing lactic acid, which 15 the end product of carbohvdrate fermentation. Thev
have health-promoting properties and alzo inhibit the growth of pathogeme mucroorganisms by showing
strong anfibactenial properties”. For the ZnfLG complex, after 24 h incubation, for two fungal strains
(C. krusei, C. albicans) and the probiotic strain L. paracaser, the MIC value was 25 pg'ml. Specific
activity was noted for 5. aureus whose MIC was 200 pz/'mL isclated from the bedsores (Fig. 14). On
the other hand MIC of ApBLG for pathogens such as E. coli, P. mirabiliz, L. lactiz and 5. aureus was
25 ugml. AgfLG complexes also presented greater mmbabitory activity agamnst L. paracasei, C. kusei,
C_ albicans and P. asruginoza with MIC 125 pgml (Fig. 14).
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Fig. 1. Radar charts showing the full profile of the tested microorganisms weated with the synthesized zimc
complexes —Znfl.G and silver complexes —AgfLG: Miminum Inhibitory Concentration expressed in pg'mL {A),
expressed as colony forming unit [%a] (B).

Furthermore, the experimental MIC values agreed with the CFU'mL values for each strain
treated with the zine and silver complexes (Fig. 1B). In the case of ZnfLG complex, the inibation did
not even reach 30%. However, for Agfl.G complexes, mhibiton ocowred m 9% against all
MICTOOTEaN1sms.

2.2, Animal behavier and body weight of mice

Durng the observation pertod of the wound closure process, uncommon behavior of the mice
was observed m the first four days. The anmimals showed lack of appetite, anemic behavior, and o desire
to infegrate. The mice's mitegration behavior, willingness to play, acclmmatizaton and seratching at the
bandage areas occurred in the second half of the experiment starting on the fifth day. Importantly, on all
davs of the experiment, the mice's behawvior was comrelated with thewr body weight charactenzed by
welght loss up to the sixth day of the experniment (Fig. 2).
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Fig. 2. Body weights of animals represented in %o depending on the day and the type of preparation used.

From the sixth day of cbservation, the anmimals' body weight began to increase, which was
associated with gradual regeneration. The rodents reached their mifial body weight on the eighth day of
observabon. In the case of the apphed nanocomposites, the regeneration process cccowmred faster
compared to the control. The change m weight and unnatural behavior of the mice in the present
expeniment may be the result of lomited physical movement and discomfort affer dressing application
and iiching of the wound site. The application of nanocomposites to wounds allowed observation of hawr
regrowth m contrast to control:. The nanocomposites showed a simlar effect (har regrowth) to
gentamicm. This suggests that nanocomposites could be considered potential agents for treating hard-
to-heal wounds.

1.3.Effect of nanocomposites on wound healing process, ANOVA analysis

On each day of observaton, thres mndependent measwements were taken of wound surface
volume, which are presented as the mean = ST, Fig. 3 shows the process of wound elosure. The ANOVA
test showed no statistically sigmificant differences 1o all study groups (p = 0.591).
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Fig. 3. Wound closure in relation to the applied preparation (A), and wound volume as a percentage of closure
area in reference to the wound size on the first day of the experiment (B).

The results indicate @ gradual process of wound closure. An increased regeneration effect of
about 30% occwred as early as the fourth day. For miuce treated with zinc complexes of both ZnfLG
(MIC) and ZnfLG (110% MIC). wound closure took place at about 50% on the sixth day already. For
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the same day, the AgfLG complex (MIC) had a shghtlv weaker effect, with a wound healing rate of
about 40% and an effect worse than the control (45%). From day seven, for all complex’s, sigmficantly
faster wound closure was observed at about 73% for ZnfLG (MIC) and 77% for ZnfLG (110% MIC),
so ZnfLG {110% MIC) showed a better effect. In contrast, wound closure was about 68% for AgfLG
(MIC) complex. Smmular observations were noted for gentamicin, which 15 an antibiotic often used to
treat hard-to-heal wounds. The above values (day seven) indicate that the complexes performed much
better in contrast to the control, for which the wound remained shightly open. Complete wound closure
{apprommately 100%) for the zinc and sibver complexes ocowrred on the tenth day compared to the
control, for which the wound remained open. The results mdicate that a penod of ten days 1s sufficient
for diabefic wounds to heal
2.4, Distribution of zine and silver in tizsues

The distnbution of metals (Zn,. Ag) in organs after treatment with ZnfL.G (MIC), ZnflL.G (110%
MIC), and AgfL G (MIC) nanocomposites was assessed by ICP-MS (Fig. £). The use of a zinc dressing
ZnfSLG (MIC) and ZnfLG (110% MIC) increased the level of this element in the blood compared to the
level in control fizsne. However, the level of zine in the liver was comparable to the level in the liver of
control mice. In presented study, the level of silver after treatment with AgBLG (MIC) 1n both blood
and liver were at similar very low level.

6200 -
a |
=
w 4650
F=i
(=]
g o 1 4w Control (Zn)
E o A 7,0G (MIC)
5] ' A 206LG (110% MIC)
0o W e
T W pgpLc (MIC)
Blood ST

Liver

Fig. 4. Zinc and silver concentrations in Iiver and blood samples.
1.5, Microscopic studies
The am of mucroscopic observations was to check the effect of the applied composites on the
structure of the scar. Under ustological evaluation, bealed wounds from all tested groups were smmlar
with almost normal hawr folkicles. Micrographk of a section of a 10-dav wound show orgamzation of
collagen fibrils. In the control sectons of the skin, small clusters of collagen fibers are vizible. Cells that
make up the haw follicle have the comect structare (Fig. 5 4-D). In the skin mn which healing was
supported by AzfLG, the amount of collagen fibnls was gher. Simmlarly, their clusters were alzo larger
and the arrangement more compact (Fig. 4 4-I). A sioular strecture was visible in skin sections, the
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healing of which was supported by ZnfLG. In this group, fibroblasts with a large amount of rough
endoplasmic reticulum were also visible, which may indicate still very active synthesis of extracellular
matnx proteins for the progressing healing process (Fig. 6 E-H).

Control

Fiz. 5. Micrograph of a section of 2 10-day control wound without treatment with ZnfLG and
AzBLG. A — normal hair follicle; B, C, D — collagen fibnls marked with arrows.
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AgPLG
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Fig. 6. Micrograph of a section of a 10-day wound treated with AgfLG (A-D) and ZnfLG (E-H). Area
of intensive collagen fibrils synthesis is marked with a red border. Collagen fibrils are marked with arrows.
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Sections of liver taken from control amimals showed normal hepatocytes with smooth and rounded
nucleus in which uniform euchromatin as well as nucleolus is present (Fig. 7). Glycogen deposits are
visible in the cytoplasm, near the smooth endoplasmic reticulum (SER). Mitochondna are also
interspersed in this area.

Control

Fig. 7. Micrograph of a section of liver from control mice Glycogen aggregates are marked with arrows,
Nu - nucleus, M — mitochondrium.

In liver section from mouse treated with ZnfSLG and AgfLG, only minor changes were registered.
Nuclei still had regular round shape and mside the mam fraction of chromatin 15 euchromatin. Many

was the lack of glycogen deposits (Fig. 8).
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198 Fig. 8. Micrograph of a section of a liver in mice with 10-day wound treated with AzSLG and ZnfLG.
199  Area of intensive collagen fibrils synthesis is marked with a red border. Nu — nucleus, M — mitochondrium, ER —
200  endoplasmic reticulum.
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3. Discussion

Wound dressings have been conventionally used to protect the wound from external
contamination, but they can also be fimctionalized with a vanety of therapeutic complexes that are
debrvered to the wound site. Most traditional dressings (cotton bandages, cotton wool) have no active
function in the kealing process, but sophisticated dressings can be developed to participate 1n this process
by mncorporating actve meredients. Integrated complexes should play a vigorous role m the wound
healing process by auding o the removal of necrofic fissue, preventing or freating infection, or both
Therefore, dressings have the potential to be functonali=ed with multiple claszes of antibiofics or other
compounds that display antimicrobial properties (mefal-profein complexes) . Overuse of antibictics
has caused them to lose thenr effectivensss in treating senous bactenal infectons. Infection of chrome
wounds with anhibiotic-resistant bacterial pathogens results in slower wound healing, therefore the use
of effective antibiotic therapv or the search for new therapeutic agents with antomicrobial propertes 1=
recommended as part of treatment strategies ''. The exposed subcutaneous tissue is 2 favorabls substrate
for a wide range of microorgamsms to grow and colonize m 1t

It1s challenging to compare the obtained results to published data. To the best of our knowledge,
thiz research 1s proneenng and there 1= still a lack of wide knowledge regardng the mological effect of
nanocomposites, composed of protein and metal. To date, two major preparattons which are apphed for
the healing process are zine oxide nanoparticles (ZnOMPs) and silver nanoparticles (AgMPs) ' 13

The biological acton of silver nanoparficles 1= complex, mvolving secondary exmdation and
inferaction with bactenal protemns, causing destabilization and cell organelle disintesration
Manocomplexes function similarly, but exhibit lower cytotoxicity towards eukarvotic cells . When
metals lind to protems, they reduce toxicity to eukarvone cells while maintaiming antibactenal effects.
Zine oxide has demonstrated antbactenal, anticxdant, and anti-inflammatory propertes, promoting cell
migration, anglogenesis, and re-epitheliabizanion - all crucial for wound healmg. Studies mndicate that
celluloze-zine oxide nanocomposites and collagen and zme oxide dressmgs can ephance wound healing
and demonstrate no toxicological effects on human cells ' ', PLGA/slk fibroin-based membranes
loaded with Zn0 panoparficles further improve wound heabng m ammal models by boostng re-
epithelialization, granulation tissue formation, collagen deposition, and angiogenesis .

Silver nanoparticles are widely used m biomedical applications such as wounds healing with
different etiology, espectally m bwrn wounds 17" diabetic wounds ', topical creams and antiseptic
sprays 7 as an antibacterial, antifungal and antiviral agent preparation with an anti-inflammatory effiect
or therapeutics for cancer *. However, there 1z still a lack of publication regarding the use of
metalocomposites a3 preparations with potential therapentic effects, there are some papers regarding the
fixation of AgMNPs with alzinate or meotmamide ',

In our study, we have proved that especially AgfLG shows antibactenal effect against chimical
bactenal strains 1solated from bedsores 5. aureus, P. aeruginosa, P. mirabiliz, and E. coli as well against
fungz 1zolated from chromie wounds O albicans and C. krusei. Moreover, the level of silver after
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trestment with AgfLG (MIC) in both blood and lrver were at spmilar very low level. The concentrations
of silver found in human tissues are extremely low ™ In our earlier work, insignificant traces of silver
were registered in both blood and liver samples, which were 9.3 pz'g and 0.022 p='s, respectively . In
a study of the viability of penpheral blood monomuclear cells (PBMCs) following treatment of 2 mousa
model with an externzal preparation of LBPC-AgCs, cell viability was estumated to be very lugh =97%
despate the fact that small amounts of sibver were recorded in the blood and lrver.

Char studies confirmed that AgBLG can posifively affect the orgamzanon of collagen fibnls
duning wound heahmg. This i= stll 2 small scope of research conceming the effect of zilver on collagen
fibrils deposifion and should be expanded in the future, taking into account such factors differentiating
silver panoparticles and nanocomplexes as their size, charge, coverage and stabality. It 15 also important
to correlate the progress in wound healmg with the level of released silver ioms and potential
cytotomicrty. Earlier, studies by Tiam ef al. also evidenced that AgNPs are involved in regulation of
collagen deposition which results in excellent alignment in the wound healing process '®. The conducted
research shows that the prezence of metal nanoparticles may have a positive effect on wound healing
not only by preventing bactenal infechions but alse by stmulating cellagen synthesis. However, farther
experiments are needed to confirm this effect. Limited research so far indicate that AzNPs suppresses
the proliferation of fibroblasts but thev can mduce ther differentiation and maturation. Studies by Lin
et al. mdicated that AgNPs can enhance differenfiation of fibroblasts mto myofibroblasts that are
involved in collagen fibers production . Birk and Trelstadh postulate that procollagen 1s secreted and
gamed in vesicles on the exterior of the cell and then transformed mto collagen fibrils 2. Detailed studies
bw Ewan et al. showed that in wounds treated with A gMNPs better spatial distmbution of collagen can be
observed which is connected with mechanical properties of healed skin *. Also You et al. also showed
that silver nanoparticles in collagen/chitosan scaffolds promote fibroblast migration ©.

In our study simalar effect as for AgBLG was visible for wound healed with ZnpLG. In these
fissue sections, a large opumber of fibroblasts with an extensive membrane system was visible, which
may indicate an infensive synthesis of extracellular matix components. This 1s one of the first evidence
of the impact of Zn on collagen orgamzation. Up to now only Ehan et al. showed by Masson's inechrome
statming that wounds treated with PLGA/s1lk fibroin based electrospun membrane loaded with zine oxide
nanoparticles exhibited a higher quantity of collagen with the better organization '*. Zine can play a
multfaceted role in collagen fibnl orgamzation in wounds through its mvolvement in enzyme funchon,
gene expression, direct mmteractions with collagen, and antioxidant properties. Zine ions can directly
interact with collagen molecules, stabibzing thewr mple-helical stucture and promoting the formation
of collagen fibnls. This mteraction may contribute to the orgamzation of collagen fibnls within the
extracellular matnx. Adequate zine levels are vital for mammtaming the shructural mtegrity and funchon
of connective fissues in the body. However, more studies are needed to confirm the effect of zine on
fibroblast w1ability, their differentiation and orgamzation of collagen fibnls.
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The comect morphology of bver cells form mice treated with AgfLG and ZnflG mndicate that
apphed concentrations of nanocompomosites are not very toxic. However, the hepatocytes of these
anmmazls were characterized by the lack of glveogen deposits in the cytoplasm. Simular effect was
observed in mice with elevated levels of heavy metals such as lead, cadmium or zine *. It indicates that
even low lewels of silver 1ons or elevated level of zine ions in the liver can lead to changes at the
maolecular level which have impact on different metabohe pathways for example through pathway
involving Glycogen synthase kinase 3 (GSE-3).

4. Methods

Antimicrobial potential of nanocomposites

Antimicrobial properties were studied by mimmum mbubitory concentratton (MIC) and by
performmg colony formung unit (CFUT) assay. All mveshgated nanocomposites m present study have
been previously syvothesized, charactenized and descnibed by our group in 5, 6. The synthesized zinc
{ZnpLG) and sibver (AgfLG) complexes based on whey protein B-lactoglobulin (BLG) were subjected
to kmetic and 1zothermal studies to understand the mechamsm and nature of complex formation. An
important difference 1= that in the case of the AzflG complex, a metallocomplex was obtained with the
formation of silver nanoparticles (AgMPs) due to the spontanecus reduction of silver loms — thus
contributed to the formaton of the Agpl G/AsNP=pLG hvbnd, which was not observed mn the case of
mmobibzation of Zn2+ lons into the protein. The formed spherical AzNPs of 5 nm size were
characterized by homogeneous dispersion.

In the present imwvestigatton, zinc and =silver complexes based on whey protems: Zo-—f-
lactoglobulin (ZnplG) and Ag—f-lactoglobulin (A=fLG) were tasted against different microorganisms
from the collechion of the Centre for Modem Interdisciplinary Technologies (Micelaus Copermiens
University, Tomn: (T) Proteus murabalis PX 220 86112 MLD, (I} Eschenchia coli MB 11464 1 CHB,
(IIT} Preudomonas aemuginesa DSM 3007717 HAM, (TV) Staphylococeus awens ATCC 33591 THL -
1zolated from the bedsores, (V) Candida albicans ATCC 10231 THL, (VI) Candida krusei CBS 2107
CBS - 1solated from the diabetic foot, (VII) Lactobacillus paracaser DSM 2649 DSM, (VIII)
Lactococons lactis ATCC 10231 —1zolated from whey.

The study was performed mn Miller Hilton (MH) broth mediom according to Clmical and
Laboratory Standards Institute (CLSI) procedures (with appropriate modifications) and by microdilution
in ¥6-well plates using resazunn. In the first step, bactenal cells were moculated mm MH broth mediom
and mncubated for 24 k at 37°C. Zinc and silver complexes were also prepared in MH medium by seral
dilution method in the concentration range of 200625 pp'ml. Subsequently, the cultured bacterial
strain (1 =106 CFU/mL) and different concentrations of complexes were infroduced mto $6-well plates
(Sigma Aldnch, Pornan, Poland) mn a 1:1 rafo. After miwing, 12 pl of the redox mdicator resazunn
(3igma-Aldnch, 5t Loms, MO, USA) was added to each well. All samples were prepared in tnphcate.
The samples thus prepared were meubated for 24 h at 37°C. The MIC value was visually determmined by

14

183



313
314
315
316
317
318
319
320
321
322

324
325
326
327
328
328
330
331

333
EEL
33s
336

the color change of resazurm from blue to pink. The lowest concentration at which no color change was
observed was considered as the MIC value.

The CFU aszay procedure was similar to the MIC aszav, except that after the incubation period,
vanous dilnhions of the bacterial suspension were prepared and them 100 pl of sach sample was
transfemred to TSA tryptone-sov agar plates incubated at 37°C for 24 b and then the colomes were
counted manually.

Animal model

In the present study, CSTBEL/6] mice aged 7-£ weeks were obtamed from the Tri-City Academic
Animal Laboratory and Service Center at the Medical University of Gdansk and drvided mto 8 ammals
in each group with an average weight of 2153 + 1.59 g. Groups were observed for ten days. All the
expenimental procedures were approved by the Local Amimal Care and Use Commitiee in Bydgoszez
(BYD 21/2021, 26.04. 2021).

Wound healing process — determination of acclimatization and body weight of mice,
ANOVA analyzizs, wound formation, liver and blood organ collection

The procedure of the conducted expenment was camied out in six steps: (I) handling (adaptation
for the laboratory condition in a peried of 2 weeks), (II) wound formation, (IIT) apphcation of an agent
with potential therapeutic propertes, (IV) cbservation of the wound heahng process, (V) collection of
biological matenal and euthanasia, (V1) analysis of zine and silver distnbution in tissues. The steps have
been shown in Fig. 9.

" Wound makng

 NANOCOMPOSITES

' +
¢ wme [
oy oY
W
n*=

 MOUSE MODEL

| ANTIMICROBIAL POTENTIAL |

me)

Fiz. 9. Schematic representation of the expenmental desigm.
First step of experiment covered the acclimatization of animals to the laboratory conditions. For

thiz purpose, the ammals were placed in cages according to the mummum bving area for a single
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individuzl and kept under controlled environmental condiions with air temperature of 20-24°C,
bumidity of 55 = 10%, rate of air exchange in the room of 15-20 changes/1h; an automated hight cycle
with a sequence of 12h light'l 2h darkness. Animals had provided access to food and water ad libitum.
In the second step of the study, mice were mrven anesthesia with 1soflurane (5%) by inhalation (flow mate
of 3.5 V'min) (Comb-Vet Anesthesia Machine Fothacher-Medical GmbH, Bern, Switzerland). The state
of anesthesia was mamntained by contimueous mhalation of 1soflurane at a concentration of 3%. To create
a wound, the skin on the back of the mouse was shaved and then disinfected with 70% ethancl. Round
wounds (6 mm) were created by cuthng the skim with suwrgical scissors. Each wound was measured and
inspected at 10-day follow-up. In addifion, photographic decumentation was performed using a cold-
light sterecscopic microscope (100 W-MST 132 Lab, Optka microscopes, Italv). Durng the third step,
synthesized zinc and silver complexes were applied to the wounds once a day. The formmlation was
preparad according to the previous study 13 considenng the minimum inhibrtery concentration (MIC)
— gentamicin 30 pg'ml (zccording to owr previeus studies 14}, AgpLG 25 pg/ml and ZnfLG 200
pgml. For zine complexes, both 100% MIC and 110% MIC were tested. After appheation, the wound
was covered with a stenile plaster to reduce the nisk of wound infection. In the fourth step, the effact of
the apphed complexes was momtored by measwmg the weight and assessing wound closure nsing a
stereoscopic microscope connected to a cold light source (100 W-MST 132 Lab, Optka microscopes
Ttaly, Italy). Percentaze of wound closuning was caleulated i accordance to the equation: WV [%] =
(VdaynVday, 1)*100%. A free-to-access platform (hitps:/'zoodealeulators com/one-way-anova-
calculator™®e2Jaccessed®2017.10.2022) was used to show changes. The fifth step imvolved the
collection of biological matenal (blood, lrver) for ICP-MS analy=is. The collected liver samples were
frozen and stored at -80 °C to deactivate the enrymatic reaction. Blood, in tum, was collected info a tube
with the anticoagulant sodmm citrate (3.2%0). At the end of observation, the anmmals were enthanized by
infraperitoneal injection of 18% sodium pentobarbital (200 mg'ml), at a dose of 200 mz kg, Finally (step
six), the amount of zine and sibver in the collected samples was determined.

Ethics statement

All procedures complied with the regulafions covenng amimal expenmentation within EU
(Ewropean Commumities Council DIRECTIVE 2010/63/ELT), reported in accordance with ARRIVE
guidelines and were approved by the Local Animal Care and Use Committes in Bydgoszez (BYD
21/2021, 26.04. 2021).

Accumulation of zine and silver in liver tizsue and blood :ample: — Inductively Coupled
Plasma-Alas: Spectrometry (ICP-AS)

In order to gquanhfy the concentration of zine and silver 1ons in biver and blood tissue samples, an
ICP-MS techmaque (Shimadwzu ICP-BS 2030, Shimadzu, Evoto, Japan) with a collision cell with a
bhelium flow rate of & mL/min was used. Both bver and blood were preheated for 4 h at 80°C using a
thermomixer (Thermomixer comfort, Eppendorf SE, Hambwg, Germany) m 150 pl HMNO3 (1%)
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(Merck Suprapure, Merck, Dammstadt, Gemmany). Determimations were made for 66,67Zn and 435¢,
107Az and 103Eh, as an internal standard, wsing the external cahbration method m three repetiions.

Microscopic analysis

The experimental material was fixed in 2% paraformaldehwde and 2. 5% glutaraldshyde im 0.1 M
phosphate (pH 7.4) for 2 hours, washed i buffer and then dehydrated 1n an ethanol seres: 30, 30, 70,
90, 96 and 100% 1n each for 10 munutes. The step of post-Axation 1 0504 was omutted due to the
posability of measurmg the silver or zme content by EDVS. The tizsues were then embedded in LE. Whate
resin according to standard protecol and sectioned on an ulramicrotome (Letea Uliracut UCT). Finally,
ultrathin sections were stamed with 2.5% uranyl acetate and 0,4% lead ctrate solutions, and examined
on a JEOL 1010 transmission electron microscope at 30 kV.

Data availability

The datasets used and analysed during the current studyv available from the corresponding author
on reasonable request.

CONCLUSION

The obtained complexes with anhbactenal properties can be counted as an mexpensive method

for the treatment of hard-to-heal wounds. The wounds were reduced and healed in a relatively fast time
for the tested muce. Especially valuable 1= observation that Agfl.G and ZoBLG may have a posiive
effect on the orgamization of collagen fibnls, and at the same time they do not show toxic properhes in
relation to fizsues. The obtained results are promismp and may illustrate the potenfial therapeunc
properiies of the preparations.
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5. Podsumowanie i wnioski

Przedstawione w niniejszej rozprawie doktorskiej badania pozwalajg na sformutowanie

nastepujacych gtoéwnych wnioskow.

1.

Immobilizacja jonéw cynku i1 srebra z p-laktoglobuling oraz jonow cynku
z poszczegdlnymi frakcjami kazeiny (asi-, f-, x-CN) jest procesem
heterogenicznym sktadajacym si¢ z trzech etapow.

Analiza spektroskopowa wykazata, ze kluczowg role w procesie wigzania metali do
bialek odgrywaja grupy karboksylowe kwasu glutaminowego i asparaginowego
oraz grupy fosforanowe w przypadku kazein.

Mikroskopia elektronowa wykazata, ze morfologia powierzchni badanych biatek
zmienia si¢ w zaleznosci od zastosowanego do modyfikacji jonu metalu oraz jego
stezenia.

Mechanizm formowania si¢ nanokompozytow uzupelniony  metodami
molekularnymi i obliczeniowymi wskazat potencjalne miejsca wigzania dla kwasu
glutaminowego 1 kwasu asparaginowego, ktére byly zgodne z wynikami
eksperymentalnymi. W przypadku jonow srebra oddziatujacych z SLG oprocz
powstania metalokompleksow, zaobserwowano tworzenie si¢ nanoczastek srebra
tworzacych uktad hybrydowy AgSLG/AgNPSALG.

Zsyntetyzowane kompleksy wykazujg dziatanie zaréwno przeciwbakteryjne jak
I przeciwgrzybiczne wobec szczepéw klinicznych oraz bakterii powszechnie
uznanych za bezpieczne (LAB), a takze moga by¢ potencjalnymi antyseptykami

w regeneracji trudno gojacych si¢ ran, odlezyn.

Charakter wigzania jonéw metali z wielowymiarowa strukturg biokoloidow (biatek) jest

ztozony i czasami niespodziewany. Mechanizmy, dzigki ktorym jon metalu jest wybrany przez

biatko, a nast¢pnie reguluje jego funkcje, nie sa na ogot dobrze poznane. Z tego powodu

naukowcy poszukuja obecnie nowych sposobow badania mechanizmu, za pomoca ktdrego

czasteczki lub jony metali wigzg si¢ z biatkami, aby np. wyeliminowa¢ toksyczno$¢ wolnych

jonéw metali. Dlatego wazne jest zrozumienie mechanizmu, za pomocg ktérego jony metali

wigzg si¢ z bialkami 1 jak te oddziatywania przyczyniajg si¢ do okreslenia specyficznos$ci

wigzania. Wykonanie widm FTIR, Ramana, UV-Vis, fluorescencji, NMR dla badanych biatek

i ich kompleksow pozwala na wskazanie przesuni¢¢ chemicznych czy drgan, ktore przypisane

sg odpowiednio grupom aminowym/hydroksylowym, karboksylowym czy fosforanowym.

Ponadto techniki te pozwalaja na analize poréwnawczg widm przed 1 po modyfikacji
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powierzchni biatka (np. procesem wigzania metali), objawiajacej si¢ pojawieniem nowego
sygnatu i/lub przesuni¢ciem pierwotnego drgania. Do zrozumienia zachowania biologicznych
makroczasteczek takich jak biatka w oddzialywaniu z jonami metali uzyteczng metoda sa
symulacje modelowania molekularnego wraz z obliczeniami kwantowo-mechanicznymi.

W niniejszej pracy po raz pierwszy zostat opisany mechanizm formowania si¢
nanokompozytéw na bazie LG z jonami cynku oraz srebra. Zbadana zostata natura oraz wptyw
stezenia jonoOw metali na proces wigzania z biatkiem. Dodatkowo, wskazano na redukcje srebra
i obecno$¢ nanoczgstek srebra wynikajgcag z wigzania jonOw srebra z kwasem asparaginowym
I kwasem glutaminowym tworzac uktad hybrydowy metalokompleks/nanoczgstka srebra
(AgpLG/AgNPSALG).

Istotnym wyzwaniem naukowym podjetym w pracy doktorskiej bylo opisanie
mechanizmu wigzania jonow cynku do poszczegélnych frakcji kazeinowych (ZnasiCN-,
ZnpCN, ZnxCN) wskazujac na udzial poszczegdlnych frakcji w wigzaniu oraz na wpltyw
stezenia stosowanego metalu. Stwierdzono, ze zrdznicowany sposdb przebiegu procesu
wigzania poszczegélnych kompleksow ZnCN Scisle zalezy od ich wielkosci, sekwencji
aminokwasowej oraz hydrofobowosci.

W celu doglgbnego wyjasnienia mechanizmu oddzialtywania pomiedzy jonami
cynku/srebra, a SLG i izoformami kazein, wskazania miejsc odpowiedzialnych za wigzanie,
interpretacji reakcji utleniania-redukcji oraz uzupetnienia dotychczasowych wynikow,
niezbgdne bylo wykorzystanie modelowania/dokowania molekularnego oraz obliczen
z zakresu chemii kwantowej z wykorzystaniem teorii funkcjonatow gestosci.

Otrzymanie komplekséw jondw metali na bazie biatek mleka oraz biatek serwatkowych
stanowi obiecujace rozwigzanie rosngcego problemu lekoopornosci ze wzgledu na silne
dziatanie antybakteryjne przeciwko lekoopornym szczepom. Rezultaty, ktore udato sie
uzyskac, niosa ze sobg kolosalne implikacje dla wielu dziedzin nauki, a zwlaszcza dla chemii
analitycznej. Sa one réwniez znaczace dla ewentualnej aplikacji wynikow tych badan
w praktyce, gdzie opracowane nanokompozyty mogg znalez¢ zastosowanie w farmacji czy
medycynie. Szczegdlnie warto§ciowe moga si¢ okaza¢ w kontekscie walki z trudno gojacymi
si¢ ranami czy odlezynami. To podej$cie ma potencjat do transformacji sposobu, w jaki
leczymy i1 zarzadzamy tymi trudnymi do leczenia stanami zdrowia, umozliwiajgc opracowanie
skuteczniejszych 1 bezpieczniejszych terapii. Nanokompozyty moga zrewolucjonizowaé
leczenie oferujac nie tylko potencjalne rozwigzania w celu przyspieszenia gojenia si¢ ran, ale

réwniez jako alternatywa dla tradycyjnych metod leczenia odlezyn.

190



Przeprowadzone badania byly fundamentem pracy doktorskiej, ktérg cechowalo
unikalne interdyscyplinarne podej$cie. W jego centrum bylo potaczenie réznych dziedzin
nauki, w tym chemii, biochemii, biotechnologii i nanotechnologii. To holistyczne spojrzenie
pozwolito na skuteczne zrozumienie procesOw na poziomie molekularnym oraz umozliwito
projektowanie i tworzenie nanokompozytow z wykorzystaniem najnowszych technologii.
Catos$¢ badania miata na celu nie tylko odkrycie nowych perspektyw naukowych, ale takze
praktyczne zastosowanie tych wynikow w medycynie i farmacji. Jest to przyktad na to jak
nowoczesne, interdyscyplinarne badania naukowe moga przyczyni¢ si¢ do postepu
w dziedzinie opieki zdrowotnej oferujac potencjalnie transformatywne rozwigzania dla
trudnych do leczenia standw zdrowotnych. Osiagnigte wyniki majg nie tylko potencjalne
zastosowania w dziedzinach medycyny i farmacji, ale takze mogg przynie$¢ znaczne korzys$ci
dla przemystu spozywczego, a szczeg6lnie sektora mleczarskiego. Uzycie kompleksow jonow
cynku i kazeiny, ktére sg sktadnikami nanokompozytow, moze zrewolucjonizowaé produkcje
1 przetworstwo mleka, wprowadzajac innowacyjne metody i techniki. Kompleksy jonéw cynku
i kazeiny mogg mie¢ kilka zastosowan. Po pierwsze jako antyoksydanty moga pomoc
w przedhuzaniu trwatosci produktow mleczarskich, co ma kluczowe znaczenie dla ich jakosci
i bezpieczenstwa. Po drugie, moga peli¢ funkcje strukturalng wplywajac na teksture
i konsystencje produktow mleczarskich, co przeklada si¢ na ich atrakcyjnos¢ sensoryczna.
Wreszcie moga takze stuzy¢ jako naturalne konserwanty, zwigkszajac trwatos¢ produktow
1 wplywajac na ich walory smakowe. Wykorzystanie tych kompleksow w przemysle
spozywczym, szczegolnie w mleczarstwie, moze prowadzi¢ do znacznej poprawy jakosci
1 bezpieczenstwa produktow, a takze do zwiekszenia wydajnosci 1 efektywnosci produkcji.
Wydaje si¢, ze wkrotce nanokompozyty moga sta¢ si¢ integralnym elementem przemystu
spozywczego, od przetwdrstwa po pakowanie i dystrybucje. Nalezy jednak podkresli¢, ze
wdrazanie tych technologii wymaga dalszych badan i regulacji prawnych, aby zapewni¢, ze sa
one nie tylko skuteczne, ale rowniez bezpieczne dla zdrowia konsumentow 1 Srodowiska. Ale
wyniki tych badan juz teraz pokazuja ogromny potencjal nanokompozytow w przemysle

spozywczym, a szczegdlnie w mleczarstwie.
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6. Streszczenie

W niniejszej rozprawie doktorskiej przeprowadzona zostata immobilizacja jonéw cynku
i srebra do bialka serwatkowego (f-laktoglobuliny) oraz jonéw cynku do poszczegolnych
frakcji kazeinowych (asi-, f-, k-CN). Zbadane zostaly mechanizmy wigzania i zdolnosSci
sorpcyjne biatek (biokoloidow) za pomoca badan kinetycznych i izotermicznych oraz metod
modelowania/dokowania molekularnego i obliczen kwantowych. Otrzymane nanokompozyty
poddane zostaty fizykochemicznej charakterystyce za pomoca catego spektrum technik
instrumentalnych takich jak metody spektrometryczne, spektroskopowe, mikroskopowe oraz
dyfrakcyjne, ktore wzajemnie si¢ uzupeinialy. Kolejnym aspektem prowadzonych badan
z uwagi na pojawiajacy si¢ problem lekoopornosci oraz poszukiwanie nowych antyseptykow,
wykonane zostaly badania aplikacyjne okreslajace potencjal przeciwdrobnoustrojowy
syntetyzowanych nanokompozytéw. Zwieniczeniem badan i1 niezwykle istotng kwestia podjeta
w rozprawie doktorskiej byto wykorzystanie modelu zwierzgcego (myszy) celem okreslenia
wptywu uzyskanych nanokompozytow na proces gojenia si¢ ran jak rowniez dystrybucje cynku
1 srebra w narzadach (watroba, krew).

Wstepny etap badan polegal na scharakteryzowaniu biatek bioracych udziat w procesie
wigzania za pomoca metody MALDI-TOF MS oraz wyznaczeniu ich punktow
izoelektrycznych poprzez pomiar potencjatu zeta i okre$leniu ich stabilnosci. Poréwnane
zostaly rowniez wyniki metod proteomicznych opartych na klasycznym trawieniu biatek
w roztworze z przeptywowym mikroreaktorem enzymatycznym przy zastosowaniu
koncowek pipety ZipTip. Nastepnie przeprowadzono syntezg jonéw metali z badanymi
biatkami przeprowadzajac klasyczne badania kinetyczne i izotermiczne, ktore pozwolity
zrozumie¢ skomplikowane i wieloetapowe mechanizmy powstawania kompleksow. Otrzymane
dane eksperymentalne poréwnano z wybranymi modelami kinetycznymi (zerowego-,
pierwszego-, pseudo-pierwszego-, pseudo drugiego-rzedu, modelem wewnatrzczasteczkowej
dyfuzji Webera-Morrisa) oraz modelami izotermicznymi (Henry’ego, Freundlicha,
Langmuira). Cata gama technik instrumentalnych wykazujaca duza komplementarno$¢ migdzy
sobg pozwolita na identyfikacj¢ powierzchniowych grup funkcyjnych bialek uczestniczacych
w procesie wigzania, okreslenie morfologii powierzchni i stabilnosci, rowniez z naciskiem na
wplyw stezenia metalu. Waznym etapem pracy byta konfrontacja wynikéw eksperymentalnych
z modelowaniem/dokowaniem molekularnym oraz obliczeniami kwantowo-mechanicznymi.
Uzyskana wysoka zgodno$§¢ miedzy wynikami eksperymentalnymi oraz teoretycznymi

pozwolita stwierdzi¢, iz w przypadku oddzialywan jonéw cynku z biatkami mamy do czynienia
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tylko 1 wylacznie z uktadami typu metalokompleks. Z kolei w przypadku oddzialywan jonow
srebra z LG tworzy si¢ uktad hybrydowy — metalokompleks wraz z tworzeniem si¢
nanoczastek srebra (AgBLG/AgNPsSLG). Ponadto, wykazano dziatanie
przeciwdrobnoustrojowe nanokompozytow Zn/AgpLG, ZnasiCN, ZnpCN, ZnkCN wobec
patogenow 0 znaczeniu Klinicznym. Przeprowadzone badania aplikacyjne in vivo na modelu
zwierzgcym (myszy) wskazuja na obserwowalny wzrost masy ciata gryzoni po
dziesigciodniowych obserwacjach, stopniowa regeneracj¢ organizmu zwierzat, pojawienie si¢
strupa oraz odrastajace wlosy. W pracy wykazano, iz oddzialywania typu metal-biatko
o wlasciwos$ciach przeciwdrobnoustrojowych moga przyczyni¢ si¢ do rozwigzania problemu
lekoopornosci oraz sta¢ si¢ potencjalnym kandydatem jako preparat stosowany do leczenia

trudno gojacych sie ran.
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7. Abstract

In this doctoral dissertation, immobilization of zinc and silver ions to whey protein (/-
lactoglobulin) and zinc ions to individual casein fractions (asi-, -, xk-CN) was carried out.
Mechanisms of binding and sorption capacities of proteins (biocolloids) were investigated using
kinetic and isothermal studies, as well as molecular modeling/docking methods and quantum
calculations. The obtained nanocomposites were subjected to physicochemical characterization
using the whole spectrum of instrumental techniques such as spectrometric, spectroscopic,
microscopic and diffraction methods, which complemented each other. Another aspect of the
studies, due to the emerging problem of drug resistance and the search for new antiseptics,
application studies were performed to determine the antimicrobial potential of the synthesized
nanocomposites. The culmination of the research and an extremely important issue undertaken
in the dissertation was the use of an animal model (mice) to determine the effect of the obtained
nanocomposites on the process of wound healing as well as the distribution of zinc and silver
in organs (liver, blood).

The initial stage of the study consisted of characterizing the proteins involved in the
binding process using MALDI-TOF MS and determining their isoelectric points by measuring
the zeta potential and determining their stability. Furthermore, the results of proteomic methods
based on classical protein digestion in solution were compared with microfluidic immobilized
enzyme reactor (u-IMER) using ZipTip pipette tips. Subsequently, the synthesis of metal ions
with the studied proteins was carried out by performing classical kinetic and isothermal studies,
which allowed us to understand the complex and multistep mechanisms of complex formation.
The obtained experimental data were compared with selected kinetic models (zero-order, first-
order, pseudo-first-order, pseudo-second-order, intraparticle diffusion Weber-Morris model)
and isothermal models (Henry, Freundlich, Langmuir). A whole range of instrumental
techniques showing high complementarity among themselves allowed the identification of
surface functional groups of proteins involved in the binding process, determination of surface
morphology and stability, also with emphasis on the effect of metal concentration. An important
step in the work was the confrontation of experimental results with molecular
modeling/docking and quantum mechanical calculations. The high agreement obtained between
experimental and theoretical results allowed us to conclude that in the case of interactions of
zinc ions with proteins we are dealing only with metallocomplex type systems. In contrast, in
the case of interactions of silver ions with SLG, a hybrid system is formed — a metallocomplex

with the formation of silver nanoparticles (AgSLG/AgNPsSLG). In addition, antimicrobial
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activity of Zn/AgpLG, ZnasiCN, ZnpCN, ZnkCN nanocomposites against clinically relevant
pathogens was demonstrated. In vivo application studies conducted on an animal model (mice)
indicate an observable increase in the body weight of rodents after ten-day observation, gradual
regeneration of the animal body, the appearance of scab and regrowth of hair. The study shows
that metal-protein interactions with antimicrobial properties can contribute to solving the
problem of drug resistance and become a potential candidate as a preparation used to treat hard-

to-heal wounds.
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14. P. Pomastowski, A. Rodzik, B. Buszewski, Fourth International Symposium on Dielectric
Materials and Applications, Jordan, Immobilization of metal ions onto proteins,
(02-04.05.2019 r.) — komunikat ustny.

15. A. Rodzik, P. Pomastowski, B. Buszewski, 5" Scientific Conference Metabolomics Circle
2018, Przysiek k/Torunia (Polska), Proteomic analysis of selected whey proteins by
MALDI-TOF MS approach, (26-28.10.2018 r.) — e-poster.

16. P. Pomastowski, A. Rodzik, B. Buszewski, 5! Scientific Conference Metabolomics Circle
2018, Przysiek k/Torunia (Polska), Immobilization of metal ions onto whey proteins, (26-
28.10.2018 r.) — komunikat ustny.

Granty:

1. Grant Preludium 19 finansowany przez Narodowe Centrum Nauki, nr
2020/37/N/ST4/04082, pt.: Wykorzystanie technik laserowej desorpcji/jonizacji
wspomaganej matrycq oraz nanostrukturami w analizie hydrolizatow biatkowych ze
szczegolnym uwzglednieniem modyfikacji potranslacyjnych (01.02.2021 r. — 30.06.2023

r.), Kierownik: mgr Agnieszka Rodzik; Wykonawca: dr Viorica Railean.

2. Grant Opus 14 finansowany przez Narodowe Centrum Nauki, nr 2016/21/B/ST4/02130,
pt.: Synteza kompleksowych zwigzkow srebra i cynku na bazie kazein i biatek serwatki oraz

nanoczgstek srebra i tlenku cynku przez probiotyczne bakterie kwasu mlekowego

(01.10.2018 r. — 31.05.2021 r.), Kierownik: dr hab. Pawet Pomastowski, prof. UMK,
Wykonawca: mgr Agnieszka Rodzik.

3. Grant Mtodych Wydziatu Chemii, nr PDB/granty wydzialowe, pt.: Badanie aktywnosci
biologicznej modyfikowanych frakcji kazeiny (22.04.2021 r. — 30.11.2021 r.), Kierownik:
mgr Agnieszka Rodzik.

4. Grant Mlodych Wydzialu Chemii, nr 492/2020, pt.: Badania aktywnosci biologicznej
kompleksu Zn-p-laktoglobulina (03.03.2020 r. — 14.01.2021 r.), Kierownik: mgr Agnieszka
Rodzik.

5. Grant Mtodych Wydziatu Chemii, nr 2092/2019, pt.: Badanie mechanizmow wiqgzania

metali do bialek przy wykorzystaniu nowoczesnych technik instrumentalnych (18.10.2019
r.—14.01.2020 r.), Kierownik: mgr Agnieszka Rodzik.

Nagrody i osiggnigcia:
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Laureat Il naboru projektu PROM - migdzynarodowej wymiany stypendialne;
doktorantéw i kadry akademickiej na UMK (2021 r.).

Zespotowa nagroda JM Rektora Uniwersytetu Mikotaja Kopernika w Toruniu za

osiggniecia uzyskane w dziedzinie naukowej w 2020 roku.

Zespotowe wyrdznienie JM Rektora Uniwersytetu Mikotaja Kopernika w Toruniu za

osiggni¢cia uzyskane w dziedzinie naukowej w 2020 roku.

Stypendium Rektora Uniwersytetu Mikotaja Kopernika w Toruniu dla wysoko ocenianej
publikacji (2020 r.)

Udzial w innych projektach oraz towarzystwach naukowych:

1. Czlonek Priorytetowego Zespolu Badawczego uczelni wspieranego w ramach ID-UB
(Inicjatywa Doskonatosci — uczelnia badawcza) w latach 2020-2022.

2. Prowadzenie warsztatow w ramach XIX Torunskiego Festiwalu Nauki i Sztuki pt.: Oblicza
komunikacji (24-28.04.2019 r.).

3. Wspotorganizowanie 5-tej Konferencji Naukowej Metabolomics Circle 2018, Przysiek
k/Torunia (Polska) (26-28.10.2018 r.).

Szkolenia:

1. Uczestnictwo w szkoleniu Szkota Cytometrii Cytometria przeptywowa — podstawowe
narzedzie badawcze (Bydgoszcz, 14.02-18.02.2022 r.)

2. Warsztaty szkoleniowe Metabolomics Workflow. Using High-Resolution LC-MS Mass
Profiler Proffesional software for data mining and identification of metabolites, (24.05—
26.05.2018r.)

3. Warsztaty szkoleniowe Practical application of Gilson GX-271 ASPEC automatic exractor

for SPE automated liquid handling — preparation of purified samples for HPLC-MS, GC-
MS and other applications, (24.05-26.05.2018 r.)
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9. Oswiadczenia
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UNIWERSYTET
MIKOLAJA KOPERNIKA
W TORUNIU

Wyazal Chemi

Torun, 09.08.2023 r.

Mgr Agnieszka Rodzik

Interdyscyplinarne Centrum Nowoczesnych Technologii
Katedra Chemii Srodowiska i Bioanalityki

Wydziat Chemii, Uniwersytet Mikolaja Kopernika

Ul. Gagarina 7, 87-100

OSWIADCZENIE

Niniejszym oswiadczam, ze jako Wspdlautor nastgpujgeyeh publikacii:

2

A. Rodzik, P. Pomastowski, V. Railean-Plugaru, B. Buszewski, Hybrydowe uklady metal-biaiko
w ujgciu serwatkowym, Analityka: nauka i praktyka, 2021, 2, 4-12.

B. Buszewski, A. Rodzik, V. Railean-Plugaru, M. Sprynskyy, P. Pomastowski, A study of zinc
ions immobilization by p-lactoglobulin, Colloids and Surfaces A, 2020, 591, 1-13, doi:
10.1016/.colsurfa.2020.124443.

A. Rodzik, P. Pomastowski, V. Railean-Plugaru, M. Sprynskyy, B. Buszewski, The study of zinc
ions binding to ag,-, f-. x-casein, International Journal of Molecular Sciences, 2020, 21(21), |-
18, doi: 10.3390/ijms21218096.

A. Rodzik, A. Krdl-Gdrniak, V. Railean-Plugaru, M. Sugajski, A. Gotebiowski, D. 8. Horne, B.
Michalke, M. Sprynskyy, P. Pomastowski, B. Buszewski, Study on zinc ions binding 1o the
individual casein fractions asi-, i- and x-casein, Jounal of Molecular Structure, 2022, 1272,
doi: 10.1016/).molstruc.2022.134251.

A. Rodzik, V. Railean, P. Pomastowski, B. Buszewski, M. Szumski, /mmobilized enzyme
microreactors for efficient analysis of tryptic peptides in [fi-casein and f-lactoglobulin,
Scientific Reports, Submission ID 5d953fac-cd31-4150-9da3-e4e688f203eb.

A. Rodzik, V. Railean, P. Pomastowski, P. Zuvela, M. W. Wong, M. Sprynskyy, B. Buszewski
Study on silver ions hinding to f-lactoglobulin, Biophysical Chemistry, 2022, 291, doi:
10.1016/.bpc.2022. 106897,

A. Rodzik, V. Railean, P. Pomastowski, P, Zuvela, M. W, Wong, B. Buszewski, The influence
of zinc ions concentration on f-lactoglobulin structure — physicochemical properties of Zn—f}-
lactoglobulin  complexes, Journal of Molecular Structure, 2022, 1268, 1-10, doi:
10.1016/).molstruc.2022.133745.

A. Rodzik, P. Pomastowski, M. Buszewska-Forajta, V. Railean, A. Golebiowski, B. Buszewski,
K. Niedojadlo, K. Rafiiiska, Metal-protein action for the d healing process using murine
model CS57BL/6J mouse, Scientific Reports, Submission 1D 15404681-edaf-4¢74-885f-
ae8688b6dbd7.

wehodzgcych w sklad mojej rozprawy doktorskiej, oswiadezam, ze méj wklad polegal na dyskusji
ogdlne] koncepeji pracy, zaplanowaniu i realizacji doswiadczen, analizie i interpretacji wynikow,
przygotowaniu wstgpnych wersji manuskryptow.

-

&léﬁ/\mwh%d«h ............
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UNIWERSYTET ‘
MIKOLAJA KOPERNIKA
W TORUNIU

Interdyscyplinams: Centrum
Moweoczesych Technologi

Torun, 23.08.2023 r.

dr hab. Pawel Piotr Pomastowski, prof. UME
Interdyscypliname Centrum Nowoczesnych Technologi
ul. Wileriska 4, 87-100 Torum

OSWIADCZENIE
Jako wspolautor nastepmacych publikacyi:

1. A Fod=ik, P. Pomastowski, V. Railean-Flugam, B. Buszewski, Hybrydowe uilady metal-
bialko w wjgciu serwativowym, Analityka: nauka 1 praktyka, 2021, 2, 4-12.

2. B.Buszewski, A Rodzik, V. Railean-Plugam, M. Sprynskyy, P. Pomastowski, 4 study of zinc
ions immobilization by ﬁ-!:m‘oglohlb.u Colloids and Surfaces A, 2020, 591, 1-13, don:
10.1016.colsurfa. 2020.124443

3. A FPodzik, P. Pomastowski, V. Railean-Plugarmy, M. Sprynskyy, B. Buszewski, The study of
zing ions binding to @g-, f-, x-casein, International Joumnal of Molecular Sciences, 2020,
2121), 1-18, doi: 10.3390/1jms21218096.

4 A PBodzk A Erol-Gomuak, V. Railean-Plugam, M. Sugajski, A Golebiowski, D. 5. Home,
B. Michalke, M. Sprynskyy, P. Pomastowski, B. Buszewski, Study on zinc ions binding to the
individual casein fractions ag-, f- and x-casein, Jounal of Molecular Structure, 2022, 1272,
doi: 10. lﬂlﬁf] molstrue. 2022.134251.

5. A Rodzik, V. Railean, P. Pomastowski, P. Zuvela, M. W. Wong, M. Sprynskyy, B.
Buszewski Study on silver ions binding fo §-lactoglobulin, Biophysical Chemmstry, 2022, 291,
doi: 10.1016/.bpe.2022. 106897,

6. A Rodzik, V. Railean, P. Pomastowski, P. Zuvela, M. W. Wong, B. Buszewski, The influence
af zinc fons concentration on ﬁ-!ﬁm‘oglombn structure — physicochemical properties of Zn—f-
lactoglobulin  complexes, Joumal of Molecular Structure, 2022, 1268, 1-10, doo
101016/ molstruc. 2022133743,

7. A Fodzik, P. Pomastowski, M. Buszewska-Forajta, V. Railean, A. Golebiowski, B.
Buszewski, K. Niedojadlo, K. Rafinska, Metal-profein action for the wound healing process
using muring model CITBLGT mouse, Scientific Reports, Submussion ID 15404681-edaf-
4c74-885f-ae8688b6dbdT.

8. A Rodzik, V. Railean, P. Pomastowsla, B. Buszewski, M Szumski, Trmobilized enzyme
microreactors for efficient analysis of myptic peptides in [f-cassin and S-lactoglobulin,
Scientific Reports, Submission ID 5d953fac-cd31-4150-9da3-ede688f203eb

wehodzgeyeh w skilad rozprawy dokforsiiej Pani mgr Agnieszii Rodzik,

oswiadczam, Ze md] wklad polegal na wspoludzale w opracowywaniu koncepejl, planowamu
eksperymentow, dyskusji nad wynikanu badan, sprawowaniu nadzom nad realizacja badan, korektach
manuskryptow oraz pozyskiwanm srodkéw na realizacje badan (prace 1-7). Uzyskane wynika (prace
1-7) =3 rezultatem bezposrednim w ramach kierowanego przeze mmie projekitn pt. |, Symfeza
kompleksowych zwigzkow srebra i eynlu na bazie kazeiny i bialek serwathi oraz nanoczgstek srebra i
tlenku cynku przez probiotyczne bakterie kwasu miskowego”, finansowanego przez Narodowe
Centrum Nauk: w ramach programm Opus 14 nr 2017/27/B/5T4/02628.

UNPMWERSYTET MIKOLALS KOPERNIKA W TORUNIU Interdysoyplinarne Centrum Nowoczesmych Technologii
ul. Wileriskca 4, E7-100 Torun, Polska, tel. +48 56 665 60 01, e-mail: ientifumbepd weanwiontumb.pl
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UMIWERSYTET
MIKOEALA KOPERM KA
W TORUNIU

‘Wipdzlat Nauk Biologicanych
Welerynary jivch

Torun, August 16, 2023
Dr. Vionica Failean

Faculty of Biological and Veterinary Sciences

Institute of Veteninary Medicine

Department of Infectious, Invasive Diseasss and Veterinary Admimstration,
ul Lwowska 1, 87-100 Torun

Interdisciplinary Center of Modemn Technologies

Micolaus Copermicns University in Torun

ul Wilenska 4, 87-100 Terun

STATEMENT

A3z a co-author of the following publications:

1. A. Rodzk, P. Pomastowski, V. Railean-Plugaru, B. Buszewski, Hybrydowe ukfady
metal-bialko w wjeciu serwathowym, Analityka: nauka i praktyka, 2021, 2, 4-12.

2. B. Buszewski, A. Rodzik, V. Ralean-Plugaru, M. Sprynskyy. P. Pomastowski, 4 sudy
of zine ions immobilization by p-lactoglobulin, Colloids and Surfaces A, 2020, 591, 1-
13, doi: 10.1016/).colsurfa. 2020124443,

3. A Fodzik, P. Pomastowskl, V. Railean-Plugaru, M. Sprynskyy, B. Buszewski, The sfudy
of zinc ions binding fo as-, -, x-casein, Intemational Joumnal of Molecular Sciences,
2020, 21(21), 1-18, doi: 10.3390/1jms2 1218096,

4 A Fodzik, A Erol-Gormiak, V. Railean-Plugam. M. Sugajski, A. Golebiowski, D. 5.
Home, B. Michalke, M. Sprynskyy. P. Pomastowski, B. Buszewski, Study on zinc ions
binding to the individual casein fractions as-, f- and x-casein, Joumal of Molecular
Structure, 20221272, dei: 10.1016/] molstrue. 2022.134251.

5. A Rodzik V. Rallean P. Pomastowski B. Buszewski, M. Szumski, Immobilized enzyme
microreactors for efficient analysis of tryptic peptides in f-casein and f-lactoglobulin,
Scientific Reports, Submission ID 3d933fac-cd31-4150-9da3-ede638f203eb.

6. A Fodznk, V. Railean, P. Pomastowski, P. iu‘l.rela__ M. W. Wong, M. Sprynskyy, B.
Buszewski Study on silver ions binding to §-lactoglobulin, Biophysical Chemistry, 2022,
291, doi: 10.1016/).bpe.2022.106897.

7. A Bod=zk, V. Railean. P. Pomastowski, P. iuvela, M. W. Wong, B. Buszewski, The
influence of zinc fons concentration on f-lacioglobulin structure — physicochemical
properties of Zn—g-lactoglobulin complexes, Journal of Molecular Structure, 2022, 1268,
1-10, doi: 10.1016/ melstruc 2022133745,

UNRVERSYTET MBODLAIA KOPERNIEA W TORUNIL Wid dat Mauk Bledogicsh | Wisterynaryjaych, ul Lwvowska 1,
BT-100 Toruh, Polika, 1l +48 56 €11 25 05, fan +48 56 611 47 71, emal:dwndin® usmi ol, wew.uami.pl
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8. A PRodzik, P. Pomastowskl, M. Buszewska-Forajta, V. Railean, A. Golebiowski, B.
Buszewski, K. Niedojadlo, K Rafinska, Mefal-profein action for the wound healing
process using murine moedel CI7BL/ST mouse, Scientific Feports, Submission ID
15404681 -edaf-4c74-885f-ae8688b6dbdT.

being part of the doctoral dissertation of MSe Agnieszki Pod=zik, I declare that my
contmbution included cooperation in the field of methodology development, analysis
(synthesis/characterization of nanocomposites, MIC and CFU), interpretation of the results
and participation in the review&editing of the manuscripts.

3 (W
f"_,.n' 5 fi.p
( iiaif
I-.. [ I_.d" L -

UNMWERSYTET MIKOLAA KOPERNIEA W TORLINIU Wyd s Maiik Biedogicsnych | Watergnargjepch, ul Lwowika 1,
BT-100 Toduh, Pokika, 1l #38 56 £11 25 05, ax +&8 58 611 47 T2, email: dvnbis@umbpl, s smicpl
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Torun, 13.03.2023 r,

Dr hab, inz. Myroslav Sprynskyy. prof. UMK
Katedra Chemii Srodowiska i Bioanalityki
Wydzial Chemii, Uniwersytet Mikofaja Kopemika
Ul Gagarina 7, 87-100

OSWIADCZENIE

Niniejszym odwiadczam, ze jako Wspolautor nastgpujacych publikacii:

1.

B. Buszewski, A. Rodzik, V. Railean-Plugaru, M. Sprynskyy, P. Pomastowski, 4 study
of zinc ions immobilization by f-lactoglobulin, Colloids and Surfaces A, 2020, 591, 1-
13, doi: 10.1016/j.colsurfa.2020.124443.

A. Rodzik, P. Pomastowski, V. Railean-Plugaru, M. Sprynskyy, B. Buszewski, The
study of zinc ions binding to ass-, -, k-casein, International Joumal of Molecular
Sciences, 2020, 21(21), 1-18, doi: 10.3390/ijms21218096.

A. Rodzik, A. Krél-Gomiak, V. Railean-Plugaru, M. Sugajski, A. Gotebiowski, D. S.
Homne, B. Michalke, M. Sprynskyy, P. Pomastowski, B. Buszewski, Study on zinc ions
binding to the individual casein fractions ass-, f- and x-casein, Journal of Molecular
Structure, 2022, 1272, doi: 10.1016/j.molstruc.2022.134251.

A. Rodzik, V. Railean, P. Pomastowski, P. Zuvela, M. W. Wong, M. Sprynskyy, B.
Buszewski Study on silver ions binding to B-lactogiobulin, Biophysical Chemistry,
2022, 291, doi: 10.1016/).bpc.2022.106897.

wehodzacych w skiad rozprawy doktorskiej mgr Agnieszki Rodzik, oéwiadczam, ze méj wklad
polegal na wspdlpracy przy dyskusji badan kinetycznych i izotermicznych.
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UMIWERSYTET
FAEDHEA LA MOFERHIKA,
W TORUMIL

Wyrrial Chamil

Tomm, 01.02.2023 1.

Dr Amna Krél-Gomiak

Interdyscypliname Centrum Nowoczesnyeh Technologii
Katedra Chemii Srodowiska 1 Bioanalityki

Wrydzial Chemii, Uniwersytet Mikolaja Kopemika

Ul. Gaganna 7. 87-100

OSWIADCZENIE

Ninigjszym oswiadczam, ze jako Wspdlautor nastepujace) publikacji:
1. A Rodzik, A Krol-Gémiak, V. Railean-Plugaru, M. Sugajski, A. Golebiowski, D. 5.
Home, B. Michalke M. Sprynskyy. P. Pomastowski, B. Buszewski, Study on zinc jons

binding to the individual casein fractions asi-, - and x-casein, Joumal of Molecular
Structure, 2022, 1272, doi: 10.1016/) molstruc.2022.134251.

wchodzace] w skiad rozprawy doktorskie] mgr Agnieszkn Rodzik, oswiadezam. ze moj wkiad
polegal na przeprowadzeniu badan elektroforezy kapilame) oraz napisanin ezesel manskrypto.

lr-E Aadd ' o
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UNIWERSYTET
MEIMOLAIA KDOPERNIKA
W TORUNIV

Widddal Chaeril

Torun, 13.03.2023 1,

Mgr Mateusz Sugajski

Interdyscypliname Centrum Nowoczesnych Technologii
Katedra Chemii Srodowiska i Bioanalityki

Wydziat Chemii, Uniwersytet Mikotaja Kopernika

Ul. Gagarina 7, 87-100

OSWIADCZENIE

Niniejszym oswiadczam, e jako Wspolautor nastgpujgcej publikacji:

1. A. Rodzik, A. Krol-Gomiak, V. Railean-Plugaru, M. Sugajski, A. Golgbiowski, D. S.
Home, B. Michalke, M. Sprynskyy, P. Pomastowski, B. Buszewski, Study on
zincionshinding to the individualcaseinfractionsag-, fi- and wx-casein, Joumal of
MolecularStructure, 2022, 1272, doi: 10.1016/j.molstruc.2022.134251.

wehodzace] w sklad rozprawy doktorskiej mgr Agnieszki Rodzik, odwiadczam, ze méj wklad
polegal na przeprowadzeniv badan dokowania molekulamego i napisaniu czedci
manuskryptu.
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: UNIWERSYTET |
MIKOLAJA KOPERNIKA 3
W TORUNIU

Wydzial Chemii

Torun, 09.08.2023 .

Mgr Adrian Golgbiowski

Interdyscyplinarne Centrum Nowoczesnych Technologii
Katedra Chemii Srodowiska i Bioanalityki

Wydzial Chemii, Uniwersytet Mikotaja Kopernika

Ul. Gagarina 7, 87-100

OSWIADCZENIE

Niniejszym o$wiadczam, ze jako Wspotautor nastgpujacych publikacji:

1. A. Rodzik, A. Krol-Goérniak, V. Railean-Plugaru, M. Sugajski, A. Golgbiowski, D. S.
Horne, B. Michalke, M. Sprynskyy, P. Pomastowski, B. Buszewski, Study on zinc ions
binding 1o the individual casein fractions asi-, - and k-casein, Journal of Molecular

Structure, 2022, 1272, doi: 10.1016/j.molstruc.2022.134251.

2. A. Rodzik, P. Pomastowski, M. Buszewska-Forajta, V. Railean, A. Gotebiowski, B.
Buszewski, K. Niedojadto, K. Rafinska, Metal-protein action for the wound healing
process using murine model C57BL/6J mouse, Scientific Reports, Submission ID
15404681-edaf-4c74-885f-ac8688b6dbd7.

wchodzacej w sktad rozprawy doktorskiej mgr Agnieszki Rodzik, oswiadczam, ze m¢j wkiad

polegal na przeprowadzeniu badan ICP-MS.
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03.03.2023 r.

David S. Horne, BSc, PhD

Affiliate Address: Wisconsin Center for Dairy Research
University of Wisconsin—Madison, WI, United States
Home Address: 2 Bighall Farm Steadings

Bathgate, West Lothian

Scotland, EH48 1LQ

STATEMENT

I hereby declare that, as a Co-author of the following publication:

1. A. Rodzik, A. Krol-Gomiak, V. Railean-Plugaru, M. Sugajski, A. Golgbiowski. D. S.
Horne, B. Michalke, M Sprynskyy, P. Pomastowski, B, Buszewski, Study on zinc ions
binding to the individual casein fractions ag-, f- and k-casein, Journal of Molccular
Structure, 2022, 1272, doi: 10.1016/j.molstruc.2022.134251.

being part of the doctoral dissertation of MSc Agnieszki Rodzik, I declare that my
contribution was to participate on co-editing of the manuscript.

—

..........................
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03.03.2023

Prof. Dr. Bernhard Michalke

Fesearch Unit Analytical BioGeoChemistry

Helmholtz Center Munich-German Fesearch Center for Environmental Health
Neuherberg 83764, Germany

STATEMENT

I herelry declare that, as a Co-author of the following publication:

1. A Rodzik, A Krol-Gomiak, V. Railean-Plugara, M. Sugajski, A. Golebiowski, D. 5.
Home, B. Michalke, M. Sprynskyy. P. Pomastowski, B. Buszewski, Study on zinc jons
binding to the individual casein fractions as;-, f- and k-casein, Journal of Molecular

Structure, 20221272 doiz 10.1016/) molstrue 2022134251,

being part of the doctoral dissertation of M3Sc Agnieszki Fodzik, [ declare that my contribution
was to participate on co-editing of the mamiseript.

Prof. Dr. Bemhard Michalke
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Torun, 9 sierpnia 2023 r.

dr hab. Michal Szumski, prof. UMK

Uniwersytet Mikolaja Kopernika w Toruniu
Interdyscyplinarne Centrum Nowoczesnych Techmologii
ul. Wileniska 4, 87-100 Torun

OSWIADCZENIE

Nini¢jszym oswiadczam, Ze jako wspolautor nastepujacej publikacji:

1. A, Rodzik, V. Railean, P. Pomastowski, B. Buszewski, M. Szumski, /mmobilized
enzyme microreactors for efficient analysis of tryptic peptides in f-casein and f-
lactoglobulin, Scientific Reports, Submission ID 5d953fac-cd31-4150-9da3-
e4e688f203eb,

wchodzacej w sktad rozprawy doktorskiej mgr Agnieszki Rodzik, oSwiadczam, ze méj wkiad
polegal na wspdlpracy przy dyskusji eksperymentéw naukowych oraz korekcie manuskryptu.

forc T
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03.03.2023 r.

Dr Petar Zuvela
Department of Chemistry
National University of Singapore

3 Science Drive 3, 117543, Singapore

STATEMENT

I hereby declare that, as a Co-author of the following publication:

1. A. Rodzik, V. Railean, P. Pomastowski, P. Zuvela, M. W. Wong, M. Sprynskyy, B.
Buszewski Study on silver ions binding to p-lactoglobulin, Biophysical Chemistry,
2022, 291, doi: 10.1016/j.bpc.2022.106897.

2. A. Rodzik, V. Railean, P. Pomastowski, P. Zuvela, M. W. Wong, B. Buszewski, The
influence of zinc ions concentration on f-lactoglobulin structure — physicochemical
properties of Zn—p-lactoglobulin complexes, Journal of Molecular Structure, 2022,
1268, 1-10, doi: 10.1016/j.molstruc.2022.133745.

being part of the doctoral dissertation of MSc Agnieszki Rodzik, I declare that my contribution
was participation in design, simulations and investigation (pertaining to the molecular dynamics
and DFT calculations for this study), visualization and validation of data as well as writing and
editing of the manuscripts.

215



Faculty of Science
Department of Chemistry

Prof. Ming Wah WONG

Department of Chemistry

National University of Singapora

3 Science Drive 3, Singapore 117543
Email: chmwmw@nus.edu.sg

Tel: +65 68744320, Fax: +65 67791691
Sth March 2023

Statement of Co-authorship

I hereby declare that, as a Co-author of the following publications:

1. A.Rodzik, V. Railean, P. Pomastowski, P. Zuvela, M. W. Wong, M. Sprynskyy, B. Buszewski
Study on silver ions binding to B-lactoglobulin, Biophysical Chemistry, 2022, 291, doi:
10.1016/j.bpc.2022.106897.

2. A.Rodzik, V. Railean, P. Pomastowski, P. Zuvela, M. W. Wong, B. Buszewski, The influence
of zinc jons concentration on B-lactoglobulin structure — physicochemical properties of Zn—
B-lactoglobulin complexes, Journal of Molecular Structure, 2022, 1268, 1-10, doi:
10.1016/j.molstruc.2022.133745.

being part of the doctoral dissertation of M.Sc. candidate Agnieszki Rodzik, I declare that my
contribution was the computational studies.

Yours sincerely,

3 Science Drive 3, Singapore 117543 Tel: (65) 6516 2659 Fax: 6779 1691
Website: http://www.nus.edu.sg

216






UNIWERSYTEY
MIKOEAJA KOPERNIKA
W TORUNIU

Widziat Chemil

Torun, 09.08.2023 r.

Dr hab. Katarzyna Niedojadio, prof. UMK
Katedra Biologii Komérkowej i Molekularnej
Wydzial Nauk Biologicznych i Weterynaryjnych
Uniwersytet Mikolaja Kopernika

ul. Lwowska 16, 87-100

OSWIADCZENIE

Niniejszym o$wiadczam, ze jako Wspolautor nastepujacej publikacji:

1. A. Rodzik. P. Pomastowski. M. Buszewska-Forajta, V. Railean, A. Golgbiowski, B.
Buszewski, K. Niedojadlo, K, Rafinska, Meral-protein action for the wound healing
process using murine model C57BL/6J mouse. Scientific Reports, Submission ID
15404681-edaf-4¢74-885f-ae8688b6dbd7.

wehodzacej w sklad rozprawy doktorskiej mgr Agnieszki Rodzik, oswiadczam. ze moj wkiad
polegal na przeprowadzeniu badan mikroskopowych.

...........................................

218



UNIWERSYTET
MDA KO PE RMIEA
W TCRLINR

Wigdzial Chems

Torun, 09082023 r.

Dr hab. Katarzyna Rafinska, prof. UME

Katedra Chemii Srodowiska i Bioanalityki
Wydzial Chemii, Uniwersytet Mikolaja Kopernika
Ul Gagarina 7, 87-100

OSWIADCZENIE

Ninigjszym oéwiadezam, 2¢ jako Wspilautor nastepujacej publikacii:

. A. Rodzik. P. Pomastowski, M. Busrewska-Forajia, V. Railean, A. Golebiowski, B,
Buszewski, K. Niedojadlo, K. Rafinska, Meial-protein aciion for the wound healing
process using murine model C37BLGS mouse, Scientific Reporis, Submission 1D
1540468 | -edaf-4cT4-885 f-acBaRBhadbd 7,

wehodzgeej w sklad rozprawy doktorskiej mer Agnieszki Rodzik, oswiadezam, 2o maj whiad
polegal na przeprowadzeniu badan mikroskopowych i napisaniv czesei manuskrvptu.

Rfeyre Bl

219



