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Wykaz skrotow

AF4, frakcjonowanie przeptywowe w asymetrycznym polu sit przeptywu, asymmetric flow
field flow fractionation

CE, elektroforeza kapilarna, capillary electrophoresis

Da, Dalton, Dalton

DHB, kwas 2,5-dihydroksybenzoesowy, 2,5-Dihydroxybenzoic acid
DLS, dynamiczne rozpraszanie $wiatla, dynamic light scattering

EDX, spektroskopia rentgenowska z dyspersja energii, energy dispersive X-ray
spectroscopy

FFF, frakcjonowanie w polu sit przeptywu, field flow fractionation

FT IR, spektroskopia w podczerwieni z transformata Fouriera, Fourier-transform infrared
spectroscopy

HCCA, kwas a-cyjano-4-hydroksycynamonowy, a-Cyano-4-hydroxycinnamic acid

ICP/MS, spektrometria mas z indukcyjnie sprzezong plazma, inductively coupled plasma
mass spectrometry

MALDI, desorpcja/jonizacja laserem wspomagana matryca, matrix-assisted laser
desorption/ionization

MALS, wielokatowe rozpraszanie $wiatta, multi angle light scattering

MS, spektrometria mas, mass spectrometry

Pdi, wskaznik polidyspersyjnosci, polydispersity index

SA, kwas synapinowy, sinapic acid

SEC, chromatografia wykluczania, size-exclusion chromatography

SEM, skaningowa mikroskopia elektronowa, scanning electron microscopy
SLS, statyczne rozproszenie $wiatla, static light scattering

SP ICP/MS, spektrometria mas z indukcyjnie sprz¢zong plazmg pojedynczych czastek,
single particle inductively coupled plasma mass spectrometry

TEM, transmisyjna mikroskopia elektronowa, transmission electron microscopy
TOF, czas przelotu, time of flight

UV, ultraviolet, ultraviolet
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Wstep
Poznawanie mechanizméw i znaczenia odziatywaniami pomiedzy koloidami
stanowi punkt wyjScia w interpretacji zjawisk przejs¢ fazowych jak rowniez ocene

i charakterystyke produktow wdrazanych w licznych gat¢ziach przemystu [1].

Uktad koloidalny to pojecie odnoszace si¢ do mieszaniny co najmniej dwoch
sktadnikow. Pierwszym skladnikiem jest czastka fazy rozproszonej a drugim
czastki/czasteczki fazy rozpraszajacej. Wskaznikiem determinujagcym charakter
koloidalny czastek fazy rozproszone;j jest ich rozmiar; w zakresie od 1 nm do 1000 nm
(rozmiar wyrazony dla co najmniej jednego z kierunkow) [2]. Czasteczki fazy
rozpraszajacej stanowig faze ciaggla. Stan skupienia czastek fazy rozpraszajacej
oraz rozproszonej jest dowolny; moze by¢ staly, ciekly lub gazowy. Poszczegolne
kompozycje obydwu faz noszg odrgbne nazwy. Dla przyktadu, czastki fazy rozproszonej
o stanie skupienia staltym rozproszone w cieczy nosza nazwe zolu, natomiast nazwa
ukladu stanowiacego czastki w stanie cieklym rozproszone w cieczy to emulsja.
W zalezno$ci od stopnia powinowactwa fazy rozproszonej do wody, koloidy mozna
sklasyfikowa¢ jako hydrofilowe (przewazaja sity przyciagajace pomiedzy czastkami
a czasteczkami wody) lub hydrofobowe (przewazaja sity odpychajace). Przyktadami
czastek o cechach hydrofilowych sg niektore biatka oraz polisacharydy [3].

Czastki koloidalne wykazuja kilka specyficznych wtasciwosci 1 cech, ktore
pozwalaja na ich charakterystyke, jak rowniez odroznienie czastek koloidalnych
od czasteczek tworzacych roztwory rzeczywiste. Czastki koloidalne wykazuja
specyficzne ruchy czastek w fazie rozpraszajacej ptynnej (np. ciecz lub gaz) nazywane
ruchami Browna [4]. Pierwsze z postulowanych przyczyn wystgpowania tego zjawiska
sa podawane w pionierskich pracach Einsteina [5] oraz Smoluchowskiego [6]. Czastki
koloidalne wykazywaty spontaniczny i chaotyczny ruch makroskopowy w plynie
wynikajacy z ciaglych zderzen czastek koloidu z czasteczkami ptynu. Z kolei
przemieszczanie si¢ czastek w systemie wzgledem gradientu stezenia, nazywane

dyfuzja, moze by¢ rozpatrywane jako makroskopowy obraz ruchow Browna [7].

Rozproszenie $wiatla zachodzace na czastkach koloidalnych jest kolejng z cech

charakterystycznych i stanowi wraz z ruchami Browna oraz dyfuzja podstawowe
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zatozenia technik instrumentalnych dynamicznego (DLS) [8] i statycznego (SLS) [9]
rozproszenia $wiatta, jak rowniez technik separacyjnych z rodziny frakcjonowania
w polu sit przeptywu (FFF) [10-12]. Wystepowanie przeptywu laminarnego jest rowniez
warunkiem zachodzenia separacji czastek podczas analiz wykonywanych za pomoca

frakcjonowania przeptywowego w asymetrycznym polu sit przeptywu (AF4).

Czastki koloidu wykazuja w medium réwniez tendencje do zachodzenia reakcji
kwasowo-zasadowych w wyniku miedzy innymi dysocjacji grup funkcyjnych zdolnych
do jonizacji. Prowadzi to w efekcie to powstawania natadowanej elektrycznie czagstki
koloidalnej w medium [13]. Ladunek elektryczny moze by¢ rozpatrywany
jako rozproszony na powierzchni czgstki. W medium cieklym, powoduje to przeptyw
jonow (kationébw oraz aniondéw) w kierunku natadowanej elektrycznie czastki
koloidalnej oraz specyficzng dystrybucje tych jonow wzgledem czastki; powstajaca
podwojna warstwa dyfuzyjna zlozona z $cisle zwigzanych jonéw o przeciwnym znaku
tadunku elektrycznego do czastki tworzy warstwe Sterna, z kolei do tej warstwy
przylaczaja si¢ oraz oddzialuja jony o przeciwnym znaku (warstwa dyfuzyjna),
az do ustalenia si¢ réwnowagi [14]. Wartos¢ tadunku elektrycznego wyznaczona
W miejscu pomiedzy warstwa Sterna a dyfuzyjng nazywana jest potencjatem zeta [14].
Parametr ten jest jednym z kluczowych stosowanych do charakterystyki koloidow
oraz opisu odziatywan koloid-koloid oraz koloid-jony, jak rowniez opisu zjawiska

stabilno$ci uktadu koloidalnego.

Wystepowanie tadunku elektrycznego na powierzchni czgstki koloidalnej stanowi
przyczynek do zapewnienia stabilnosci uktadu koloidalnego. Czastki, ktore posiadaja
wystarczajaco wysoki fadunek elektryczny (przyjeto £ 30 mV) [15] wykazuja zdolnos¢
do elektrostatycznego odpychania si¢ czastek. Zgodnie z teorig DLVO, akronim
pochodzi od nazwisk twércéw (Boris Derjaguin, Lev Landau, Evert Verwey, Theodoor
Overbeek), postulujgcg  wystepowanie  sit  elektrostatycznego  przyciaggania
oraz odpychania, ktére wskazuja na Kkierunek oraz szybkos¢ zachodzenia procesu
aglomeracji czastek [16]. Aglomeracja jak rowniez procesy jednostkowe oligomeryzacji
polegaja na laczeniu sie pojedynczych czgstek (monomerow) w bardziej liczne

kompleksy czastek, co w koncowym efekcie moze powodowaé utworzenie czgstki
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0 bardzo duzej masie czasteczkowej i gestosci, ktorej wartos¢ bedzie wyzsza od gestosci
rozpuszczalnika, czego efektem bedzie sedymentacja czastek w cieczy. Przyjeto
stosowa¢ termin stabilnosci koloidalnej odnoszacej si¢ do zachodzacego w wolnym
stopniu procesu aglomeracji czastek [17]. Wartosci potencjatu zeta oraz zaleznoSci
od zmiennych eksperymentalnych (takich jak pH czy sita jonowa) moga by¢ wyznaczane
poprzez odpowiednig aparatur¢ analityczng [18,19]. Uzycie aparatury stuzacej
do wyznaczania potencjalu zeta, oprocz wystepowania dystrybucji tadunku
elektrycznego zlokalizowanego na czastkach, zaktada wystepowanie ruchow Browna
i dyfuzji (innymi stowy analizowana czastka powinna by¢ w stanie koloidalnym). Ruch
natadowanych czastek w zewngtrznym polu elektrycznym jest nazywany zjawiskiem
elektroforetycznym. Zjawisko stanowi podstawe technik elektromigracyjnych takich
jak elektroforeza: zelowa, kapilarna CE czy izotachoforeza jak rowniez

elektrochromatografia [20,21].

Koloidy wykazuja silne efekty solwatacyjne majagce wptyw na szereg wspomnianych
juz wilasciwosci (wielko$¢ czastek, potencjat elektrokinetyczny) [22]. Niektore
z polimeréw hydrofilowych posiadaja wilasciwosci do tworzenia trojwymiarowe;j
struktury w wyniku indukowanego chemicznie lub fizycznie sieciowania, a typowym
zwigzkiem ulegajagcym temu procesowi sg pektyny, ktory stanowi przyktad

polisacharydu hydrofilowego [23] oraz ,,zelatyna”.

Wymienione juz wczes$niej niektére z technik separacyjnych stosowanych
do analizowania koloidow majg szczegodlnie wazne zastosowania dla tego uktadu.
Wynika to z faktu, ze koloidy naturalnie najczgsciej wystepuja w stanie silnie
heterogenicznym. Heterogeniczno$¢ wystepuje pod wieloma wlasciwosciami:
od budowy strukturalnej, masy molowej, wielkosci czastek czy przyjmowanych
konformacjach koloidu w fazie rozpraszajacej lub moze by¢ skutkiem prowadzonych
procesOw syntez czy tez izolowania koloidow z probek rzeczywistych. Rozpatrujac
dogtebniej koloidy, mozna zauwazy¢ wplyw, jaki wywieraja odpowiednie modyfikacje
post translacyjne na wilasciwosci biatek czy dystrybucje tadunku elektrycznego

na czastkach, co pdzniej ma przetozenie na wlasciwosci aplikacyjne oraz uzytkowe [24].
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Selekcja technik separacyjnych wykorzystywanej do danego zastosowania jest
uzalezniona od kilku czynnikéw, takich jak nominalny zakres wielkos$ci czastek, ladunek
elektryczny czy stopien rozgalgzienia polimeréw. Wykazano, ze zastosowanie AF4
w kontekscie analizy silnie rozgatezionych polimerow jest szczegélnie optymalnym
wyborem, ze wzgledu na panujgce stosunkowo tagodne warunki podczas separacji
rozumiane jako wystepujace niskich ciSnien wewngtrz kanalu oraz potencjalnie
niewielka powierzchnia kontaktu czastek analitu z powierzchnig stala membrany
polprzepuszczalnej (porownujac do SEC fazg stacjonarna). Zauwazono, ze notowane
wyzsze warto$ci parametrow podczas analizy wykonywanej przez SEC moga sprzyjaé
wystepowaniu: dysocjacji komplekséw powstaltych na drodze stabszych od wigzania
kowalencyjnego elektrostatycznego przyciagania, znaczacego efektu adsorpcji czastek
do fazy stacjonarnej, niewytlumaczalnych zmian konformacji jak rowniez tworzenia si¢
produktow czesciowej degradacji struktury pierwotnej dla kompleksoéw niestabilnych
[25]. Dodatkowo, techniki przeplywowe cechujg si¢ szerokim zakresem warunkow
separacji, rozumianej jako skali pH, sity jonowej, dodatku substancji organicznych
czy temperatury. Natomiast charakteryzowanie czastek za pomocg MALS pozwala
na bezposrednie wyznaczenie rozkladu wielkosci promieni bezwladnos$ci oraz mas
molowych. Nalezy rowniez dodaé, ze =zaleta jest rowniez charakteryzowanie
w warunkach odpowiadajacych sktadu fazy cieczy nosnej, a przez to implementacje tych
warunkow jako na przyklad fizjologicznych. Wyznaczanie masy molowej substanciji,
wielkosci czastek, konformacji oraz §ledzenie zmian tych wartosci powstatych w wyniku
réznego typu reakcji (syntezy nowych substancji, odziatywania liganda ze substratem,
Sledzenie produktéw degradacji itp.) moze by¢ wykorzystywane w badaniach
nad oddziatywaniami pomiedzy polimerami, jak zostalo zaprezentowane na przyktadzie
charakteryzacji reakcji syntezy przeprowadzonej pomigdzy polimerami PVP a PAMPS
[26], pomigedzy biatkami [27], kropek kwantowych z biatkiem [28], czasteczek DNA
z chitozanem [29], badaniami nad indukowanymi foto katalitycznie zmianami
w (nano)czastkach  srebra [30] jak réwniez charakteryzowaniu koniugacji
oligonukleotydu z  (nano)czastkami ztota, stosujac przy tym detekcje on-line
ICP/MS [31].

10
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Niektdre metale mozna sklasyfikowac¢ jako tzw. metale ci¢zkie. Pojecie odnosi si¢
do charakteryzowania i klasyfikacji metali w $wiecie nauk biologicznych
czy srodowiskowych. Trudno wskaza¢ precyzyjne kryteria pozwalajace na klasyfikacje
metali zaliczanych do grupy ,.ciezkich”, jednakze czgsto definiowanie terminu odnosi
si¢ do parametru gestosci metalu. Wartos¢ graniczna gestosci rowniez jest przedmiotem
dyskusji, jednakze najnizsza warto$¢ gestosci, ktorg autorzy proponuja Wynosi powyzej
3.5 g/cm?® [32]. W naukach biologicznych czesto odnosi si¢ ten termin do parametru

toksycznosci, ktérg metal moze wywiera¢ na srodowisko czy organizmy zywe.

Typowymi przykladami metali wykazujacymi potencjalnie toksyczny charakter
na srodowisko sa As, Cd, Cr, Cu, Pb, Hg, Ni, Se, Zn [33]. Przyktadowo, rte¢ wystepuje
naturalnie w srodowisku i nawet przy niskich st¢zeniach moze powodowaé powazne
zagrozenie dla zdrowia czy zycia, szczegOlnie dla dzieci [34]. W kontekscie oceny
charakteru toksyczno$ci metalu waznym aspektem jest dawka, stezenie, ktére bedzie
wywierato toksyczny efekt na $rodowisko. Cynk przy wyzszych stezeniach moze
powodowac skurcze zoladka, podraznienia skory, wymioty, nudnos$ci i anemig,
jednoczesnie jest uznawany za niezbgedny mikroelement do prawidlowego
funkcjonowania wielu orgazméw zywych, poniewaz miedzy innymi wspiera
prawidtowe funkcjonowanie uktadu odporno$ciowego, gojenie si¢ ran, krzepniecie krwi,
czynno$¢ tarczycy oraz zmysty smaku i wechu [35]. Srebro znane jest z wykazywania
wlasciwosci przeciwdrobnoustrojowych, jednakze chroniczne i wysokie narazenie moze
skutkowa¢ uszkodzeniem nerek, watroby, podraznieniem skory i1 oczow oraz
niekorzystnych zmian w drogach oddechowych i jelitach oraz w komérkach krwi [36].
Kadm wykazuje wiele toksycznych dziatan na réznorakie narzady, migdzy innymi przy
chronicznym narazeniu powoduje demineralizacje kosci oOraz naraza nerki
na wystepowanie dysfunkcji kanalikowej [37]. Przez wiele lat zastosowanie miedzi
w roznych gateziach przemystu i gospodarki byto szerokie: od zastosowania zwiazkow
zawierajacych miedz w $rodkach przeznaczonych do dezynfekcji poprzez s$rodki
przeciwdrobnoustrojowe, a skonczywszy na przemysle oraz metalurgii [38].
Dodatkowo, miedz jest jednym z niezbednych pierwiastkow do przeprowadzania

metabolizmu w roslinach i1 zwierzetach. Jednakze czastki miedzi potrafig uszkadzac
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komorki na wiele sposobow, miedzy innymi poprzez wspotudziat w procesach utlenianiu
thuszczow 1 biatek [39].

Waznym zagadnieniem w kontek$cie charakteryzowania toksyczno$ci metali
cigezkich na srodowisko czy tez efektow dziatania jest wyznaczanie form wystepowania
danego pierwiastka, poniewaz wystepuje silne rozréznienie wzgledem toksycznosci
czy dziatania wobec form, czyli tak zwanej specjacji pierwiastka, takich jak rozne
stopnie utlenienia, wplyw liganda czy tez obecno$¢ specyficznych ugrupowan
chemicznych obecnych zwigzanych z metalem [40]. Na podstawie tego opracowywane
sa nowe kompozytowe materiaty faczace w sobie cz¢s$¢ metaliczng wraz z odpowiednio
dobranym zwiazkiem, najczeSciej charakteru makrocyklicznej czastki, na przyktad
koloidu (biatka, polisacharydu, cyklitoli) [41,42]. Takie podejScie ma na celu otrzymanie
nowego typu materiatu o pozytywnych wlasciwosciach (rowniez synergicznych)
dyktowanych przede wszystkim poprzez obecnos¢ jonéw metali oraz wykorzystanie
liganda w celu zapewnienia optymalnych wlasciwosci biologicznych kompleksu
oraz przede wszystkim redukowanie toksyczno$ci preparatu poprzez utworzong
modyfikacje  organiczng, ktdora zmienia, czesto poprawia,  wiasciwosci,
np. biodostgpnos$¢, szybkos¢ uwalniania jonéw metali jak réwniez ma wplyw
na stabilno$¢ oraz miejsca uwalniania jonow w trakcie przewodu pokarmowego

cztowieka [43].

Odziatywania pomiedzy koloidami oraz koloidami a jonami metali mogg by¢ rézne;j
natury. Mozna zaktadaé, ze ze wzgledu na obecno$¢ grup funkcyjnych obecnych
w strukturze  koloidow zdolnych do jonizacji, odziatywania elektrostatyczne
(rownowaga pomiedzy elektrostatycznym przycigganiem oraz odpychaniem) beda
pehity kluczowa role w powstawaniu zwigzkoéw typu koloid-metal w odpowiednich
warunkach s$rodowiska; pH, sita jonowa, temperatura itd. [44,45]. Odzialywania
prowadzace do oligomeryzacji (oprocz elektrostatycznych) moga zawiera¢ rowniez
odzialywania hydrofobowe, wiagzania wodorowe [46] czy mostki dwusiarczkowe
w przypadku biatek [47]. Na rysunku 1 przedstawiono ro6zne odmiany odziatywan
ze wskazaniem na najczgsciej spotykane grupy funkcyjne odpowiedzialne za ich

wystepowanie.
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Grupy funkcyjne Nazwa
odzialywania
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Elektrostatyczne
przyciaganie
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OO O ... hydrofobowe
OO S—— 5§ . ... Mostki
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Elektrostatyczne
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Rys. 1 Przedstawienie wybranych typéw oddzialywan wystepujacych pomig¢dzy
koloidami.

W ramach przedstawionej dysertacji pt. ,,Uklady koloidalne oraz ich odziatywania
Z wybranymi metalami cigzkimi” poruszono wyzej wymienione tematy, ktore zostaty
zawarte w serii pieciu [P1-P5] spojnie tematycznie publikacji naukowych

opublikowanych w czasopismach z listy JCR.

[P1] Golebiowski, Adrian & Buszewski, Bogustaw. (2023). Characterization of
colloidal particles of a biological and metallic nature, Microchemical Journal, 108864,
https://doi.org/10.1016/j.microc.2023.108864.

[P2] Golebiowski, Adrian & Kowalkowski, Tomasz & Buszewski, Bogustaw.
(2020). Molecular parameters of low methoxylated pectin affected by gelation with
copper and cadmium cations. Bioactive Carbohydrates and Dietary Fibre. 21. 100211.
10.1016/j.bcdf.2020.100211.
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[P3] Golebiowski, Adrian & Pomastowski, Pawel & Rodzik, Agnieszka &
Krol-Gorniak, Anna & Kowalkowski, Tomasz & Gorecki, Marcin & Buszewski,
Bogustaw. (2020). Isolation and Self-Association Studies of Beta-Lactoglobulin.
International Journal of Molecular Sciences. 21. 10.3390/ijms21249711.

[P4] Golebiowski, Adrian & Pomastowski, Pawel & Rafinska, Katarzyna &
Zuvela, Petar & Wong, Ming & Pryshchepa, Oleksandra & Madajski, Piotr &
Buszewski, Bogustaw. (2022). Functionalization of Alpha-Lactaloumin by Zinc lons.
ACS Omega. 7, 43, 10.1021/acsomega.2c03674.

[P5] Golebiowski, Adrian & Pomastowski, Pawel & Rafinska, Katarzyna &
Zuvela, Petar & Wong, M.W. & Madajski, P. & Buszewski, Bogustaw. (2022). Binding
of silver ions to alpha-lactaloumin. Journal of Molecular Structure. 1270. 133940.
10.1016/j.molstruc.2022.133940.

Wymienione publikacje zamieszczono w catos$ci na koncu dysertacji. Praca [P1]
to artykut przegladowy, ktory wraz z przedstawionym Wstgpem stanowi cze$¢
teoretyczng do niniejszej dysertacji. Oryginalne publikacje zawarte w pozycjach [P2-P5]

ukazujg obecny stan wiedzy o tematyce badawczej.
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Cele badawcze pracy

Nadrzednym celem pracy byto badanie odzialywan pomiedzy wybranymi koloidami

oraz jonami metali.

Cel ten realizowano na grupie wyselekcjonowanych zwigzkéw: pektynach,

beta-laktoglobulinie, alfa-laktoalbuminie oraz jonéw metali, szczegdlnie z grupy metali

ciezkich: miedzi, kadmie, cynku oraz srebrze.

Pektyny

Beta-
laktoglobulina

Alfa-
laktoalbumina

Wybrane
techniki ) ) )
anaefi:tyr;'z.:e; Badanie odziatywan
ICP/MS pomiedzy wybranymi
AF4 koloidami oraz
MALS jonami metali
MALDI
Kationy:
Miedzi
Kadmu
Cynku
Srebra

Rys. 2 Zarys podejmowanej tematyki.

Rozpatrywane
Zjawiska:
Dyfuzja
Rozproszenie
Swiatta
Potencjat
elektrokinetyczny

Stabilnos¢
koloidalna

Sorpcja

Aktywnosé
biologiczna
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Celami szczegotowymi byty:

1. Opracowanie nowych metod analitycznych AF4 stuzacych do separowania
i charakteryzowania czgstek pektyn oraz beta-laktoglobuliny.
Charakteryzowanie procesu zelowania pektyn indukowanymi przez kationy miedzi
oraz kadmu poprzez monitorowanie zmian w wielko$ci czgstek, rozmiaréw
fraktalnych, dystrybucji czastek oraz zawartosci kadmu w czastkach w funkcji czasu
trwania syntezy.
Charakteryzowanie  form  oligomerycznych  oraz  procesu  aglomeracji
beta-laktoglobuliny przy pH 3.0, 5.0 oraz 7.0 oraz wyznaczenie dodatkowych
czynnikow warunkujacych réwnowage form biatka w mieszaninie.
2. Charakteryzowanie stabilnosci koloidalnej pektyn, beta-laktoglobuliny
oraz alfa-laktoalbuminy.
3. lzolowanie beta-laktoglobuliny z mieszaniny izolatu biatek serwatkowych
oraz wykonanie fizykochemicznej charakterystyki biatka.
4. Opracowanie protokotéw syntezy kompleksow alfa-laktoalbuminy
z kationami cynku oraz srebra.
5. Charakteryzacja przebiegu reakcji syntezy komplekséw alfa-laktoalbuminy
z kationami cynku oraz srebra, fizykochemiczne charakteryzowanie
produktu ze szczegélnym nastawieniem na poznawanie chemizmu
(odnoszenie si¢ do pojecia sorpcji, wyznaczaniu grup funkcyjnych
uczestniczacych w odziatywaniu itp.)
6. Wyznaczanie parametréw: stabilno$ci komplekséw w syntetycznych ptynach
pokarmowych, badania nad aktywno$cig biologiczng kompleksow
w uktadzie in vitro przeprowadzonych w kontekscie aplikacyjnosci

kompleksow alfa-laktoalbuminy z kationami cynku oraz srebra.

Na rysunku 2 przedstawiono w sposob graficzny kwestie dyskutowane w pracy.
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Przedmiot badan oraz komentarz

[P1] Characterization of colloidal particles of a biological and metallic nature

Microchemical Journal

W pracy podjeto dyskusje nad charakteryzowaniem czastek koloidalnych
0 biologicznym oraz metalicznym pochodzeniu. Dokonano przegladu 130 prac zrodtowych,
na podstawie ktorych zostat przedstawiony temat badawczy. Praca sklada si¢ z pigciu
zasadniczych czesci. Za cel pierwszej cze$ci postanowiono przedstawienie zaplecza
teoretycznego popularnie stosowanych technik stuzacych do charakteryzowania rozktadu
wielko$ci i mas molowych czastek. Dokonywano poréwnania pomiedzy technikami,
uwzgledniajac parametry, takie jak zakres stosowalnosci technik oraz ich =zalety
oraz ograniczenia. Wykazano, ze istniejg  techniki analityczne  pozwalajace
na charakteryzowanie koloidow w szerokim zakresie wielkosci czastek oraz specyficznej

natury, ktore sa wzajemnie komplementarne.

Jednym z glownych problemow spotykanych podczas analizy probek koloidow jest
ich bardzo duza polidyspersyjno$¢ mierzona poprzez indeks polidyspersyjnosci. Techniki
analityczne oparte na rozproszeniu $wiatta (dynamicznym oraz statycznym), pomimo
bezposredniego pomiaru masy oraz wielkoSci czastek (intensywno$¢ rozproszonego
statycznie $wiatta na czastce bezposrednio koreluje z wielkoscia czastki), duzej precyzji
oraz uniwersalnos$ci zastosowan, cz¢sto zawodza (pomiary prowadzone wskazujg na btedne
warto$ci) podczas analizy probek w stanie polidyspersyjnym w wielkosci czastek, ktdra jest
czesto spotykana dla probek w stanie natywnym (pomiar bezpo$rednio po procesie
przygotowania probka na sposéb rozpuszczenia/zawieszenia koloidu w fazie
rozpraszajacej). W tym kontek$cie dyskutowano i przedstawiano rdzne mozliwosci
rozwigzywania tego problemu. Wskazano, Ze jednym z tych rozwigzan moze by¢
zastosowanie technik separacyjnych w celu charakteryzowania w trybie on-line
poszczegbdlnych frakcji czastek. Jednakze t0 podejscie niestety niesie za sobg pewne
trudnosci w postaci czesto niezadawalajacych odzyskoéw substancji po procesie separacji.
Jednymi z przyczyn utraty substancji podczas separacji moga by¢ odziatywania

(elektrostatycznie przyciggajace lub wodorowe itp.) analizowanych czastek koloidu
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Z wypelieniem fazy stacjonarnej (w przypadku SEC) lub membrany potprzepuszczalnej
(dla AF4). Jednakze dzigki przeprowadzonej optymalizacji metod analitycznych mozliwa
jest znaczgca poprawa wartosci odzysku. Dyskutowano réwniez nad krytyczng cechg
koloidow, jaka jest ksztalt czgstek oraz znaczenie tego parametru dla niektorych typow
stosowanych technik. Ze wzgledu na to, ze cze$¢ stosowanych technik odnosi si¢ czesto
wprost do zatozenia sferycznego ksztaltu podczas kalkulacji wynikow, dyskutowano

nad mozliwymi dokonaniami transformacji uzyskiwanych dystrybucji wielkosci czgstek.

W drugiej czesci poruszono temat terminu potencjatu zeta jak roéwniez metodologii
wyznaczania jego wartosci. Przedstawiono zatozenia teoretyczne oraz konsekwencje
wynikajgce z doboru parametrow zmiennych eksperymentalnych (iloczyn promienia jonu
oraz dtugos¢ Debye’a) w kontekscie relacji faza-rozproszona (czastka koloidu) - faza
rozpraszajaca (ciecz). Przedstawiono znaczenie terminu stabilno$ci dla koloidu
oraz wyszczegoélniono dwa z potencjalnych mechanizmow stabilizowania mieszaniny
(elektrostatyczny oraz steryczny) oraz zalezno$¢ obu procesOw z wartoscig potencjatu zeta.
Dyskutowano rowniez nad parametrami majacymi wplyw na warto$¢ potencjatu zeta, takimi
jak pH, sita jonowa, adsorpcja drugiego koloidu oraz debatowano nad efektami, jakie
wywieraja roznego rodzaju kationy oraz aniony na warto$¢ potencjalu zeta oraz stabilnos¢

koloidalna.

W Kolejnej, trzeciej czesci artykutu przedstawiano potencjalne mechanizmy
oddziatywania koloidow z jonami metali. Wskazywano, jaka rol¢ petnig poszczegdlne grupy
funkcyjne czastek koloidow w procesach ogolnie pojetych sorpcji jondéw metali
na koloidach. Przedstawiano poszczegdlne techniki analityczne, ktére moga by¢ stosowane

w charakteryzowaniu mechanizméw oddziatywania.

W czwartym rozdziale przedstawiano metody przygotowania probki do analizy
pierwiastkowej oraz wyznaczania rozmiaru czastek za pomoca techniki SP ICP/MS.
W kolejnym rozdziale przedstawiano mozliwe zastosowania wybranych technik
separacyjnych do analizowania probek w kontek$cie badan nad specjacjg pierwiastkow,
ustalania mechanizméw odziatywan koloidow z jonami metali w obszarze nauk

biologicznych oraz gatg¢ziach inzynierii.
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[P2] Molecular parameters of low methoxylated pectin affected by gelation with copper
and cadmium cations

Bioactive Carbohydrates and Dietary

Celem pracy byta charakterystyka pektyn (promieni bezwtadnosci jako miary
wielko$ci czgstek, mas molowych, rozmiarow fraktalnych, indeksu polidyspersyjnosci
oraz warto$ci potencjatu zeta) oraz procesu zelowania z udziatem jonow metali kadmu
oraz miedzi. Eksperymenty przeprowadzano w specyficznych warunkach fazy rozproszonej,
jaka byta woda podwdjnie destylowana. Wybrano ten uktad ze wzgl¢du na potrzebe
minimalizowania efektow elektrostatycznego przestaniania grup funkcyjnych pektyn przez
jony pochodzace z rozpuszczalnika, ktore prowadzityby do konkurencyjnej reakcji
pomiedzy jonami sieciujgcymi pektyny w badaniach prowadzonymi nad Zzelowaniem.
Kolejnym zagadnieniem bylo wyznaczenie zmian w dystrybucji wielkosci czastek
oraz konformac;ji zeli pektyn wraz z uptywem czasu trwania procesu zelowania. Powigzane
z tym Kkolejne pytanie odnosito si¢ do wyznaczenia dystrybucji zawarto$ci metali
w czastkach zeli pektyn wraz z czasem trwania procesu. Podjeto probe utworzenia metod

analitycznych stuzacych do ilosciowego oznaczania zawartos$ci metali w frakcjach.

Pektyny to przyktad polisacharydu o wtasciwosciach hydrofilowych. Zgodnie z definicja
pektyny to substancja zawierajaca co najmniej 65% masy kwasu galakturonowego [48].
Pektyny przyjmuja nieustrukturalizowang budowe przestrzenna, jednakze mozna wyr6znic¢
regiony zbudowane z silnie rozgat¢zionych i heterogenicznych blokow przede wszystkim
ramnogalakturonanu | oraz ramnogalakturonanu Il (ang. hairy region) oraz liniowo
potaczonego homogalakturonanu (ang. smooth region). Na rysunku 3 przedstawiono
fragment ze struktury pektyn, na ktorym wyr6zni¢ mozna dwa gtowne tancuchy budujace
pektyny: Ramnogalakturonan | oraz homogalakturonan. Pierwszy z nich zbudowany jest z
powtarzajacych sie jednostek reszt kwasu galakturonowego i ramnozy, rozgalezienia
tancucha powstajg poprzez przytaczenie reszt galaktozy lub arabinozy oraz ich pochodnych
do reszty ramnozy. Parametrami charakteryzujacymi pektyny sa stopnie: estryfikacji
(wyrazajacy procent estryfikowanych grup karboksylowych kwasu galakturonowego);

acetylacji oraz amidacji (wyrazajgce z kolei stopnie podstawienia grupami odpowiednio
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acetylowymi czy amidowymi) [49,50]. Modyfikacje te wystepuja naturalnie za wyjatkiem

amidaciji.
(0 kwas D-gatakturonowy Ramnogalakturonan | [ ]
@ podstawnik metylowy lub acetylowy e \\ .
- L-ramnoza ) // N\ -
- D-galaktoza lub L-arabinoza i ich pochodne ':// -
7
homogalakturonan /,/ "
N/ [ -
\ /,./ - .
dondedhessonndossnsnan

-

-

-

)

)

]

)

-

Rys. 3 Fragment z czasteczki pektyn przedstawiajacy dwie gldwne tancuchy budujace
strukturg: ramnogalakturonan | oraz homogalakturonan.

Maja decydujacy wptyw na chemiczny i fizyczny charakter pektyn, w tym warunkuja
zdolno$¢ oraz mechanizm zelowania [51] czy tez parametry hydrodynamiczne [52].
Najszerzej opisanym mechanizmem zelowania dla pektyn jest model z ang. egg-box [53]
Odnosi si¢ on do utworzenia struktury typu sandwich zbudowanej z dwoch tancuchow
pektyn oraz jonu sieciujacego zlokalizowanego pomiedzy nimi poprzez elektrostatyczne
przycigganie. Uczestniczaca grupa funkcyjng jest wolna i zjonizowana grupa karboksylowa.
Wptyw sily jonowej na warto$¢ oddzialtywania pomigdzy kwasem galakturonowym
a kationami metali jest znaczacy i wynika z efektu przestaniania ujemnego tadunku
elektrycznego grupy karboksylowej przez kationy soli obecne w roztworze, co w efekcie
skutkuje zmniejszeniem efektywnej sity przyciagania elektrostatycznego pomiedzy centrum

aktywnym a jonami sieciujagcymi [54].

Proces zelowania stanowi podstawe wytwarzania wielu produktéw spozywcezych
na bazie galaretek. Odnotowano takze, ze charakteryzowanie pektyn, parametrow

strukturalnych takich jak: stopien podstawienia, masy molowej, struktury przestrzennej
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[55,56] jest wazne ze wzglgdu na odmienny charakter oraz mechanizm zachodzenia procesu
dla odmiennych struktur. Doglebna charakterystyka zawiera si¢ rowniez w okreslaniu
zmiennych eksperymentalnych, takich jak stezenia pektyn w mieszaninie oraz kationdw

sieciujacych, pH, sity jonowej oraz temperatury [53].

Najszerzej opisanym 1 wykorzystywanym kationem sieciujacym jest wapn,
a wskazywany jako réwnowagowy stosunek molowy jonéw wapnia do wolnych jonow

karboksylowych wynosi 2 [53].

Pektyny moga ulegaé przejsciu z zolu w zel w wyniku sieciowania z innymi jonami
metali takimi jak: Cu, Al oraz La [57]. Jednakze wskazano, ze badania reologii nad tego typu
nowymi polaczeniami nie byly dotad dostatecznie dobrze poznane. Wykazano za pomoca
izoterm wigzania réznych jonéw metali do pektyn, wystepowanie selektywnosci w sile

odzialywania pomig¢dzy kationami a pektynami wedlug szeregu:

Pb%*-Cu?>Zn?">Cd?* \Ni?*>Ca?*, oraz wskazano na trend, ze sita wigzania wzrastata
wraz z zmniejszeniem sity jonowej roztworu [58]. Roznice w selektywnosci, mozna
interpretowac poprzez wykazanie roznic w zdolnosci i wtasciwosciami jondow do interakcji
z woda. Kationy silnie wigzace wode wykazywaly nizsze powinowactwa do odziatywania
Z jonami kwasu karboksylowego pektyn, tworzac te dwie mozliwe drogi odziatywania

za konkurencyjne.

Pektyny wykazuja silnig polidyspersyjnos¢, gdy wystepuja w uktadzie koloidalnym.
Wyznaczona przez autorow masa molowa pektyn miescita si¢ w granicach
8x10° —1x10° g/mol w zaleznosci od zrédta pochodzenia [59]. Pektyny izolowane
Z owocow kiwi za pomocg réznych metodologii czy w réZznym czasie sezonu wegetacyjnego
wykazywaty heterogeniczny charakter, przy wspotczynniku polidyspersyjnosci siegajacym
nawet 12,6 oraz promieniach bezwtadnosci od 96 nm do 183 nm [60]. Parametry mas
molowych oraz konformacji pektyn zostaty wskazane jako wywierajace najwiekszy wptyw

na wlasciwosci funkcjonalne dla tego zwigzku [61].

Na podstawie przytoczonych informacji postanowiono opracowaé¢ nowg metode
analityczng obejmujaca zastosowanie techniki asymetrycznego frakcjonowania w polu sit

przeptywu (AF4) wraz z detekcja wielokgtowego rozpraszania s$wiatta (MALS)
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oraz spektrometrii mas z indukcyjnie sprz¢zong plazma (ICP/MS). Probki pektyn
po zakonczeniu procesu rozpuszczania oraz uwodnienia analizowano za pomocg
wspomnianych technik. Proces zelowania indukowano solami miedzi lub kadmu
0 odpowiednich stezeniach. Po wyszczegolnionych czasach prowadzenia syntez badano

homogenne porcje probek.

Wyznaczona warto$¢ potencjatu zeta pektyn nisko metylowanych w warunkach
eksperymentalnych wynosita 0,25+£0,49 mV, co wskazuje na elektro neutralno$¢ czastek
pektyn w tych warunkach. Jednakze moze to by¢ réwniez spowodowane niskg zawartoscig
jondéw obecnych w roztworze, ktore sa no$nikiem tadunku elektrycznego podczas pomiaru
oraz transportu natadowanych elektrycznie czastek w polu elektrycznym. Postulowano,
ze prawdopodobnym zroédlem jonéw w warunkach eksperymentalnych moga by¢ jony
pochodzace z proceséw kwasowo-zasadowych grup funkcyjnych, jak rowniez uwalnianie
si¢ zanieczyszczen rozpuszczalnych w wodzie z materiatu pektyn. Jednakze, obok efektu
pH, ktdry jest z pewnoscia kluczowy w kontekscie warto$ci potencjatu zeta oraz stabilnosci,
wazng sprawg jest rowniez wplyw stezenia pektyn w analizowanej prébce. Zastosowanie
techniki AF4 w tym kontek$cie oznacza uzyskanie efektywnie niskiego stgzenia probki
w warunkach separacji w kanale do frakcjonowania AF4 oraz dodatkowo w warunkach
dynamicznie oczyszczania probki z substancji o rozmiarach nizszych niz warto$¢ nominalna
srednicy porow membrany poOtprzepuszczalnej. Mozna dzigki temu sformulowac,
ze efektywne pH oraz silta jonowa sa determinowane poprzez sktad cieczy nosnej podczas
separacji. Dzigki temu mozna dalej zatozy¢, ze przy pH powyzej 6 grupy funkcyjne
(szczegolnie karboksylowa kwasu galakturonowego, dla ktérego pKa dla wolnego kwasu
wynosi okoto 3,6 [62]) pektyn bedg wysoce zjonizowane W warunkach eksperymentalnych
oraz beda wykazywaty znaczaca stabilno$¢ wskazywang poprzez efekty elektrostatycznego
odpychania si¢ tancuchow pektyn w warunkach eksperymentalnych w odniesieniu do skali
wewnatrzczasteczkowej jak réwniez miedzyczasteczkowej. Wewnatrzczasteczkowe
odpychanie si¢ grup funkcyjnych bedzie miato przetozenie na konformacje pektyn (silnie

wyprostowang) oraz wielkos$¢ czastek.

Wyniki eksperymentalne analizy pektyn przed procesem zelowania wskazywaty

na ich polidyspersyjnos¢. Odnotowano dwie frakcje czastek pektyn w zakresie promieni
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bezwitadnosci od 593 nm do 671 nm. Wielko$¢ czastek w ciggu kolejnych trzech dni badania
stabilno$ci nie ulegaly znaczacej zmianie, a szczegdlnie rozmiary nie zwickszaly sig,

co moze $wiadczy¢ o stabilnosci pektyn w uktadzie.

Analiza czastek po indukowanym przez kationy kadmu oraz miedzi procesie
zelowania pektyn dostarczyta kilku interesujacych informacji na temat potencjalnie
wystepujacych struktur. Obserwacja promieni bezwladnos$ci czastek pokazata, ze zakres
wielkosci poszerzyt si¢ oraz nastgpita inwersja mechanizmu elucji podczas separacji
Znormalnego na mechanizm steryczny, co moze sugerowal znaczace zmiany
konformacyjne czgstek po procesie wigzania z jonami metali. Populacja czastek po procesie
wigzania wykazywata wieksze rozmiary niz wykrywane w samych pektynach (co moze
$wiadczy¢ o posunigtej aglomeracji — Sieciowaniu struktury) oraz mniejsze rozmiary
(co moze wskazywac na efekty relaksacji konformacji czastek pektyn z jonami w kontekscie
redukowania wewnatrzczasteczkowego elektrostatycznego odpychania w poréwnaniu
do pektyn w wodzie). Zwigkszenie stezenia wyjsciowego miedzi i kadmu oraz czasu trwania
syntezy prowadzito do nieznacznego wzrostu promieni bezwtadnosci czgstek. Na rysunku 4
przedstawiono graficznie proponowany schemat zachodzacych przemian w wyniku procesu

zelowania.

Czastki zeli pektyn z kadmem oraz miedzig wykazywaty znaczaco wigksze rozmiary
fraktalne dla czastek najwigkszych, co moze $wiadczy¢é o tworzacych bardzo gesto
upakowanych, rozgalezionych sieci zeli w poréwnaniu do Kkontroli (pektyny
przed procesem). Rozmiary fraktalne sa wskaznikiem przedstawiajagcymi liczbowo
zalezno$¢ masy czastki od promienia bezwtadnosci. W wyniku bardzo wysoko posunigtego
sieciowania czastek uzyskano w efekcie wysokie warto$ci masy molowej w obrebie
promienia bezwtadnosci czastki. Warto$ci wspolczynnika dla czastek mniejszych nie

zmienialy si¢ znaczaco po procesie wigzania.
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Kationy miedzi
czy kadmu

Kationy miedzi
czy kadmu

Rys. 4 Schemat przedstawiajacy czastki pektyn, ktore oddziatuja z kationami miedzi
lub kadmu. W wyniku procesu odziatywania zaobserwowano do$wiadczalnie zwigkszenie
wielkosci czastek oraz rozmiaréw fraktalnych dla populacji co moze by¢ interpretowane
zachodzacym sieciowaniem lancuchéw pektyn z kationami metali (A). Sciezka B
reprezentuje interpretacje efektu zmniejszenia rozmiarow czastek przy praktycznie nie
zmieniajgcej si¢ wartosci rozmiaréw fraktalnych, co moze by¢ odzwierciedleniem efektu
redukowania elektrostatycznego wewnatrz czasteczkowego odpychania sie tancuchow
pektyn.
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W kolejnym kroku wykazano, ze sprz¢zenie technik AF4-MALS-ICP/MS moze by¢
wykorzystane do oznaczania kadmu w czastkach zeli oraz mogltyby by¢ implementowane
dobadan nad kinetyka odzialywan/wigzania metali przez pektyny. Wykazano,
ze zastosowane podejscie kalibracji oznaczania metali wykazuje akceptowalng liniowos$¢
oraz moze by¢ stosowane w badanym zakresie stezen metalu (w przeliczeniu na mas¢ kadmu
w zakresie 0-20 pg). Wraz z postepem procesu zelowania nast¢puje heterogenna dystrybucja
kadmu wzgledem czastek. Wraz z zwigkszaniem czasu trwania syntezy zawartos¢ kadmu
zwigkszata si¢ szczegolnie znaczaco dla najwigkszych czastkach, co moze potwierdzac,
ze jony kadmu aktywnie uczestniczyly w sieciowaniu oraz wzrost wielkosci czastek koreluje
proporcjonalnie z zawarto$cig kadmu. Odnotowano obecnos$¢ ,.kadmu” dla prébki pektyn
analizowanej bez dodatku kadmu, przed procesem zelowania. Moglo to by¢ spowodowane
efektem matrycy lub pamigci (trudno znalez¢é odniesienie literaturowe odnoszace
si¢ do efektu pamieci dla kadmu, szczegolnie dla techniki AF4), zanieczyszczeniem samych

pektyn lub skazeniem powstatym na drodze wykonywanych wczeséniej analiz.

Podsumowujac prace [P2] dotyczaca pektyn oraz procesu zelowania indukowanego

jonami miedzi i kadmu, mozna wypunktowac:

e Pektyny wykazuja polidyspersyjnos¢ w wielkos$ci czastek.

e Jony miedzi 1 kadmu uczestnicza w sieciowaniu pektyn.

e Sieciowanie pektyn z jonami kadmu i miedzi moze by¢ charakteryzowane
poprzez zmiany parametrow wielkosci czastek i rozmiaréw fraktalnych

e Sprzezenie on-line technik AF4-MALS-ICP/MS moze by¢ stosowana
do charakteryzowania wlasciwosci przypisywanych koloidom jak roéwniez
W ciggu jednej analizy mozliwe jest oznaczanie zawartosci 1 dystrybucji

jonéw kadmu.
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[P3] Isolation and Self-Association Studies of Beta-Lactoglobulin

International Journal of Molecular Sciences

Beta-laktoglobulina to biatko globularne wystepujace naturalnie i w przewazajacych
iloSciach w mleku krowim. W procesach przetworstwa serwatki mleka producenci
wytwarzaja produkty uboczne (izolat, hydrolizat lub koncentrat biatek serwatkowych), ktore
sg bardzo bogatym zrodtem biatka. Dlatego ze wzgledu na wysoka dostepnos¢ i niska cene
tych produktow mogg stanowi¢ atrakcyjne zrodlo do pozyskania beta-laktoglobuliny
w zadawalajgcej iloSci oraz potencjalnie wysokiej czystosci. Pierwszym celem pracy byta
izolacja biatka z roztworu izolatu biatek serwatkowych oraz charakterystyka uzyskanego
biatka, w szczego6lnosci czystosci, potwierdzenia tozsamosci oraz fizykochemiczna
charakterystyka (masa molowa, stabilnos¢ w roztworach o r6znym sktadzie jakosciowym-

wplyw jako$ciowy jonow na stabilnos$¢) oraz wyznaczanie potencjalnych izoform bialka.

Interesujagcym zagadnieniem podjetym w pracy byta charakterystyka procesu
oligomeryzacji — spontanicznej samo-asocjacji biatka. Na podstawie badan zrodtowych
wiadomo, ze proces przebiega dzigki mechanizmowi, w ktorym uczestnicza wigzania
wodorowe, taczace kolejne tancuchy biatka. Badacze wyznaczyli, ze zmiany w formach
wystepowania biatka w roztworze przyjmujg przede wszystkim zalezno$¢ od pH
srodowiska. W srodowisku kwasowym, przy pH 2-3 autorzy wyznaczyli zachodzaca
roéwnowage pomiedzy monomerami a dimerami, ktora jest rowniez zalezna od stezenia soli
w roztworze, przy pH w okolicach punktu izoelektrycznego (pl okoto 5.3) autorzy
wyznaczyli rownowage form dimer-oktamer, skupiajac si¢ rowniez na efekcie, jaki wywiera
temperatura [63]. Z kolei, Mercadante i inni, poszerzyli zakres badan i wskazali, Ze
w $rodowisku zasadowym biatko przyjmujg forme dimeru [64]. Na rysunku 5 przedstawiono

struktur¢ dimeru beta-laktoglobuliny w modelu powierzchniowym.
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Rys. 5. Struktura dimeru beta-laktoglobuliny w formie natywnej. Za styl prezentacji
struktury  wybrano powierzchniowy. Gradacja kolorow  wystepuje  wzgledem
hydrofobowosci regiondw strukturalnych; od intensywnie czerwonego oznaczajacego
wysoce hydrofilowe do intensywnie zielonego o0znaczajacych silnie hydrofobowe.
[Vijayalakshmi, L., Krishna, R., Sankaranarayanan, R. and Vijayan, M. (2008), An
asymmetric dimer of B-lactoglobulin in a low humidity crystal form—Structural changes
that accompany partial dehydration and protein action. Proteins, 71: 241-249.
https://doi.org/10.1002/prot.21695][AS Rose et al. (2018) NGL viewer: web-based
molecular graphics for large complexes. Bioinformatics doi:10.1093/bioinformatics/bty419]

W swoich badaniach zaproponowatem oryginalne wykorzystanie technik: AF4-UV-
MALS oraz CE w kontekscie badan nad charakteryzowaniem form oligomerycznymi biatka
przy pH 3.0 5.0 oraz 7.0. Ortogonalne dwa mechanizmy separacji byly jednym
z innowacyjnych podej$¢ w tego typu badaniach. W kolejnym etapie za cele postawiono

wyznaczenie struktur drugorzgdowych biatka przy tozsamych wartosciach pH.

Do przeprowadzenia izolacji beta-laktoglobuliny z roztworu izolatu biatek
serwatkowych wykorzystano chromatografi¢ kolumnowg z silnie kwasowym wypetieniem
(SP Sephadex C-25). Dokonano doboru parametrow objgtosci ztoza i przeptywu fazy
ruchomej. Faza ruchomg byl roztwor cytrynianu sodu o stezeniu 0,2 M. Separacje
prowadzono wzgledem roztworow o wzrastajacym pH od 3.0 do 6.5. Zebrane frakcje

analizowano technikg elektroforezy zelowej pod katem wstepnej oceny skladu
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poszczegllnych frakcji w poréwnaniu do substancji wzorcowych. Wykazano, ze jedna
zebrana frakcja przy pH=4.8 jest elektroforetycznie jednorodng mieszaning ztozong
z substancji o masie molowej bliskiej teoretycznej masie monomeru beta-laktoglobuliny
(18 kDa). W celu przeprowadzonej identyfikacji oraz charakteryzacji przebadano réwniez
inne frakcje stosujgc podejscie trawienia enzymatycznego (trypsyng) substancji zawartych
w zelu do charakterystycznych peptydow oraz ich spektrometrycznej analizy technika
MALDI-TOF/MS/MS oraz ich identyfikacja poprzez zastosowanie narzgdzi bibliotek
bioinformatycznych. Potwierdzono z duzym prawdopodobienstwem na podstawie
poréwnania sekwencji peptydow teoretycznych oraz identyfikowanych, ze izolowane biatko
przy pH=4.8 to beta-laktoglobulina. Dodatkowo, wyznaczono eksperymentalnie masy
molowe biatek: beta laktoglobuliny oraz alfa-laktoalbuminy (izolowana przy pH=4.2),

ktore byty porownywalne w warto$ciach z podawanymi w literaturze dla monomerow.

Wykazano, ze dobierajagc matryce stosowang W pomiarach MALDI (szczegolnie
poprzez wlasciwos$ci hydrofilowosci zwiazku matrycy), mozna analizowaé z jednej strony
dystrybucje izoform biatka (wykryto formy A i B beta-laktoglobuliny) (dzigki zastosowaniu
kwasu synapinowego oraz DHB), z kolei wybierajac matryc¢ HCCA mozna skupi¢ si¢

na analizie formy monomeru bialka.

Badania nad wyznaczaniem stabilnosci koloidalnej biatka przeprowadzono
w czterech réznych sktadach jakosciowych roztworu: chlorku sodu, chlorku potasu,
siarczanie amonu oraz buforze cytrynianowym. Wykazano, ze sktad jakosSciowy roztworu
ma roOwniez znaczacy wptyw na wartosci potencjatu zeta oprocz kluczowej zaleznosci od pH
srodowiska. Punkt izoelektryczny biatka zmieniat si¢ w zaleznos$ci od sktadu jakosciowego
roztworu, co mozna rozpatrywa¢ pod wzgledem wartosciowosci poszczegdlnych
przeciw-jonéw w odniesieniu do tadunku elektrycznego zlokalizowanego na biatku
oraz specyficznych efektow jakosciowych wykazywanych przez poszczegdlne jony. Przez
to informacja na temat sktadu calego systemu powinna by¢ raportowana podczas
raportowania wartos$ci stabilnosci czy punktow izoelektrycznych. Wyznaczony z modelu
warto$Ci punktu izoelektrycznego byta najblizsza wartosciom podawanym w literaturze
dla roztworu cytrynianu sodu (pl=5.3). Jony obdarzone wigkszym fadunkiem elektrycznym

wykazywaly wieksze zdolnosci efektywnego odzialywania (zmienialy zeta potencjat
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znaczgco) z bialkiem. Postulowano, ze bufor cytrynianowy stabilizuje biatko najlepie;j
w badanym zakresie pH, szczegélnie w Srodowisku kwasnym. Dodatkowo, jony moga
wykazywaé selektywno$¢ w odziatywaniu z biatkiem, czego efektem sg odmienne wartos$ci
potencjatu zeta przy niezmiennych parametrach pH, stezenia jonu oraz biatka, a takze
parametrOw temperatury oraz lepkosci roztworu, co moze by¢ interpretowane korzystajac

z szeregu Hofmeistera.

Bufor cytrynianowy ze wzgledu na najwyzsze wlasciwosci do stabilizowania biatka
w $Srodowisku kwasnym zostal wybrany do dalszych badan nad oligomeryzacjg, ktora
obejmowata szeroki zakres pH (3.0 5.0 oraz 7.0). Wykorzystano dwie techniki: CE-UV
oraz AF4-UV-MALS. Wyniki uzyskane technika CE wykazaty przy pH 3 obecno$¢ jednej
gtownej frakcji- tj. jednej formy biatka, przy pH 7 trzech frakcji, przy pH 5- blisko punktu
izoelektrycznego, wsumie 8 frakcji. Jednakze ze wzgledu na brak detektora
umozliwiajacego bezposrednie wyznaczanie masy molowej nie udato si¢ charakteryzowac
(wyznaczy¢ masy molowej formy biatka w sposob bezposredni) w poszczegolnych
frakcjach. Potencjalne zastosowanie kalibracji zewngtrznej, tj. poréwnywania czasow
migracji substancji wzgledem wzorcowych o znanych masach molowych, jest trudna
do zastosowania w tych badaniach ze wzgledu na potencjalne rozbieznosci
w przyjmowanych konformacjach pomiedzy beta-laktoglobuling a wzorcami i stad
potencjalnie rozbieznosciami w ruchliwo$ci elektroforetycznej pomiedzy substancja

a wzorcem.

Dokonano komplementarnych analiz korzystajac z techniki AF4 oraz wykorzystaniu
detektora MALS w celu bezposredniego pomiaru masy molowej czastek w tych warunkach.
Utworzono i optymalizowano metody dla trzech roznych warunkow eksperymentalnych.
Poréwnujac wyznaczone masy molowe z teoretycznymi, wyznaczono, ze dominujaca forma
biatka przy pH 3 jest monomer, przy pH 7 gtowng frakcje stanowig dimery biatka oraz
pewna zawarto$¢ czastek o wysokich masach molowych (zapewne aglomeratoéw). Przy pH
rownym 5 wykryto mieszaning kilku form (co potwierdzalo wyniki otrzymane po CE),
jednakze udato si¢ Scharakteryzowac formy jako pochodzace od dimeru poprzez kolejne
formy az do oktameru. Przy tym pH odnotowano roéwniez formy wysokoczasteczkowe

aglomeratow. Co ciekawe, zauwazono, ze wyzsze stgzenie biatka w analizowanych
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warunkach koreluje z przesunieciem roéwnowagi oligomerycznych form w kierunku

oktameru.

Badania dichroizmu kotowego pozwolity na wyznaczenie rownowagi i dystrybucji
form drugorzedowych biatka (alfa-helisa, beta-kartka oraz ,kl¢bka statystycznego™)
wzgledem trzech pH 3, 5 oraz 7. Wyznaczono, ze w srodowisku kwasnym biatko przyjmuje
rownowagowa konformacje ztozona z form: beta-kartki oraz kigbka statystycznego
(o podobnej zawarto$ci) oraz niewielkiej zawarto$ci alfa-helisy. Przy pH 5 zawarto$¢
alfa-helisy byta okoto dwukrotnie wyzsza (25 %), ktora wraz z beta-kartkg byly dominujace.
Przy pH 7 wyznaczono, ze trzy formy stanowig praktycznie rowno cenne w zawartosci

formy biatka (kazda w zawartosci okoto 30%).

W pracy [P3] dotyczacej beta-laktoglobuliny skupiono si¢ na izolowaniu w skali
(pot)preparatywnej biatka z popularnego i fatwo dostepnego surowca dzigki wykorzystaniu
chromatografii kolumnowej oraz wieloaspektowej charakterystyce bialka. Prace mozna

podsumowac w kilku punktach:

e Dobierajac matryce stosowang do MALDI mozna uzyskiwa¢ informacje
natemat form  izomerycznych  beta-laktoglobuliny lub  form
oligomerycznych.

e Sktad jakosciowy roztworu fazy rozpraszajacej ma wpltyw na stabilnos¢
beta-laktoglobuliny w roztworze i dlatego nalezy raportowa¢ wszystkie
zmienne eksperymentalne w kontekscie podawania danych, np. dotyczacych
punktu izoelektrycznego.

e Beta; laktoglobulina wykazuje zalezne od pH formy oligomeryczne,
ktore w warunkach pH bliskich punktowi izoelektrycznemu wykazywaty
rowniez zalezno$¢ od stezenia biatka w $rodowisku (wyzsze stezenie
prowadzi do formy oktameru).

e Technika AF4 moze by¢ wykorzystywana do separowania form
oligomerycznych beta-laktoglobuliny a detekcja UV-MALS daje mozliwos¢

bezposredniego pomiaru mas molowych czastek.
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[P4] Functionalization of Alpha-Lactalbumin by Zinc lons
ACS Omega

Alfa-laktoalbumina to drugie pod wzgledem zawartosci biatko spotykane
w serwatce. Jednakze w mleku ludzkim jest najbardziej rozpowszechnione. W odréznieniu
do beta-laktoglobuliny spozycie nie wywoluje znaczacej reakcji immunologicznej dla
niektorych ludzi, stad biatko stanowi wazny produkt dla przemystu spozywczego
oraz przemyshu  farmaceutycznego pod wzgledem opracowywania  produktow
spozywczych/leczniczych (suplementacja) opracowywanych dla niemowlat czy seniorow.
Stanowi réwniez baz¢ do przygotowywanych produktéw sfunkcjonalizowanych.
Ze wzgledu na niska mase czasteczkowa monomeru (okoto 14 kDa), szczeg6lnie wysoka
stabilno$¢ biatka w $rodowisku kwasnym (ktoére jest obecne w cze$ci przewodu
pokarmowego cztowieka) oraz udowodnione wlasciwosci do wigzania substancji
biologicznie aktywnych szerokiego spektrum od hydrofilowych jonéw metali [65,66]
poprzez hydrofobowe substancje takie jak kwasy oleinowy i palmitynowy, ktorych synteza
jest efektywna dla formy apo biatka [67,68] badania nad tym biatkiem sg obecnie czg¢sto
przeprowadzane. Kompleksy tych substancji posiadaja wyjatkowo ciekawe wihasciwosci,
poniewaz mozliwa jest kontrola biodostgpnosci jonéw metali wigzanych w strukturach
czastek oraz modyfikowana jest toksycznos$¢ dla niektorych z nich. Z kolei kompleksy
Z kwasami tluszczowymi sg obecnie szeroko 1 intensywnie badane pod katem wtasciwosci,
jakie wywieraja na apoptoze komorek rakowych [69-72]. Na rysunku 6 przedstawiono

strukture alfa-laktoalouminy w modelu powierzchniowym.
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Rys.6. Struktura alfa-laktoalbuminy. Za styl prezentacji struktury wybrano
powierzchniowy. Gradacja koloréw wystepuje wzglegdem hydrofobowosci regionow
strukturalnych; od intensywnie czerwonego oznaczajacego wysoce hydrofilowe do
intensywnie zielonego oznaczajacych silnie hydrofobowe. [Chandra N, Brew K, Acharya
KR. Structural evidence for the presence of a secondary calcium binding site in human alpha-
lactalbumin. Biochemistry. 1998 Apr 7;37(14):4767-72. doi: 10.1021/bi973000t][AS Rose
et al. (2018) NGL viewer: web-based molecular graphics for large complexes.
Bioinformatics doi:10.1093/bioinformatics/bty419]

Celem tej pracy byta fizykochemiczna charakterystyka biatka alfa-laktoalbuminy
pod katem wyznaczenia ruchliwosci elektroforetycznej (w badaniach nad czysto$cig),
potwierdzenia tozsamos$ci, masy molowej, stabilnosci koloidalnej w roztworze soli

fizjologicznej. Zebrane informacje postuzyly réwniez do optymalizacji oraz sporzadzenia

32



UNIWERSYTET
MIKOLAJA KOPERNIKA
W TORUNIU

Wydziat Chemi

protokotu procesu syntezy kompleksow na bazie alfa-laktoalbuminy z jonami cynku.
Przeprowadzono charakterystyke Kinetyki procesu oraz wyznaczenia miejsc wigzgcych oraz
zmian w strukturze grup funkcyjnych biatka po procesie wigzania, jak rbwniez Wyznaczenia
miejsc wigzacych cynk przez biatko. Dokonano charakterystyki morfologii oraz topografii
uzyskanych czastek, ktdrych badania moglyby prowadzi¢ do wyznaczenia formy cynku
zlokalizowanego w kompleksie. Jako badania aplikacyjne pod katem stosowania tego typu
kompleksu w celach spozywczych, jako suplement diety, wykonano testy stabilno$ci
kompleksow w ptynach fizjologicznych, indukowanego trypsyng trawienia enzymatycznego

oraz biologicznej aktywnosci kompleksow wzgledem linii komorkowych Caco-2 oraz L929.

Biatko migrowalo w warunkach przeprowadzonej analizy elektroforezy zelowe;j
pomiedzy substancjami wzorcowymi o masach 14 kDa a 17 kDa, w postaci jednego
waskiego prazka, co moze potwierdzac, ze biatko wystepuje w postaci czystej oraz jest
elektroforetycznie  stabilne.  Przeprowadzono  dogl¢bng  identyfikacje  oparta
na charakteryzowaniu sekwencji peptyddéw po degradacji enzymatycznej (trypsyng) biatka
za pomocg techniki MALDI-TOF/MS/MS. Z duzym prawdopodobienstwem potwierdzono
tozsamosc¢ izolowanego biatka jako alfa-laktoalbuminy. Wyznaczono rowniez masy molowe
monomerow biatka, ktore byly wysoce zgodne z literaturowymi. Wykazano obecnos¢ trzech
roznych form biatka, ktore moga by¢ wynikiem obecno$ci wystepowania modyfikacji post

translacyjnych, zrodta biatka lub zanieczyszczen.

Wykonujac pomiary potencjatu zeta w funkcji pH, wyznaczono punkt izoelektryczny
biatka na wystepujacy przy 4.5 w roztworze 0,09% NaCl, ktory zgadza si¢ z danymi
literaturowymi w badaniach wykonanych w podobnych warunkach pomiarowych. Przy tej
wartosci pH, biatko wykazuje migdzy innymi najnizsza rozpuszczalno$¢ oraz konformacje
wykazujaca najwyzszg dostepnos¢ grup funkcyjnych, przy ktorej wykonywano synteze
kompleksu metal-biatko.

W pierwszym etapie charakteryzowano kinetyke reakcji syntezy, stosujac technike
ICP/MS w celu oznaczania stezenia niezwigzanej porcji jonéw cynku po procesie syntezy.
Wyznaczono, ze proces wigzania mozna rozpatrywac jako dwuetapowy. W pierwszym
Z nich, szybkim etapie trwajagcym niecate 5 minut, nastgpuje efektywny proces wigzania

jonow cynku przez biatko (rozumiany jako ubytek stezenia jonéw cynku w roztworze
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pozostatym po procesie). Wyznaczona z modelu stala szybkosci reakcji wynosita
7,3x10"5mg min/L. Po tym czasie nastepuje etap, ktory mozna okresli¢ jako
rownowagowy, w ktorym zmiany stezen cynku sg malo znaczace w kontek$cie
przedluzonego czasu trwania syntezy. Wyznaczong do$wiadczalnie pojemnos¢ sorpcyjna
cynku na biatku wynosita 1.58 mg/g. Wyliczona entalpia swobodng reakcji wynosita

9,45 kJ/mol, co wskazuje, ze proces wigzania cynku przez biatko byl spontaniczny.

Badania kompleksow komplementarnymi technikami spektroskopii w podczerwieni
(FT-IR oraz Raman) pozwolily na szacowanie oraz wykrywanie zmian w obrebie grup
funkcyjnych, a przez to wskazywaly na potencjalne grupy funkcyjne, ktore moga by¢
odpowiedzialne  za odzialywania z cynkiem. Odnotowano subtelne zmiany
W intensywnos$ciach oraz potozeniu poszczegdlnych drgan przypisywanych do drgah Amidu
Il oraz Amidu Ill oraz zmian w zakresie drgan, ktére moga wskazywaé na zmiany

konformacyjne.

Badania technikami mikroskopowymi (SEM oraz TEM wraz z r6znymi detektorami)
wskazywaty na utworzenia depozytu metalicznego na powierzchni ciata amorficznego, jaka
stanowita probka biatka. Na powigkszeniach skali obrazdw widoczne sg czgstki o ksztattach,
ktore mozna opisa¢ jako sferyczne, ktore byty $cisle powigzane z powierzchnig struktury
biatka. Z kolei badania TEM wykluczyly obecno$¢ stratow czy form cynku w postaci
nanoczasteczek (znikoma zawarto$¢ tlenu w analizowanych punktach pomiarowych,
w ktorych wykrywany byt cynk) (typu ZnO), co poprzez droge eliminacji moze sugerowac
zachodzenie mechanizmow elektrostatycznego przyciggania migdzy jonami cynku

a grupami funkcyjnymi biatka prowadzacymi do uzyskania kompleksow.

Badania prowadzone technikami dynamiki molekularnej nad potencjalnymi typami
odziatywania oraz nad grupami funkcjonalnymi biatko odpowiedzialnymi za wigzanie
wskazaly na dominujacy udziat aminokwaséw kwasowych (kwasu asparaginowego oraz
glutaminowego) oraz mniejszego, lecz wartego odnotowania wptywu lizyny, w procesie
elektrostatycznego przyciggania jondéw cynku przez biatko. Wskazano na grupe
karboksylowa aminokwasow, a $ci$lej na ujemny tadunek elektryczny zlokalizowany

w strukturze grupy COO" za potencjalne dominujgce miejsce wigzace jony cynku.
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Badane kompleksy okazaly si¢ by¢ stabilne pod wzgledem dziatania syntetycznych
oraz syntetyzowanych ptynow: zotagdkowego oraz jelitowego, gdzie dziatanie tych pltynow
powodowato uwolnienie cynku nie przekraczajace 10 % ilosci pierwotnie zwigzanej.
Jednakze dziatanie syntetycznego ptynu jelitowego z dodatkiem enzymu doprowadzilto
do znaczacego poziomu uwolnienia cynku z kompleksu (ponad 41 %), co 0znacza,
ze W przypadku potencjalnego zastosowania produktu, dominujgcym miejscem uwalniania
cynku bedzie jelita. Prawdopodobnym mechanizmem powodujacym uwolnienie cynku
w srodowisku zasadowym wraz z uzyciem enzymOw charakterystycznych dla jelita
mogtoby by¢ spowodowane enzymatycznym (specyficznym) trawieniem struktury biatka
do peptydow w potaczeniu z uwolnieniem jonow cynku w postaci wolnej lub cynku wraz
z peptydami o masie czgsteczkowej ponizej 3 kDa (taka membrana zostata wykorzystana

podczas badan).

Biatko oraz jego kompleksy wykazywaty rowniez stabilno$¢ wzgledem dziatania
trypsyny. Jesli chodzi o badania nad cytotoksyczno$cig kompleksow, wykazano,
ze kompleksy nie zmniejszaty przezywalnosci komoérek 1.929 w badanym zakresie stezen.
Uszkodzenie ciagtosci membran odnotowano dla najwyzszego badanego stgzenia cynku —
200 uM dla linii komorkowej L929. Z kolei dla komérek Caco-2 odnotowano ten trend przy
nizszych st¢zeniach (od 6,25 uM do 200 uM). Badania przyswajalnosci cynku przez
komorki 1.929 potwierdzity dwukrotne nizszg ilo$¢ akumulowang pobierang z kompleksow
alfa-laktoalbuminy w odniesieniu do prostej formy jonowej cynku pochodzacej od soli

nieorganicznej azotanu cynku.

Praca [P4] odnosi si¢ do charakterystyki alfa-laktoalbuminy oraz kompleksu
z jonami cynku wraz z przeprowadzonymi badaniami nad potencjalnymi aplikacjami do
stosowania jako np. suplementu diety. Mozna konkludowaé tezy zawarte w pracy

W ponizszych punktach:

e Analiza kinetyki wigzania cynku przez alfa-laktoalbumine wskazuje na proces
uzyskujacy rownowage w ciggu 5 minut trwania procesu; ilos¢ wigzanego cynku

wynosi 1,58 mg na gram bialka.
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e Grupa karboksylowa kwaséw asparaginowego oraz glutaminowego maj3
dominujgcy udzial w wigzaniu jondéw cynku na drodze -elektrostatycznego
przyciagania; odziatywanie z lizyng wplywa rowniez na odzialywanie.

e Kompleksy wykazywaly zadowalajaca stabilno$¢ na degradacje enzymatyczng

(trypsyna) jak réwniez w syntetycznych plynach fizjologicznych.

[P5] Binding of silver ions to alpha-lactalbumin
Journal of Molecular Structure

Jon srebra, ze wzgledu na przeciwny potencjal redox formy jonowej, wskazuje
na potencjalnie odmienny charakter zachodzenia procesu oraz mechanizm zachodzacej
syntezy z alfa-laktoalbuming w poréwnaniu do przedstawionej w pracy [P4] procesu
wigzania biatka z cynkiem. Kompleksy z srebrem kieruja uwage nad aplikacyjnym
charakterem badan w kierunku zastosowania tego typu kompleksow jako S$rodkow
przeciwdrobnoustrojowych, w tym stosowanych na trudno gojace si¢ rany. Korzystajac
z danych otrzymanych w pracy P4 dotyczacych charakteryzacji alfa-laktoalouminy, proces
syntezy kompleksu przeprowadzono w identycznych warunkach. Do charakteryzacji
wykorzystano analogiczne techniki oraz podej$cia (nie uwzgledniajac badan nad

indukowang trypsyna stabilnoscig kompleksu).

Badania kinetyki wigzania jonéw srebra przez biatko wskazywaty na zachodzenie
procesu, ktory mozna podzieli¢ na dwa etapy jednostkowe. W pierwszym etapie procesu
wigzania, trwajagcym dwie minuty, nastepowat praktycznie catkowity ubytek jonow srebra
W pozostajagcym po procesie roztworze, co mogto oznaczaé, ze ta ilos¢ jonow srebra ulegta
zwigzaniu na/przez biatko. Wyznaczona stata szybko$ci reakcji wynoszaca 13,75 mg min/L
wskazuje na zachodzacy bardzo szybko proces wigzania. Kolejne punkty pomiarowe
wskazywaly na ustalenie si¢ drugiego etapu procesu - rownowagowego. W tym etapie
zmiany stezen srebra byly mato znaczace. Entalpia swobodna reakcji wynoszaca -
25,85 kJ/mol swiadczy o (silnej) samorzutnej tendencji do procesu wigzania Srebra przez
biatko.
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Wyznaczono, ze aminokwasy o0 charakterze kwasowym (asparaginowy
oraz glutaminowy) determinowanymi  poprzez grupe funkcyjng karboksylowg
odpowiedzialne sg za ponad 90% catosci odzialtywania biatka z jonami srebra. Jednakze
uzyskane dane wskazuja na warte odnotowania udziaty aminokwasow tyrozyny oraz lizyny
W wigzaniu srebra przez alfa-laktoalbumine, ktore byly wigksze niz w poréwnaniu

do procesu z cynkiem [P4].

Badania nad kompleksami przeprowadzonymi technikami spektroskopii FT-IR oraz
Ramana wskazywaly na rolg, jaka odgrywato ugrupowanie Amidu Il oraz mostkéw
dwusiarczkowych S-S, obecnych w biatku i wykazujacych silne powinowactwo do jonow
srebra.

Wykonane badania mikroskopowe dostarczyty informacji na temat sferycznego
ksztattu czastek na powierzchni amorficznych czastek biatka. Badania technika TEM
z detekcja elementarng EDX wykazaly, ze klastry czastek (zebrane w wieksze skupiska
formacje czastek srebra na powierzchni) nie zawierajg znaczacej zawartosci tlenu,
co poprzez dedukcje oraz na podstawie dokonanego przegladu literatury nad potencjalnymi
formami srebra w kompleksach moze prowadzi¢ do wniosku, ze srebro zlokalizowane na
powierzchni kompleksu wystepuje zredukowane do postaci elementarnej Ag’. Redukcja
srebra z formy kationu, przed syntezg Ag®, do formy elementarnej byta juz zauwazana
w przypadkach badan prowadzonych z innymi biatkami, np. kazeinami. Mechanizm
tworzenia si¢ tych struktur opierat si¢ na transferze elektronéw z ujemnie naktadowych grup

karboksylowych do kationéw srebra (redukcja) [73].

Badania nad stabilno$cia komplekséw w syntetycznych ptynach fizjologicznych
(zoladkowym oraz jelitowym) wykazaty, ze dodatek enzymu zoladkowego - pepsyny
wplywa na zwickszenie uwalnianej ilosci srebra z kompleksoéw z niespetna 1% do niespetna
30% ilosci pierwotnie zwigzanej. Z kolei w ptynach syntetycznych jelitowych oznaczana
ilo§¢ nie przekraczala 5% wartoSci poczatkowej. Moze to by¢ thumaczone zjawiskiem
wytracania si¢ srebra po uwolnieniu si¢ z struktury kompleksu w wyniku strgcania si¢
do trudno rozpuszczalnego w wodzie tlenku srebra (I) w warunkach zasadowych (pH 7.4),
czastek srebra, ktore byly zatrzymywane podczas filtrowania roztworOw na etapie

przygotowania probek.
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Badania nad cytotoksycznoscig podobnie jak ciggloScig membran oraz zawartoSci
wewnatrzkomorkowych reaktywnych form tlenu, dla kompleksow w odniesieniu do kontroli
w postaci soli azotanu srebra wykazaly podobny i znaczacy wptyw na zywotno$¢ komorek
L929 w stezeniach wyzszych niz 0.88 uM, przy czym linia Caco-2 okazala si¢ wykazywac
wyzszg zywotnos¢ komorek. Apoptoza komodrek L929 byta rejestrowana dla komorek
po traktowaniu kompleksami o st¢zeniu wyzszym niz 0,05 mM. Badania
nad przyswajalnoscia srebra przez komorki wskazywaly na podwojenie akumulowanej
ilosci srebra przez komorki z postaci komplekséw w poréwnaniu do kontroli w stezeniu
nizszym niz 0.05 mM. Biodostgpno$¢ dla stezen wyjsciowych wyzszych niz 0.5 mM byla
juz porownywalne dla komoérek. Podsumowujac, preparat moglh by¢ stosowany przy nizszej

efektywnie dawce w celu zamierzonego efektu dziatania terapeutycznego.

Artykut [P5] przedstawia charakterystyke procesu oraz produktu syntezy

alfa-laktoalbuminy z jonami srebra. Postuluje sig:

e Proces wigzania srebra przez biatko wykazuje ustalenie si¢ rownowagi w ilosci
wigzanego srebra przez bialko po uplywie 2 minutach procesu; pojemosé
sorpcyjna wynosi 11,2 mg/g.

e Grupa  karboksylowa  (pochodzaca od  kwasow  asparaginowego
oraz glutaminowego) s3 odpowiedzialne za ponad 90 % wartosci odziatywania
prowadzacego do taczenia si¢ alfa-laktoalbuminy z srebrem, znaczacy udziat
majg tyrozyna oraz lizyna.

e Stosowanie produktu mogloby si¢ wigza¢ z uwalnianiem jonOw srebra
w srodowisku syntetycznego ptynu zotadkowego.

e Biologiczna aktywno$¢ kompleksow wykazuje interesujace wlasnosci
polegajace na  poprawionej  aktywno$Sci  biologicznej  (wzgledem

przeprowadzonych badan) dla st¢zen nizszych 0,05 mM wzgledem kontroli.
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Podsumowanie

Charakteryzowanie  grupy zwigzkow: pektyn, beta-laktoglobuliny oraz
alfa-laktoalbuminy pozwolita na wykazanie kilku zjawisk, w ktorych wspotuczestniczyty
jony miedzi, kadmu, cynku oraz srebra. Do charakteryzowania przebiegu i skutkow
procesow zastosowano kilka technik analitycznych bazujgcych na procesach jednostkowych
takich jak rozproszenie $wiatta, dyfuzja, ruchy Browna, szybkos$¢ -elektromigracji
jak réwniez innych typoéw odziatywania promieniowania elektromagnetycznego z probka
(uktadem koloidalnym), technik spektrometrii mas, narzedzi bioinformatycznych
oraz obliczen kwantowo mechanicznych. Zastosowanie szerokiego wachlarza podejs$¢
analitycznych pozwolilo na ukazanie proceséw zachodzacych na powierzchni czastek

koloidalnych, jak réwniez w skali wewnatrz- oraz zewnatrz- czasteczkowych odzialywan.
Najwazniejsze osiggniecia pracy mozna przedstawi¢ nastepujaco:

v' Opracowano i zaproponowano nowe metody analityczne AF4 wraz
z detekcja UV, MALS i ICP/MS stuzace do charakteryzowania odziatywan
pomigdzy pektynami oraz kationami miedzi oraz kadmu jak réwniez do
badan nad beta-laktoglobuling

v" Oznaczono formy wystepowania beta-laktoglobuliny przy pH 3.0, 5.0, oraz
7.0, wykazano, ze pH $rodowiska wywiera kluczowy wptyw na przyjmowane
formy oraz wykazano, ze wyzsze stezenie biatka przy pH 5.0 prowadzi do
dominujacej formy oktamerycznej

v" Mozna wyr6zni¢ dwie konsekwencje odzialywania kationéw kadmu oraz
miedzi na pektyny; pierwszy to zachodzace sieciowanie struktury pektyn
prowadzace do zelu oraz drugi to zmniejszenie -elektrostatycznego
wewnatrzczasteczkowego odpychania si¢ populacji czastek w warunkach
badania

v" Wyizolowano beta-laktoglobuline w formie elektroforetycznie czystej
Z mieszaniny biatek oraz dokonano identyfikacji oraz charakteryzacji biatka;

wskazano, na obecnos¢ dwoch izoform biatka
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v' Wykazano, ze skfad jako$ciowy roztworu wplywa na stabilno$¢ koloidalng
beta-laktoglobuliny poprzez zmiany przebiegu krzywej zalezno$ci potencjatu
zeta od pH jak rowniez punktu izoelektrycznego

v" Opracowano nowe protokoty syntezy komplekséw alfa-laktoalbuminy
z kationami cynku oraz srebra

v' Wyznaczono kinetyke reakcji syntezy kompleksow z uwzglednieniem
modelowania wedtug modeli kinetycznych oraz wyznaczono parametry
sorpcji takie jak pojemno$¢ sorpcji, wyliczono entalpie swobodna reakcji

v Okre$lono aktywne grupy funkcyjne alfa-laktoalbuminy majgce szczegdlny
wplyw na wigzanie kationow srebra oraz cynku

v' Wykazano kilka wiasciwosci biologicznych, ktére mozna okresli¢ jako

obiecujace w kontekscie potencjalnych zastosowan aplikacyjnych

Nowoscig osiggnigta w pracy [P2] bylo opracowanie metody analitycznej
bazujacej na AF4-MALS i potaczeniu on-line z ICP/MS w kontekscie
charakteryzowania pektyn oraz kinetyki procesu zelowania. Rowniez badane jony
sieciujgce: miedzi i kadmu nie byly wczesniej doglebnie charakteryzowane pod tym
katem. Przedstawione wnioski mogg stanowi¢ podstawe do rozpoczecia badan
nad zastosowaniem zaproponowanego sprzezenia technik w konteks$cie badan
nad kinetyka wigzania przeprowadzong na szerszej grupie przyktadow. Zauwazony
efekt zwigkszenia rozmiardw czastek moze by¢ wzigty pod uwage
np. w optymalizowaniu aspektdw technologicznych (np. doborze wielkosci filtrow
itp.) podczas przeprowadzania proceséw sorpcji (np. oczyszczania cieczy

Z pozostalosci jonow metali cigzkich).

Innowacja w pracy [P3] byto zastosowanie techniki AF4-MALS
do charakteryzowania procesu oligomeryzacji. W tym celu opracowano trzy metody
analityczne dla warunkow pH 3, 5 oraz 7. Poznawanie procesu oligomeryzacji
oraz warunkow, w ktorych przebiega proces, jest kluczowe w kontekscie
poznawania wlasciwosci funkcji biologicznych biatka, dyfuzji jak rowniez

transportu substancji biologicznie aktywnych.
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Prace [P4-P5] poszerzajg dotychczasowy stan wiedzy o dogl¢bnie przeprowadzong
fizykochemiczng charakterystyke produktu oraz procesu syntezy w oparciu
0 chemizm: mechanizm oraz badania kinetyczne. Na podstawie prac (opracowanych
metodyk syntezy oraz dokonanych badan aplikacyjnych) widoczne sa dalsze
kierunki badan szczegolnie prowadzonych nad aplikacjami, w tym w systemach

in vivo.
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Streszczenie

Dysertacja pt. Uktady koloidalne oraz ich odzialywania z wybranymi metalami ciezkimi
odnosi si¢ do badan przeprowadzonych nad charakteryzowaniem odziatywan zachodzacych
pomig¢dzy pektynami, beta-laktoglobuling, alfa-laktoalbuming oraz wybranymi jonami
metali: kadmu, miedzi, cynku, srebra. Badania nad pektynami oraz indukowanym poprzez
kationy kadmu oraz miedzi procesem zelowania ukazaty, ze nastepuja zmiany w wielkosci
oraz konformacji czgstek zelu oraz obecno$¢ kadmu prowadzi do zmniejszenia
wewnatrzczasteczkowego  elektrostatycznego odpychania.  Beta-laktoglobulina  jest
biatkiem, ktory moze by¢ wyizolowane z tatwo dostepnego i taniego produktu ubocznego
przemystu mleczarskiego - izolatu biatek serwatkowych w skali (pot)preparatywnej
w wysokiej czystosci. Tozsamo$¢ biatka zostala potwierdzona oraz dokonano zlozonej
charakterystyki. Wykazano miedzy innymi, ze sktad elektrolityczny roztworu ma wptyw
na stabilno$¢ koloidalng bialka. Biatko wykazuje tendencje do spontanicznego
wystepowania w formach oligomerycznych, ktorych réwnowaga zalezy od pH $rodowiska
oraz przy pH blisko punktu izoelektrycznego rowniez od st¢zenia biatka w roztworze.
Alfa-laktoalbumina w  badaniach zostala scharakteryzowana fizykochemicznie.
Wyznaczono punkt izoelektryczny oraz masy molowe izoform biatka. Biatko stanowito baze
do syntetyzowanych komplekséw z jonami cynku oraz srebra. Wykazano, ze charakter
wigzania obu jonow metali jest odmienny. Syntetyzowane produkty wykazywaty Kilka
potencjalnie atrakcyjnych wtasciwosci biologicznych pod katem potencjalnych zastosowan

w uktadach in vivo.
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Abstract

PhD thesis entitled Colloidal systems and their interactions with selected heavy metals refer
to research conducted on the characterization of interactions taking place between pectin,
beta-lactoglobulin, alpha-lactaloumin and selected metal ions (cadmium, copper, zinc,
silver). Studies on pectin and the gelation process induced by cadmium and copper cations
have shown that there are changes in the size and conformation of gel particles and the
presence of cadmium leads to a decrease in intramolecular electrostatic repulsion.
Beta-lactoglobulin is a protein that can be isolated from an easily available and cheap
by-product of the dairy industry - whey protein isolate on a (semi)preparative scale in high
purity. The identity of the protein was confirmed and complex characterization was
performed. Among other things, it was shown that the electrolytic composition of the
solution affects the colloidal stability of the protein. The protein tends to spontaneously occur
in oligomeric forms, the equilibrium of which depends on the pH of the environment and,
at pH close to the isoelectric point, also on the protein concentration in the solution.
Alpha-lactalbumin in the research was characterized physiochemically. The isoelectric point
and molar mass of protein isoforms were determined. The protein was the basis for the
synthesized complexes with zinc and silver ions. It was shown that the nature of the bonding
of both metal ions is different. The synthesized products showed several potentially
attractive biological properties for potential applications in in vivo systems.
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Keywords:
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Dorobek naukowy

Aktywno$¢ naukowa
Stacjonarne studia doktoranckie na kierunku chemia rozpoczatem w pazdzierniku
2018 roku. Jednostka prowadzaca program studiow byt Wydzial Chemii Uniwersytetu
Mikotaja Kopernika w Toruniu. Badania byly wykonane w Katedrze Chemii Srodowiska
i Bioanalityki jak rowniez w Interdyscyplinarnym Centrum Nowoczesnych Technologii
UMK w Toruniu pod nadzorem promotora pracy prof. zw. dr hab. Bogustawa
Buszewskiego, czf. rzecz. PAN i EASA.

Do tego momentu, jestem wspotautorem w 18 publikacjach oraz prezentowatem
wyniki badan na 8 konferencjach naukowych (komunikaty ustne oraz postery). W ciagu
odbywania studiéw doktoranckich bylem wykonawca w dwoch grantach NCN (OPUS
14 oraz Sonata 11) oraz w nadal trwajacym projekcie naukowym OPUS 18 ,,Nowe
strategie otrzymywania zwigzkow bioaktywnych na bazie krzemu”. Uzyskatem wsparcie
finansowe na przeprowadzenie badan naukowych z puli srodkéw Wydziatu Chemii

UMK Granty Mlodych Naukowcow w trzech edycjach.

Odbytem krotkoterminowe staze/ wizyty naukowe na Wydziale Chemii UAM w
Poznaniu oraz profesor Joanny Szpunar w jednostce IPREM (Institute of Analytical
Sciences and Physico-Chemistry for Environment and Materials) bedacej czgscig
Uniwersytetu UPPA (Université de Pau et des Pays de I'Adour) w Pau we Franciji.
Podczas tych dwodch wizyt zdobywalem wiedz¢ oraz umiej¢tnosci w specjalnosci
spektrometrii mas z indukcyjnie sprz¢zong plazma pod katem oznaczania pierwiastkow
oraz specjacji. Dodatkowo bylem uczestnikiem dwoch szkolen z zakresu stosowania
techniki asymetrycznego frakcjonowania w polu sit przeptywu oraz wielokatowego

rozproszenia §wiatta w celu separowania oraz charakteryzowania makroczasteczek.

Uzyskatem wsparcie finansowe na wyjazd na zagraniczng konferencje naukowa
w konkursie PROM NAWA. Bylem rowniez nagrodzony zespotowa nagroda Rektora
Uniwersytetu Mikotaja Kopernika w Toruniu - III stopnia, za osiagnigcia uzyskane

w dziedzinie naukowej w 2021 roku.
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Zdecydowana wiekszo$¢ prac badawczych dotyczyla tematyki charakteryzacji
koloidéw oraz oznaczania pierwiastkow. Kolejng tematyka bylo przeprowadzanie
syntez, charakterystyki oraz wykonywania badan nad potencjalnymi aplikacjami
nowych kompleksow na bazie jonéw metali oraz biatka. Koloidami, ktore wybratem
do badan, byly polisacharydy: pektyny oraz chitozan oraz biatka: beta-latoglobulina,
alfa-laktoalbumina, laktoferyna oraz frakcji (aSz, B, x) kazein. Pierwiastkami, ktore
oznaczatem najczesciej, byly kadm, miedz, cynk, srebro oraz krzem w rdéznych
postaciach oraz formach. Technikami, ktére szczegélnie czgsto wykorzystywatem
w swoich badaniach, byty spektrometria mas z indukcyjnie sprz¢zona plazma oraz
laserowa jonizacja/desorpcja wspomagana matrycg oraz technika asymetrycznego

frakcjonowania w polu sil przeptywu z detekcja wielokatowego rozproszenia $wiatla.
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ARTICLE INFO ABSTRACT

Keywords: The work coneerns the application of selected analytical techniques to characterize colloidal species of biological
Colloid and metallic nature. Techniques used to determine particle size distributions, molar mass and zeta-potential,
Analytical technique chemical speciation, and interacting elements with colloids were dise . Some analytical techniques used
Size

are Lhe basic research tools, the research resulis are then used (o develop and postulate new mechanisms of
interactions berween colloidal particles and elements. ‘Ihe complementarity and scope of the techniques used
and their limitations, were conlerred. Also, possible solutions to the encountered limitations in using techniques
have been presented. These physicochemical properties of colloids are crueial in deseribing and understanding
collpid stabilization phenomena and their interaetions with other compounds. Thematie scope applies 1o colloids
with biological and metallic origin, which are widespread and utilized in numerous industries. The application of
analytical techniques is the elementary source of information about the physicochemical properties of the
colloidal system and it is the beginning of the process of developing new materials as well as controlling the
quality of already existing colloid-based material and properties of the existing ones and monitoring the inter-
action of colloids with the environment in living organisms.

Zeta-polenlial
Meral nanopatticles

1. Introduction

The colloidal system consists of dispersed and dispersant phases.
According to the TUPAC definition, the dispersed phase creates particles
of size hetween 1 nm and 1000 nm (as a value of one of the three di-
mensions). Compounds forming the dispersed phase can form com-
pounds of inorganic or organic origin, whereby the term biocolloid can
be distinguished, defined by a colloidal entity derived from organic
matter [1]. The dispersant phase is composed of substances in gas, liquid
or solid state of mater.

Colloidal particles arc ereated by the association and aggregation of
small chemical molecules precursors inio larger in size eomplexes or
degradation bulk materials into particles. Examples of species which
create dispersed phase are: silica, iron (oxy)hydroxide, and various
aluminum silicate minerals and also oxides of aluminum and manga-
nese, elemental sulfur, and metal sulfides. Another interesting group of
species that creates colloidal dispersion are macromolecular bio-
polymers (starch, proteins, polysaccharides, fat micelles), humic acids
[2], systems blood cells dispersed in serum (for example, red or white

blood cells) or dust particles as well as bacteria or virus-like particles
dispersed in liquid or gas (for example in air).

The colloidal system has specific properties which can be used to
distinguish from compounds forming real solutions. Colloids, due to
their bigger particles, demonstrate specific movement of particles in
liquid medium (Brownian motion) as well as diffusion and significant
sedimentation rate in the medium. Colloids possess optical properties
such as Tyndall effect and light scattering onto particles which could be
used in the classification of colloids from real solution as well as elec-
trical properties (electrokinetic potential, electroosmosis) due to their
charge transfer rcaction propertics.

High diversity within this species group causes polydisperse forma-
tion in particle sizes, molar masses, electrokinetic potential, etc. In fact,
such complex system requires complimentary analytical techniques for
characterization and for analysis of the components that make up real
solutions, For a colloidal system, the phenomena on the particle surface
and interface hecome especially important; dispersant and dispersed.
Diversity in chemical structure and surface is a result of synthesis or
chemical composition. For example, proteins consists of many different
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amino acids.

One of the crucial aspects in colloid chemistry is the recognition and
characterization of the phenomenon of colloid agglomeration, ie. the
clustering of individual and separated particles of the dispersed phase
into large adducts. Attraction between particles could be correlated with
predominance of attractive van der Vaals force in terms of repulsive
force. This phenomenon is characteristic of colloids not sufficiently
stabilized in the dispersing phase; e.g. can be induced or the process
balance controlled by changes in pH, ionic strength or the addition of
other (usually ionic) eomponents to the system, due to screnning effect
to active functional groups. Simply and directly, the phenomenon of
agglomeration could he tracked and monitored hy particle size mea-
surements, as the result is an agglomerate with significantly larger sizes
than individual particles — frequently apearded in analysed solution.
One of the main tools for tracking and characterizing the phenomenon of
agglomeration is the measurement of the zeta-potential of the colloidal
system that directly it is correlated to the partical size. This aspeet is
associated with the surface chemistry of the colloid particle in the
dispersed system and electric charge locanlized onto particle surface due
to different mechanism of creation (Section 4).

The surface heterogeneity resulting from the structure of the colloid
is significant for predicting and describing the phenomena of rheology
and surface micro-structure [3] and modification of collaidal surface by
chemical action, self-assembly or phase separation phenomenon. Sur-
face heterngeneity was observed in a study wherein researchers have
shown that spherical polystyrene latex particles adhere to the end of the
surface of Escherichia coli bacteria and only one bacterial particle at the
same time in a majority number of cases (90%), which may indicate a
strong orientation effect, which is caused by the heterogeneity of the
bacterial particle surface |4]. Another aspect is the effect, the type of
dissipative phase. When it is a liquid phase, for example, water, it exerts
a special influence on the formation of the solvation shell around the
colloid particle, thus determining the occurrence of subsequent pro-
cesses such as acid-base reactions and interactions, adhesion processes
and others [5]. Different characteristics, for example, the ability to serb
on the surface of a colloid of a substance (sorption of metals on particles
of bacteria in the air), will be exhibited by a colloid dispersed in the gas

Microchemical Journal 191 (2023} 108864

phase than in the water phase.

The work aims to introduce analytical technique utilized for char-
acterization colloids distributions of: size, molar mas, zeta-potential as
well as chemical speciation and interacting clements with colloids;
including proposed mechanisms of interaction of colloids with clements.
The range of techniques used, their complementarity, and limitations
were discussed. Subsequently, in individual sections, the issues resulting
from these analyses were discussed, i.e., the phenomena responsible for
stabilizing colloids, their interaction with other compounds, and their
presence in living organisms.

Fig. 1 schematically shows the key topics discussed in the paper.

Tn recent years, the awareness of the society regarding the pollution
of the envirenment and the burdening of this environment hy the vse of
harmful chemicals in laboratories has been constantly growing. Also, the
awareness of reducing the consumption of energy used for, for example,
the operation of research equipment, leads to the optimization of
analytical methodologies or changes in the approaches to performing
instrumental analyses. Continuously raising awareness and transferring
knowledge about green analytical chemistry is therefore especially
important for analytical chemists [6] who usually use chemicals and
research equipment. Tools have been developed to assess the “grenn”
nature of the entire analytical procedure, such as software ComplexGAPL
[7]. However, in this paper, it is worth to raise a dehate about the green
nature of part of the analytical procedure, which is the conducting
analysis by analytical technique. Therefare, in the present study the size
characterization and molar mass of colloidal particles (section 2) in
context of complimentary techniques such as static light scattering
(SLS), dynamic light scattering (DLS), nanoparticle tracking analysis
(NTA), ICP/MS, scanning electron microscopy (SEM),transmission
electron microscopy (TEM), mass spectrometry (for example MALDI))
electrophoretic mobility based the zeta-potential measurement (scction
3),size exclusion chromatography (SEC), flow field flow [ractionation
(FFFF) in section 2 as well as section 6 were debated. For these tech-
niques, the measurement time per sample is rather short and could be
reduced by optimizing the general metodelogy, especially in the case of
separation techniques. Techniques which work in a vacuum tend to
consume amounts of electricity, however, it can be reduced by

Biological

COLLOIDS CHARACTERIZATION

SIZE ¢-potential

Metailic-like

Cation of metal ®

Hyphenated separation
techniques

Fig. 1. List of issucs discussed in the paper. The characterization of biological and metallic colloids is discussed through particle size parameters, zeta-potential and

coupled separation techniques,
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decreasing of the total number of samples submitted for analysis through
careful planning and modeling of experiments. Analysis with these
techniques is possible in environmentally friendly solvent with totally
reduction of the most toxie reagents. The amount of sample and con-
sumption of reagents could be reduccd by using appropriate tools such
as low-volume cuvettes with in terms of light scattering techniques or
shorter chromatographic column or smaller volume analytic channel.

2. The size and molar mass of colloidal particles

The size and mass of colloidal particles are two of the key parameters
describing the physicochemical properties of colloidal particles. In
contrast to compounds create real solution, the colloidal particles have
larger size and characteristic distributions giving them unique proper-
ties and applications. As particle size increases, the surface area, diffu-
sion coefficient and effective charge decrees, and simultaneously, the
ability to scatter light and sedimentation rate increases.

The final result of the measurement of particle size distribution or
molecular weight is usually a graph (sometimes in the form of a histo-
gram), which shows the distribution of recorded particle sizes as a
function of the intensity of the measured signal. The value of the
measured signal can be determined by intensity, volume, or number.
The shape of an individual fraction could be described as bell-like curve,
Individual fractions could be described mathematically through
gaussian curve and with parameters such as median and polydispersity
index as a parameter describe spread of the distribution [8]. If the
sample is homogeneous in size (within the fraction), the polydispersity
index is about 1 or the farther from unity the fraction is heterogeneous.

The choice of analytical technique used will also depend on the state
of matter of the sample. Tor the characterization of solid and liquid
particles, the most popular are techniques based on light, neutron or X-
ray scattering [9], laser diffraction onto particles, nanoparticle track
analysis (NTA), microscopy techniques such as scanning electron mi-
croscopy (SEM) and transmission electron microscopy (TEM) as well as
the single particle inductively coupled plasma (SP-ICP/MS) technique,
which is relatively young technique in the lahoratory and dedicated to
elemental-like particles which shape of particles could be described as
sphere [10].

Microchemical Juwrnal 191 (2023} 108864

Fig. 2 shows examples of colloids on a size scale as well as a typical
working range of selected analytical techniques used in the laboratory to
determine size distributions of colloidal particles. To the comparison in
size scale, a water molecule and a hair are also marked to visualize the
compounds which are classified as small moleetle and macro-object.

Techniques based on static light scattering (SLS) and dynamic light
scattering (DLS) as well as SP ICP/MS do not have a designated
parameter like the detection limit, understood as the smallest particle
giving a measurable analytical signal in the context of background
(noise) signal. In general, the intensity of the signal from a scattering of
light from a particle is directly proportional to the particle size (mass),
their concentration and the square of the increment refractive index
value (Eq. (1)). Therefore, the lowest measurahle signal (in terms of
signal noise) depends on the sample characteristics as well as mea-
surement condition (relation between colloid and dispersant phase).

Ly ’
LignarxM,.C (I) 1)

Importantly for SLS measurcment is type of scattering, isotropic or
anisotropic in particle size context. The lower limit for particle size
determination values of around 10 nm is related to the beginning of the
process of anisotropic scattering of light onto particles at these particle
size values,

As a result of isotropic scattering, the intensity of scattered light is
the same in all directions and independent on the detection angles from
the center of the particle; this type of scattering is observed for small
particles (below 10 nm, approximately). In anisotropic scattering, the
intensity of registered signal from scattering depends on the bservation
angle. The relationship of the intensity of scattered light and ebservation
(detection) angle is expressed in the Rayleigh equation (Eq. (2))

Ko C |
Ry  MgPg

+2 % [#))

where K_opt is the optical censtant, R_& is the excess Rayleigh scattering
ratio, M_W is weighted-average molar mass at concentration C, P_@ is
particle scattering function, A 2 {s second viral coefficient. Graphical
representation of transformed form of Rayleigh equation could be Zimm
plot, where extrapelation of experimental values (scattered light at
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Fig. 2. Examples of colloids of biological nature represcnting typical values of the size of single objocts with typical occurred analytical range of techniques

implemented to size characterization,
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different angles for anisotropically scattered particle) to angle at @=0
and C = 0 gives M_W and radius of gyration vales.

However, DLS measurements in batch (in comparison to flow-
through analysis) mode may allow measurcments of particle sizes
below 10 nm since the measured value depends directly on the diffusion
coefficient and not on typical light scattering. Moreover, detection of
smallest particles and measurement precision s highly related with
sample optical purity [11] as well as instrumental set-up (especially
detection arrangement) [12].

Fluctuation of scattered light (in time) onto particles in continuous
motion in medium (Brownian motion) is a starting point in DLS mea-
surement. The hydrodynamic radius Ry is caleulated from diffusion
coefficient parameter based on Stokes-Einstein equation (Eq. (3)) while
bigger particle diffuses slowly and scatter more light than smaller.

KT kT
f omR,

3)

where k is Boltzmann constant, T is absolute temperature, 1 is dynamie
viscosity and D is translational diffusion coefficient.

The lower limit of the analytical range of the technique SP ICE/MS
(Fig. 2) could be correlated to element fonization potential and particle
concentration in sample as well as background level at specific mass to
charge ratio and transport efficiency during sample introduction to
plasma [13]. Moreover, this technique provides the ability to measure
particles in the entire definition range of colloids for some elements and
particle form. Subsequent technique for size determination could be
microscopy based technigues (SEM, TEM), while the particle concen-
tration must be high cnough to reach turbid initial sample solutien, in
general, to ensure the detection of particles.

In turn, the upper limits result from the fact that a particle suspended
in a medium (for techniques examining particles in a liquid medium)
must exhibit measurable Brownian motion and thus be in a colloidal
state. Particles that are too large and tend to sediment significantly
should not be analyzed using diffusion or light scattering-related tech-
niques, The horderline between colloidal and non-colloidal is difficult ro
generalize for the whole group of colloids due to significantly different
structures and, therefore the upper limit of the analytical range also. The
polar structure of a particle which under specific conditions (pH, ionic
strength, temperature, etc.) is electrically charged (have significant
values of veta-potential) and thercfore are electrostatically stabilized.
Another stabilization mechanism is sterie cxelusion, which in both
mechanisms gives possibilities to characterize particles at larger sizes
(including agglomerates) and therefore such systems can be character-
ized in a broader size range. For the SP ICP/MS technique, it is essential
to transport the particles efficiently to the analytical parts of the spec-
trometer (plasma tarch through the system of cones and ion lenses) to
the mass analyzer through the most used nehulizer and spray chamber,
through which too large particles are sterically excluded.

I'he size of the colloid particles R can be related to the molar mass M
of these particles by a relationship (Eq. (4)):

M = KR )

where constant K depends on the particle shape and density, and dy is
fractal dimension, a parameter describes particle shape, For linear par-
ticles, d¢ is 1 and for compact spherical particle, exponent is 3 [14].
To determine molar mass distribution, techniques based on light
scattering, viscosity, sedimentation rate and mass spectrometry tech-
niques (fonization techniques such as electrospray ESI, fast atom
bombardment FAB or matrix assisted laser/desorption ionization
MALDI) could be used [15]. The techniques listed above can be distin-
guished by the system in which the measurement is made. Mass spec-
trometry techniques are based on the transfer of compounds from the
solid or liquid sample to the gaseous state in a (high) vacuum, while
measurements with the other listed technique can be made in the
dispersed phase. In complementary studies, light scattering (SLS) and
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mass spectrometry (MALDI-I'OF/MS) techniques were used to charac-
terize the process of pH-dependent self-association of beta-lactoglobulin
in dispersant and both techniques lead to identical conclusions; protein
is monomeric at pH equal 3.0, dimeric at pH 7.0 and at pH 5.0 create
forms from dimer to octamer [16].

Alternative techniques to determine the size of molecules are size
exclusion chromatography (SEC) or technique from a family of field flow
[ractionation (FFF). Calculation of particle size based on the results from
the determination of retention time after SEC or FFF analysis are,
however limited to substances with calibration standards are present,
because even colloids of the same size show different retention times or
elution volumes depending on the chemical structure of the compounds
due to versatility in conformations, shape and creation ordered struc-
tures [17].

2.1, Complementary techniques in size determination

These techniques, apart from the dependence on the shape of the
particles, lead to different types of particle size distribution. The result of
DLS measurement leads to obtaining size distribution by intensity. This
type of distribution is notably sensitive to detect larger particle in the
sample sinee, the larger particle is the more intensity of scattered light
signal produce (Eq. (1)). If the intensity type of size distribution is
monomodal and monodisperse in size (by Pdi) it is possible to convert
the native type of distribution from DLS (by intensity) to number or
volume types of size distribution based on the Mie theory [18], the
transformation between intensity and numerical size distributions types
is done by the Mie scattering formula, These calculations could result in
more sensitive analysis of smaller in size particles in the sample. Number
type distribution shows the quantity relationship of particle in a sample
while volume-based distribution reveals particles volume relations in
the sample (approximated to a sphere). The correct result of the trans-
formation of distribution alse requires full knowledge of the components
of the samples (optical constants), the homogeneity of the composition
in terms of density and shape.

Using anmalytical techniques based on different theoretical and
experimental foundations and assumptions leads to obtain comple-
mentary information about the compenents of the sample. For example,
using techniques based on DLS or SLS leads to obtaininghe values of
hydrodynamic and gyration radii, respectively [19]. The hydrodynamic
radius of a particle is related to the size of hard and spherical particle
which has the same diffusion coefficient while radius of gyration is the
value of distance from the mass focal point of a particle.

For microscopy-based size determination, the particle’s shape,
sample preparation protocol, and measurement environment have a
significant impact. The authors indicated the impact of shrinking of the
particles during the drying process before SEM analysis as a source of
change in particle size of polyalkyleyanoacrylate nanoparticles as the
authors were received significantly different median and distribution of
size after comparative study using of scanning electron microscopy, DLS
and analytical ultracentrifugation [20]. The TEM analysis leads to
obtaining well-defined characterization size, shape and morphology of
particles with high resolution and precision. However, the analysis
result is a two-dimensional image of (frequently) nonhomaogeneoushape
and polydisperse in size particles value and leads to number-based size
distribution [21].

In comparative studies of size determination of pigments, number-

type size distribution during DLS measurement correlates with size
distribution obtained from transmittance cleetron microseopy (TEM)
measurement while intensity-type distribution overcstimate median
value [22]. The intensity-based type of distribution highlights the larger
particles in the sample, because bigger particles give more intense
scattering intensities.

Nanoparticle Tracking Analysis (NTA) is an analytical technique
which measure hydrodynamic radius, similar to DLS, from diffusion
coefficient measurement; however, in contrast to DLS, the detection is
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based an the microscopic assessment of position change of particle after
illumination their by laser. The result gives better particle fraction res-
olution for polydisperse in size sample compared to DLS and produces
number-based type of distribution. that recalculation number-based
distribution (from NTA) to intensity-type doces not explain differences
in registered distribution parameters obtained from DLS analysis, due to
the necessity of using ahape-dependent model [23]. Determination of
the particle size distribution by the SLS technique leads to obtaining
weighted-average size distribution which is orthogonal to DLS and TEM
analyses [24] and the average value is often lower for weighted-average
size distribution.

2.2. Shape of particles

Techniques based on the measurement diffusion of particles in a
medium (DLS, NTA) to calculate particle hydrodynamic size (based on
Eq. (3) for example) are shape and shape-model dependent techniques.
From the definition of the concept of hydrodynamic radius, it follows
strictly that the value of the size of the measured particle refers to a hard
and spherical particle that shows the same diffusion (diffusion coeffi-
cient) in the medium. In general, only spherical particles have hemo-
geneous preperties in size determination. Any change in particle shape
(from spherical to non-spherical) and surface properties could poten-
tially affect significant changce in diffusion speed of particles in medium.
One example could be a conformational change in polymer structure
which leads to re-equilibria in surface active group availability.

The size measurement results will depend on the particle’s orienta-
tion in relation to the detector (the phenomenon is particularly visible in
microscopy). Only spherical particles are homogeneous when measuring
particle size [25].

‘The shape factor *p” which contributes to particle shape of a particle
can be determined in dispersed state (studies where impact of liquid
environment could be important) as the ratio of the gyration to hydro-
dynamic radii extracellular nanoparticles were characterized as spher-
ical 1261, synthetized peptide-liposome complexes were characterized
as coated sphere 127].

2.3. Analysis of polydisperse in size samples- problem meaning

The dependence of the intensity of the scattered light on particles is
described by the particle radius power relationship with the cxponent of
6 128]. For this reason, DLS and SLS techniques are characterized by
their high sensitivity. However, this means that the direct analysis of a
complex mixture of particles with a significant pelydisperse will reduce
the sensitivity and precision of measurement for smaller particles
especially, often even leading to a complete loss of the signal for the
smallest particles, For example, in research, smaller fraction of dextran
particles in the presence of a fraction of large ones were not detectable
[29]. Polydisperse sample analysis using DLS may lead to incorrect
measurement results due to theow resolution between the measured
fractions [30]. Analyzing a polydisperse sample using the DLS tech-
nique, it may be helpful to use the CONTIN algorithm, which made it
possible to correctly determine the particle size distribution of the
microgel suspension [31]. The CONTIN algerithm is one of the possible
types of deconvelution of raw experimental data resulting from the
measurement of the interaction of apparatus laser light on particles
moving as a result of Brownian motien [32].

2.4. Analysis of polydisperse in size samples- using separation technique

Another possible solution is to use a separation technique that
maintain homogenous in the determination of particle size and molar
mass. Additionally, sizing the menodisperse particles at gives opportu-
nity to minimize multiple scattering onto particles phenomena in highly
concentrated suspension [33]. Separation of complex sample into frac-
tions is significant when analyzing substances that tend to agglomerate,
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thus practically the predominant group of colleids. Multi-angle light
scattering detector (SLS based) is typically used in coupled separation
techniques such as asymmetric flow field flow fractionation (AF4) or size
exclusion chromatography (SEC).

To obtain the separation techniques based on the mechanisms of
differences in particle size and particle diffusion coefficient (SEC, AT4)
as well as charge (capillary electrophoresis CE) were used. Fig. 3 shows
the mechanisms behind AF4 and SEC techniques schematically.

In the case of the AF4 technique (upper panel) Fig. 3, the separation
of the sample takes place in the open channel, in which one of the walls
is covered with a semi-permeable membrane with strictly selected pore
size values, The membrane pore size value determines the smallest
particle size retained by the membrane and separated in the channel,
while particles smaller than the membrane pore size are removed frem
the separation solution. The mechanism is used during the semi-
preparative purification of the sample and the removal of unwanted
sample components during the separation process. The sample is
distributed through the canal during the injection stage. Then, experi-
mentally selected flow values lead to the concentration of sample
components in a narrow band close to the lower surface of the channel.
In addition to the directional forces that attract the sample particles to
the membrane, diffusion also affects the particles. Too low experimen-
tally obtained recovery of substances after separation may result from
the excessive predominance of focusing forces in relation to the diffusion
value. However, the recavery values are also affected by the interaction
of the analyte with the membrane structure, During the separation
(separation method) there is a change in the value of the created flows,
which results in the fact that particles of successively larger sizes
(smaller diffusion) can float towards the central part of the channel
cross-section in which the linear value of the flow is the highest due to
the presence of laminar flow characteristics. Finally, during the normal
type of elution, the order of particle size eluting from the channel and
entering the detector is from smallest to largest particles.

In the case of utilizing the SEC technique (lower panel) Fig. 3, the
components of the sample are introduced into the column filled with a
porous stationary phase (the key values are pore diameter and pore size
homogeneity) and transported along the channel through a mghile
phase (usually a butfer solution). The separation mechanism (according
to the main theories and assumptions} is based on the steric exclusion of
particles of larger and larger sizes since larger particles (in hydrody-
namic volume) penetrate the pores of the stationary phase to a smaller
and smaller extent, while particles whose size execeds the value that
would allow inside the pores are eluted in or near the dead velume of the
column. Smaller and smaller particles penetrate more deeply into the
pores and therefore stay longer in the volume of the stationary phase.
After separation, the sample components are classified from the largest
(largest hydrodynamic volume) to the smallest.

The separation technique for separating a mixture of biocolloid
forms has been used in research to characterize the mass and size of
hovine albumin serum protein particles, A theoretical monemer mass of
this protein is about 66 kDa and it shows a signiticant tendency to
oligomerization or agglomeration in medium. When batch molar mass
determination analysis was performed the result indicates incorrect
value of 85 kDa, however, the use of a separation technique (SEC) allows
for the separation of these forms and accurate characterization indi-
vidual forms of mixtures [34]. Changing the separation mechanism [rom
SEC to Ion Exchange Chromatography may allow for the analysis of a
wider group of proteins and for more precise determination of the
substances’ size and molar mass parameters due to the greater number
ofptimizing parameters and their influence on the analysis results [35].
Another possibility is using AF4 technique to separate oligomeric forms
of beta-lactoglobulin and by using ultraviolet (UV) and multi angle light
scattering (MALS) detection system characterize them; protein forms
represent pH and concentration dependent relationship, in acidic con-
dition is monomer, at pH 7 is dimer however, at pH protein occurs from
dimeric to octameric forms [16].
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Fig. 3. Schema of separation meehanisms used in the AF4 technique (upper panel) and SEC (lower panel).

The subsequent problem that can be encountered during the mea-
surements is the phenomenon of light absorption by particles which
could be found in many examples of proteins containing chromophores,
for example, [Fe-S) cluster. The selution to this problem and for fluo-
rescent samples may be changing the laser wavelength, using laser filter
caps or using corrections algorithms[36].

However, the use of separation techniques comes with its own dis-
advantages such as the low recovery of substances after the separation
process, possible changes in the conformation of substances or even
degradation of certain compounds that are particularly sensitive to the
separation process, Many of the inconveniences encountered especially
during protein analysis using SEC can he avoided by switching to milder
separation technique as AF4, however, the analysis with it requires in-
depth optimization [37]. After SEC or AF4 separations for many
groups of substances, lower than complete recovery of species i
by mostly attractive interactions of separated substances with stationary
phase in SEC or membrane in AF4. This Is especially visible for highly
charged (ionic) substances such biepelymers. In case analysis of typhoid
Vi pelysaccharides where discrepancy in substance recovery after AF4
and SEC analysis were varled between 61.8 % and 7.8 %, respectively
[28]. The recovery achieved in AF4 could be higher than after SEC
separation due to much lower surface contact of substance with mem-
brane comparedo stationary phase surface in SEC, and recovery is
around 80-90 % for separations of biopolymers [39,40]. Even if the
experimental conditions theoretically prevent the loss of substance due
to the interaction of the particles with the AF4 semi-permeable mem-
brane [41,42]. Thus, during the AF4 method optimization, the correct
compromisc between resolution and recovery in practice is made.

caused

3. The zeta-potential of colloidal particles

The role of the particle surface and the solid/liquid interfaces be-
comes decisive while interactions between particles and dispersed phase
are considered. The zeta-potential parameter determines the electric
charge that is present at the interface (slipping plane) between the
adsorption layer (Stern) and the secondary layer of ions interacting with
the particle-adsorption layer component [43] (Fig. 4). It is believed that
colloidal particles can acquire a surface electric charge as a result of
Brownian motion in the dispersing phase due to the friction of the

surface and movement of the colloidal particles with molecules of the
dissipating phase Surface of colloidal particle can have an electric
charge resulting from being native character ions in liquid after the
dissolution, icnic surfactant {ad)(chemi) serption, dissociation of
chemical groups, ion exchange reaction and Isomorphic substitution of
some groups [44,45]. The surface electric charge of particle forces the
movement of other ions presented in bulk medium. The electric charge
located on the surface of the particle attracts oppositely charged ions
(Stern layer) in the first. In return, this layer diffuses ions from the
opposite (diffuse layer) sign.

The zeta-potential parameter is one of the key parameters used to
describe and predict colloidal suspension stahility [46]. If the absolute
value exceeds 30 mV, it means that the suspension is stabilized elec-
trostatically, by electrostatic repulsion between particles (Fig. 5), which
in turn prevents them from combining larger clusters (agglomerates)
and create larger particles. Particles reaching the significant size and not
stabilized (electrostatically or sterically} have a tendency to precipitate
and sedimentation or creaming from the suspension.

The stability of colloids in medium can be described and predicted
using the DLVO theory. The acronym for the term comes from the names
of the theorists; Derjaguin-Landau-Verwey-Overbeek. The central hy-
pothesis of the theory is the fact that the van der Valls (attractive) and
electrostatic Coulomb (repulsive) forces hetween particles and within
individual particles are present and act simultaneously, the sum of
which determines the resultant value that acts on two particles:
Fpuvo = Famacdve | Freputave [47]. A graphical representation of forces
acting onto particles in terms of distance between particles takes form of
local minima and maxima depending on the distance between the
interacting particles, while at close distances (below about 10 nm) the
electrostatic repulsion between the complexes of the particle layers
(Stern and diffusion) dominates. As the space between the particles in-
creascs, attractive forces begin to appear. Tor spherical particles of
radius R at separation d, Hamaker constant A, the van der Waals energy
is given as (Eq. (5))

AR
;o
Vo= Tag

(5)

Hamaker constantly describes the chemical composition of particle
and due to the fact that A has positive sign the attraction between the
two identical particle is always attractive and therefore separation
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Fig. 4. Schema showing the formation of layers of adsorbed ions on an clectrically charged colloidal particle resulted in an electrokinetic potential,

distance is factor that decide about agglomeration process.

Surface potential and diffusion are strongly conditioned by proton
transfer reaction or load on electrokinetic stability (Fig. 4). An
agglomerating particle in given conditions (a cluster of many particles)
may exceed the critical value of density (inass to volume ratio) at which
sedimentation of these particles from the suspension will occur. In
general, the larger the particle size, the higher the absolute zeta po-
tential should be present to stabilize these particles. Depending on the
specific chemical structure of the particle, one of the mechanisms that
allow the formation of the structure of the electrically charged surface of
the particle and their change in value may be acid-base reactions.

The zeta-potential of a suspension can be determined by means of
various instruments: streaming current, streaming potential, electro-
acoustic, electro-osmosis and electrophoresis movement [46]. The most
popular is the device based on the movement of charged particles in

liquid suspension with external voltage applied and particles illumi-
nated by laser radiation and light scattering detection. The electropho-
retic velocity of the particle is written in (Eq. (6))

v = pl (6)

where u is named electrophoretic mobility and articulated in terms of a
¢-potential by Smoluchowski formula (Eq. (7)):

= E‘:‘ Slforke == 1) 7)

where € and & are the relative dielectric constant and the electrical
permittivity of a vacuum, respectively, n is the solution viscosity.

One of the key parameters and assumptions is the so-called Dehye
length parameter x [48] which is linear proportional with hydrated
cation radius [49] and electrolyte concentration [507. The
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Electrostatic repulsion

Fig. 5. Electrostatic repulsion (repulsion of single-sign charges) as one of the
stabilization mechanisms between colloidal particles.

smeluchowski form of the electrophoretic mobility equation (Eq. (7)) is
particularly useful for the analysis of submicron particles in the medium
with significant values of electrolyte concentrations and were ionic
radius of particles in relation to Debye lenght parameter is wos1.
However, when analyzing a significantly smaller colloidal particle at
low electrolyte concentrations or non-aqueous systems (ka<1), a
Huckel approximation in the electrophoretic mobility relationship with
zeta-potential should be considered (Eq. (8))

2 eey
ER

Cilorxa << 1) (8)

However, it was demonstrated that the Henry function fy xo (Eq. (9))
[51] provides the most widely assumed electrophoretic mobility versus
zeta-potential relationship in the case of nonfuncticnalized metallic
nanoparticle [52].
= % ?éﬁ,mﬂbrm < 1) (9)

The work of W. Wilson indicated that the Smoluchowski model used
for most virus and bacterial patticles is correct [53], However, it has
been shown that the Smoluchowski approximation (for large particles in
a medium with high ionic strength) is correct for bacteria, while for
viruses it is better to use the Henry approximation [54]. In research
conducted on the interaction (adserption) of alkall metal ions to phos-
phatidylcholine vesicles,Henry parameters were applied to functions
depending on particle radius and cleetrolyte concentration [55].
Increased concentration of electrolyte NaNOgz reduces electrophoretic
mobility of Fe304 nanoparticles due to more effective charge neutrali-
zation of particles at given pH [56].

3.1. Impact of pH

The pH of the environment has the greatest impact on the zeta-
potential value, the effect of fonic strength and colloid concentration
is significant [57]. pH dependance of zeta-potential determination (in
function ionic strength for example) is often conducted to colloid iso-
electric point determination,

‘I'he pH of the environment usually has the most significant influence
on the zeta-potential of the suspension. Changes in pH affect the value of
the charge located on the surface of the colloidal particle. At an acidie
medium conditions, colloid possesses positive zeta potential as a result
of protonation of functional groups such as organie residue (proteins,
polysaccharides or lipids) ento bio-ZnO nanocomposite [58] carboxyl,
amine/hydroxyl, phosphate/hydrogen phosphate groups on the surface
of native yeast cells [59] or amino acids in protein [60]. The isoelectric
point is the pH point at which the net charge is zero. As the pH decreases
further, the groups deprotonate and the zeta-potential decreases to
negative values [61,62]. Electrokinetic stabilization at absolute values
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above 30 mY results from the repulsive action of colloids with the same
sign. In turn, the primary change of the charge on the particle’s surface
entails a change, even reorientation if the surface charge is opposite to
the original, of the structure and propertics of the near-surface; Stern
and diffusion layers.

The relationship of biocolloid pKa and environment pH determines
the protonation reaction direction. It has been shown that soluble forms
of chitosan (pKa around 6.2) are characterized by positive zeta-potential
due to protonation of amino group (functional group of chitosan); at pH
7 the heaviest 300 kDa — 72 kDa) forms of chitosan are insoluble because
of (insufficient) deprotonation of functional groups, while pH below 6
ensures solubility of all forms of chitosan [63]. It has been shown that
the dispersed forms of caseins become stable after more than 1 h of the
process [607.

In turn, the zeta-potential determination and optimalization the
physicochemical condition of system could be used to determine the
condition where colloid does not have an electrostatic stabilization
mechanism. The colloidal particle near the isoclectric peint has many
interesting properties such as: the highest tendency to agglomeration,
minimal solubility, frequently possesses specific conformation and its
highly lyophobic. In this specific condition the flocculation process is the
most effective as well [64].

3.2, Adsorpfion of the second colloid onto particle

Determination of the zeta-potential of a mixture of two colleids al-
lows to determine the conditions favorable for the synthesis and to
determine the stahility of the complex depending on the measurement
conditions. However, sometimes high net zeta-potential of suspension
does not guarantee stability [56]. Therefore, it was postulated the
presence of steric mechanism of stabilization. The presence of a second
colloid can improve the system’s stability through the sterie exclusion
effect [65] (Fig. 6). Functional groups of colloidal species are sterically
blocked. In an extreme acidic or alkaline environment, where most of
the colloids is positively or negatively charged, respectively, the two
species’ repulsion occurs. However, at pH environment close to pl of
colloids, some functional residues could possess oppositely charged
moieties followed by electrostatic attraction between them. For
example, it has been shown that beta-lactoglobulin can form complexes
with pectins, and with a higher percentage of pectin functional groups
bound (the degree of esterification of carboxyl groups), the effective pH
range in which the formation of complexes oceurs decreases [66]. The
acid-base properties of the carboxyl group (the carrier can be pectins)
and their eoncentration can be used to improve the stability of many
other colloids (for example saybean oil bodies suspension) that are
particularly sensitive to degradation in the acidic pH range, which is
important in order to optimize new formulations for the food industry,

Steric repulsion

Fig. 6. The tendency to attraction and consequently aggregation of two par-
ticles could be reduced significantly by steric mechanism, structural high in size
particle is blocks functional groups of particles sterically.

66



UNIWERSYTET
MIKOEAJA KOPERNIKA,
‘W TORUNIU

Wydzial Chemii

A, Goighiowski and B. Buszewski

(yoghurt) and other naturally acidic food products [67]. For use value ta
use in products, for example in food industry, new materials based on
colloids, zeta-potential measurements can be used to develop and opti-
mize materials and environmental conditions in which complexes are in
a coacervate state [68,69].

When measuring zeta-potential, stability can also be evaluated by
the deviation parameter and zeta-potential walue distribution. The
widening of the distribution or the increase in the deviation of the
average zeta-potential value Is particularly common for biccolloids with
a specific structure, for example proteins; in an extremely acidic (pH
below 2-3) or alkaline {above pH 9) environment, the protein may lose
its quaternary structure and consequently its hiological activity [16,70].

3.3. Impact of adsorption of specific ions onto particle

The zeta potential of the suspension depends on the qualitative and
quantitative composition of the suspension. However, it has been proven
that speeific ions (cations and anions) can excrt a different effect on the
zeta-potential because they can interact in a way other than just the
interaction of charges. The Holmelster serles could describe this
relationship.

The Hofmeister series was introduced as a postulate to explain the
impact of ions on the phenomenoen of protein denaturation, There {5 an
order of anions:

COF > §O7 3 $20%8 > HaPOF» Fo» Cl 7= Bro» NO» I ClO7> SCN
and cations:
N(CHz){ > NI > Cs' > Rb'» Na'> Li'» Ca'»> Me® = Zn? ' > Ba®

Amnions at the left from chloride and cations at the right of sodium are
considered as have a high hydration potential and tend to unfold the
protein and increase the protein solubility [71]. Initially, the mechanism
of action of these series on the release of proteins was seen in changes in
bulk water structure by added ions. However, it is known that the spe-
cific interaction between ions and macromolecules as well as in-
teractions with water molecules in the first hydration shell of the
macromolecule are important [72]. Tt was shown that the micelle size
decreased with Hofmeister series of anions and cations due to increased
polarizability potential of cations [73]. The effect of adsorption of series
of cations and anions on the lysozyme solubility were studied. The re-
sults showed reverse sequence for anions at low concentration, which
was discussed through thebility of the more polarizable anions to
enhanced interactions by ion-surface interfaces [74]. More hydrated
ions can thickness reduction of electric double layer [75].The zeta po-
tential of manganese ferrite particles was lowest at pH 4 suspended in
water, and then in citrate and acetate buffers [76].

The zeta-potential measurement technique is a handy tool used to
determine the isoelectric point of colloids, Rodzik et al. determined
isnelectric point of beta-lactoglobulin at pH = 4.6 [77]. However, this
protein’s isoelectric point condition varies with environment specific-
itytype of counterion) and change from 5.3 to 7.6 [16]. Impact of spe-
cific ions on iscelectric point was observed in wider group of
bivmolecules [78]. Tonic surfactants impact of isocleetric point of ZnO
particles [79]. According to the Hofmeister serics, the zeta-potential of
the suspension of galactomannan changes [80]. Using the Hofmeister
series, it is possible to interpret the phenomena of specific adsorption of
ions to the surface of colloids, not only through the valence of the ions.
Adsorption of ions with different levels of hydration to the strongly
hydrophobic surface of cellulose particles may occur through the
participation of entropic phenomena consisting in the release of hy-
dration water from the structures of the coordination network of ions
[817.

Microchemical Jowrnal 191 (2023} 108864
4. Mechanism of metallic substance interactions with colloids

Concerning the interaction of metals with colloids or structures of
metallic nanoparticles, the mechanisms of synthesis of this type of ma-
terials can be elueidated In the first place. Struetures of metallie nano-
particles can be obtained using bottom-up or top-down technologies.
This means carrying out processes consisting of the agglomeration of
smaller individual particles in the solution or the use of processes to
reduce and fragmentarge particles, respectively [82]. In turn, for
biopolymer particles, the metallic deposit may be present as a result of
specific or non-specific adsorption or chemisorption processes [33]. The
hacterial cell wall is made of, among others, acids whose functional
groups (carboxyl, phosphate) are capable to acid-base reactions and,
depending on the environmental conditions (pH) and specific value of
pKa of acids, an electrically charged colloidal particle core is formed to
which metal ions can attach [84]. The pH condition, the absolute critical
parameter, determines the level and character of ionization of active
functional groups ente particle |85]. The adsorption of cadmium to
bacterial structures showedhat the process does not depend on the type
of bacteria (gram positive and negative) but is conditioned by the con-
centration of functional groups in the baeterial structure, their pKa
constants and metal binding constants [86]. Alireza Fathollahi et al.
conducted a meta-analysis on the biosorption of various metals on many
types of bacteria and, as a result of the analysis, estimated the optimal
(highest sorption efficiency) conditions for the biosorption process as pH
values between & and 7.5 for lived bacteria strains as well as sorption
effectiveness, contact time (between bacteria strains and metals),
optimal temperature depending on type of metal ions [87]. Table 1
summarizes several papers focusing on characterizing the interactions of
metal ions with bacteria using instrumental techniques. The works
focused mainly on optimizing the biosorption process by determining
the optimal conditions and characterizing and pestulating the mecha-
nisms of the biosorption process.

The FT IR (Fourier-transform infrared spectroscopy) technique plays
a special role in characterizing the interactions between bacteria and
metals hy determining functional groups that may participate in metal
bhinding by bacteria and thus lead to the presentation of postulated
binding mechanisms. Bacteria secrete specific substances called
“Extracellular polymeric substances” (EPS) which could be many of
proteins and polysaccharides, uronic acids, humic substances, lipids ete.
[88]. Due to presence of functional groups such carboxyl, thiol/phos-
phate, and amino/hydroxyl eould bind ions from media through clec-
trostatic interactions. The acidic constants (pKa) of the EPS fell into
three ranges of 3.5-4.0, 5.9-6.7, and 8.9-9.8 [89]. Condueting the SEM-
EDX technique, it was shown that part of Pb bound by Phanerochaete
chrysosporium occurs in the form of precipitated associated with EPS
located on the surface of bacterfa [90]. In Fig. 7 it was showed a com-
parison of a possible mechanism of metal ion sorption/interaction with
hacteria cell.

Similarly, the mechanism of metal binding to the structure of bio-
colloids (proteins, for example) takes place through the electrostatic
attraction between inversely charged centers of metal ions and func-
tional groups of the protein [70] However, it has been shown that the
interaction of a group of metals (Zn(ID), Cr(IIT), CA(ID), Cu(II), Pb(ID), and
Ni(IT}) with a protein is not homogencous and is a process specifie to a
biopolymer - metal characteristic and reaction environment conditions
[91]. InFig. 8 it was demonstrated schema of possible and postulated in
literature mechanism of metal ion binding/interaction with proteins
through functional groups of amino acids residue.

5. Characterization of metal-like (bio)colloids and metals
interaction with colloidal particles with using ICP-MS: Direct
sampling and sample solubilization

The element concentrations in bio composite samples (metal-like
colloids and metal-colloid particles} could be determined by analytical
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Table 1

Comparison of the tested metal ions with a group of different bacteria by means of instrumental techniques.
Chemical Biocolloid Analyti iq Main Reference
Element
od, Cu, Py Fsendomonas azotoformans WIC delermination, » Binding o ionizable groups OH, NH [92]

1CP OES, 1685 rDNA, FI

IR

d, Cu, Cr(un), Bacreria: Pserdomonas, Bacilits, Micrococcus, Uv-vIS
Ni Escherichin, Streptococcus, Enterobacter.
Stuphylococcus Fungi: Aspergillus niger, Pemicillium

notainm and Aspergifius flavis

#n, Pb Geeanobaziflus profundus

CLSM

Cr (VI) Pseudomonas alealiphila strain NEWG-2

UV VIS, TCP OES, & maxit

SEM-EDX, TT IR, 168
IRNA, flame-AAS

and COOH present on the cell surface
Optimal removal effectiveness at pI1 6.0, 2 g/L of biomass
andl initial concentration of each metul 25 mg/L
Remowil efficiency was us follow; Cd 33.1 %, Cu 53.9 %
and Ph 81.9 %
the highest removal cffectivencss in bacteria serics was (93]
determined for Cr 89.67% and for Cu 90.89% by
Pseudomonas sernginosu at 20 ppm on day 21 and 15 ppm

on day 14, respectively

P, notatum showed highest biosorption rate for cadmium
at 10 ppm with 77.67%. Aspergillus niger showed highest
biosorplion rate for nickel with 81.07% afler 28 days of
inculation
um removal percentage for Pl was 97% al an initial  [94]
concentration of 50 mg/L whereas maximum removal
percentage for Zn was at 549 at an initial concentration of
2 mg/lL obtained al pH 6 and 30 °C.

propased sorption mechanism by interaction metal lons
with carboxyl, sulfare, and phosphate presented in LIPS
sorption effectiveness 96.60% of 200 mg/L of Cr (VD using  |95]
veast extract (5.6 g/L), glucose (4.9 g/L}, pH of 7

phenolic, tarhonyl ester, acelyl, cathoxylate, alkanes and
carbonyl were participared in ion binding

Zn0 and TiOs Serratia sp., Bacitlus sp., Merganella sp.. Citrobacter 1CP OLS « bacteria were able to gradually uptake nZn0 and nTiO; in [9e]
nanuparticles freundii and Lysimibacillus sp. concentrations varying from 1 to 50 mg/T
7n XZN4 strain UV-VIS, SFM, FT IR, o removal of #inc(IT) by bacleria was single-molecule layer 1971
Name AAS adsorption model take place
Optimal removal rates were obtained at a pIT between 5
and 6 and at pII 5 was §1.5%
PH higher [han 6 leads 0 stop Lhe provess due Lo slarls
melal oxide forming
shriveled shape and crystal precipitation on the surface of
particles
peptidoglyean, polysaccharide, phospholipid, and other
funclional groups parlicipale in sovplion
Ph Celieium amansii 1CP OES, FI' IR, SEM & sorption optimum : initial Pb* cone fonol  [98]

LDX,

200 mg/L, temperature 45 °C, pl1 4.5, biomass of 1 z/L and
contact time of 60 min

carbonyl, methylene, phosphale, carbonate and phenolic
sraups participale in hinding

Abbreviations: ICP OES inductively coupled plasma oplical emission speciroscopy, EDX Energy-dispersive X-ray spectroscopy, flame AAS Alomic absorplion spec-
troscopy with [lame ionization source, 168 rRNA 168 ribosomal RNA, CLSM Conlocal laser scanning mieroscopy.

techniques based on elemental spectroscopy or mass spectrometry (ab-
sorption and emission spectroscopy), mass spectrometry or X-ray fluo-
rescence. The important feature to achieve sensitive elemental analysis
at ultra-trace concentration level is choiee of excitation sources; utili-
zation of ICP (inductively coupled plasma) gives the most effective
transfer process ofingle ions production from atoms [99] and using this
ionization sotiree gives possibility to characterize most of the elements.
Flame or graphite furnace ionization techniques (especially used with
AAS) could also be used; however, using these types of ionization
sources is dedicated to quite higher element concentration in sample
[100]. Samples in solid or liquid states of matter could he analyzed by
sample introducing system selection; from the solid-state laser ablation
introduction system connected to ionization source [101] or dissolved
(as well as dispersed liquid state) sample by peristaltic pump.

5.1. Sample solubilization

The main task of carrying out the sample preparation stage by means
of mineralization is to dissolve the sample and simplify the matrix by
oxidation to simple compounds. Using highly efficient ICP excitation
sources, it is theoretically possible to determine the quantification of the
element in a sample’s biological matrix without the prior process of
effective mineralization (decomposition) of the sample. However, the
analysis of the total content of the element together with carried out

10

mineralization brings benefits because of reducing the carbon content in
the sample, which reduces the subsequent matrix and drift effects [1027].
The analysis of colloidal samples of a metallic nature also does not
theoretically require mineralization if the particles are stably suspended
in the medium and do not show too large sizes that could lead to clog-
ging of the nebulizer. Moreover, sample mineralization with using
concentrated [norganic acids brings many benefits. Acids with high
metal dissolving and oxidizing power such as nitric acid (V) is a typical
choice for the mineralization of Cu-Al layered double hydroxide mate-
rials [103] and other types of samples [104,105]. Nitric acid is
commonly used as mixture with concentrated hydrochlaric acid [77].
Fusion of sample with fluxes (for example LiaB407 and LiBOs) for
determination of ke, Al, 8i, Ca, and Mg could be successfully used [106].

5.2. Sample preparation to SP ICP/MS

Another aspeet is the preparation of the sample to the SP ICP/MS
analysis. This specific technique can answer the total concentration of
the element in the colloidal particles as well as the size of the colloid
particles. Particle size determination using this technique can be bene-
ficial for spherical particles. Sample preparation for SP ICE/MS requires
suspension of the colloidal sample in a liquid that does not cause
degradation of the colloid structure and the release of the element from
the particles. Carful and adequate sample dilution is particularly
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Fig. 7. Possible and collection of postulated in literature mechanisms of metal jon sorption onto bacteria.

important to charaeterize single particle during the analysis time [107].
Sample dispersed in ultra-pure water (spectral pure) is the most common
medium if it provides stability and does not interfere with the analysis,
such as ZnO NPs [108] and silica nanoparticle [109].

6. Separation and speciation of metal (bio)colloids by
hyphenated techniques

Speciation is the seetion of analytical chemistry eonsisting of the
determination of the forms of the element present in the sample and ean
be combined with quantitative analysis of these forms as well as iden-
tification and characterization of the new compounds in samples. The
elements usually do not oceur in an accessible form in a living organism
but in a bound, complex form, and they could interact with colloidal
compounds, The specific combination of the metal with the compound
determines properties such as: solubility and thus bioavailability,
diffusion or toxicological and other features [110]. An especially
important issue is the study of speciation of metallic nanoparticles,
especially of elements considered beneficial to the environment, harm-
ful or toxic, to learn about these substances’ toxicological and envi-
ronmental consequees [1117].

11

6.1, Spectation analysis

The stages of speciation analysis are as follows: defining the scope of
research and the purpose, sampling, and preparation of the sample for
analysis, followed by, in the classical approach of conducting speciation
analysis, the separation of forms of an element is performed using sep-
aration techniques followed by detection of forms combined with their
identification (especially important for forms of elements for which no
standards are available or the sample matrix s different) [112]. Most
chemical elements oceur in the orgasms of the living in the form asso-
ciated with ligands, but not all elements interact with biopolymers. The
most common biopolymers are proteins and polysaccharides, whose
monomers compaosed of functional groups containing S, N, and O atoms
are often the metal jons™ binding site[113]. The affinities of metal ions
for particular atoms of a compound’s coordination center can be inter-
preted, generalized, and predicted by the theory of hard and soft acids
and bases (HSAB) [114], Tons with electric charge dispersed onto highly
ionic radius particles such Cu, Zn, Cd, Hg, Ag atoms have a special af-
finity for binding through S atoms (similarly high ionic radius and
relatively low charge) of tunctional groups to proteins, while Mo, Mn,
Fe, Co, Ni, Cu, Zn through O and N, while Ca, Sr, Ba, La, Pb with
pelysaccharides through oxygen atoms [113].

It should be emphasized that the speciation analysis performed by
the mass spectrometry technique consisting in monitoring the signal at
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Fig. 8. Melal ions can interact with proteins through the presence of functional groups located in individual amino acid residues.

m/z 32, which corresponds to the measurement with singly ionized
sulfur atoms with the highest abundance, is commonly used as a
determinant to monitor biologically active substances containing sulfur.
However, the analysis using the ICP/MS technique in a system with a
single quadruple mass analyzer does not achicve the expected high
sensitivity of the analysis due to the presence of an intense background
signal coming from the polyatomic ion: [*°0'°0] . It has been shown
that using a sector-type mass analyzer allows for significantly higher
sensitivity analys of sulfur characterization [115].

With accordance with the HSAB theory, copper (1) cation has been
determined to form complexes with human metallothionein (high sulfur
content in peptide) [116]. Zn, Fe, S and P have been shown to accu-
mulate most in bran and embryo organs and most of the Fe content is
bound to P from phytic acid (myo-inositol-1,2,3,4,5,6-hexaki-
sphosphate) (IP6) with Fe4(IP6);g stoichiometry, in turn, most of the Zn
is bound to S as 3 kDa compounds [117]. It was shown that, in direct
competition, albumin-bound free fatty acids significantly decrease the
binding capacity of albumin for Zn?' [118). Manganese, cadmium,
copper, zine and cobalt interact with 17-44 kDa in mass compounds in
the young barley plant [119]. Lead was identified in the high-molecular
fraction of pectin compounds through interactions with two main

12

components homogalacturonan and rhamnogalacturonan 1 in plant
samples (mostly by carboxylic residue) [1201. Also, in higher plants, the
most frequently reported compound interacting with cadmium are
phytochelatins (few calasses of oligopeptides of glutathione and cysteine
amino acids- high nitrogen and sulfur content) |121]. Iron oxide (Fe304)
nanoparticles size, elemental concentration and interaction with blood
compounds were studied by coupled AF4 with ICP/MS techniques and it
has been showed that particle radius of gyration increased from 15 to 28
nm to 40-120 nm as well as polydisperse index after mixing [122]. Gold
nanoparticles in human plasma were studied using the CE-ICP/MS
technique, where it was determined that albumin and transferrin are
responsible to binding with nanoparticles [123]. The bioavailability of
AgNPs to rat organs and its transformation were investigated and it has
been shown that silver from AgNPs is present in the kidneys in a complex
form with metallothionein, in turn, in the liver with proteins with
masses from 25 kDa to 70 kDa [124].

Elemental detection using ICP/MS allows determiningltra-trace
concentration of Ag from engincered nanoparticle in real samples
(from 0.08 to 0.4 ug/L, depending on the Ag form and nanoparticle size)
[125]. Application of SP ICP/MS for characterization of Ag and Au
nanoparticles can answer the speciation in relation to the size of the
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particles in the sample [126]. However, for the same samples, the use of
AF4-MALS-ICP/MS gives the opportunity to characterize smaller and
biggeranoparticles (wider analytical range of nancparticles) [126].
Utilizing the AF4 technique to separate pectin-cadmium and pectin-
copper complexes after gelation process showed crcation of highly
cross-linked gel structures and coupling AT4 with ICP/MS could be
utilized as airect method to monitor cadmium and copper sorption ki-
netics [127]. AF4-MALS-ICP/MS allows to characterize particle size,
conformation, molar mass, and element content in each fraction. Due to
presence of semi-permeable membrane in AF4 channel the purification
of sample from low molecular weight impurities (smaller than mem-
hrane pore) and/or biologically active form of species vs inactive form
were obtained [40,128-130],

7. Goncluding remarks and future perspective

The paper debates about selected analytical techniques used to
determine parameters of particular importance for the characterization
of colleidal particles of a biological and metallic nature.

Characterizing the particle size distribution of colloids is a complex
process. The sample to be analyzed is preferably homogeneous, the
dispersion in particle size present in the sample makes it diffieult to
obtain accurate results. The solutions used to obtain accurate results are
discussed. The use of various techniques brings the possibility of
obtaining complementary data regarding the size distribution as well as
characterizing the shape of particles.

The phenomena at the interface (the surface of the particle of the
dispersed phase and the dispersing phase) are of decisive importance
when it comes to the phenomenon of stabilization of the colloid in the
medium as well as the interaction of the colloidal particle with other
elements and elements in the medium. The structure of the colloid ac-
cording to the Gay-Chapman maodel of the diffusion layer and the
resulting zeta-potential were discussed. The importance, determination
of the distribution of values and the consequences (stability) of the ex-
istence of a charge between the Stern and diffusion layers were debated.

Discussions were undertaken on the possibility of sample preparation
to characterize the content of elements in a colloidal particle as well as
the particle size using a specific SP ICP/MS technique. An attempt was
made to explain the mechanism of the interaction of colloidal particles
with elements and to determine the forms of elements in the form
associated with collides in a wide range of sample types.

Based on the analysis of the works, the influence of the poly-
dispersion of the sample is visible. Therefore, it is recommended to take
steps to analyze the most homogeneous systems to obtain accurate
measurement results. The use of separation techniques is one of the most
commonly used solutions to obtain a homogeneous sample for charac-
terization. However, the nature of the sample, the eleetrelkinctic po-
tential of the system as well as the dependence on envirenmental/
experimental variables (especially pH) and parameters associated with
the analytical technique have an impact on the loss of time (often sig-
nificant) of the sample during analysis and thus loss of information
about the complete composition and properties of the sample, There-
fore, it also seems reasonable to recommend optimizing, creating new
analytical methods that allow for the highest possible selectivity, reso-
lution as well as high recoveries.

One of the separation techniques directly dedicated to the analysis of
colloidal compounds is the AF4 technique. Combining this separation
technique with many different detection techniques simultaneously also
gives a vast speetrum of possibiliies for exploring and characterizing a
colloidal system. The use of the features of this apparatus, such as the
presence of a semi-permeable membrane, gives the possibility of sample
purification as a filter, similarly to the use of special membranes during
the dedicated stage of sample purification or solvent exchange. There-
fore, it seems attractive to use this property to carry out an on-line
process of sample purification with separation and characterization of
particles, also of a metallic nature.
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ARTICLE INFO ABSTRACT

Keywords: The Dbasic fealure of aqueous low-methoxylaled pectin solution is the ability Lo form gels in the presence of
Pectin calions. In this study, the changes in the pectin fractions after gelling with copper and cadmium calion in the
Radins of gyration waler solulion were analyzed by asymmetrical flow field flow fractionation coupled with multi-angle light
E:E::JLm sealtering deteclor. Conlent of Egdmium in pectin fractions were measured by hyphenated inductively coupled
Ltgg-box model plasma mass speciromeler. Two fractions of nalive peclin were oblained, which were eluted lhrou-gh the normal
Asymmetrical flow field How fractionation mode. The average radius of gyration [or these [ractions was 593 and 671 ni, respectively. Aflter jonotropic
(AF4) induced gelation of pectin, the fractionation takes place on steric mode. Size of pectin complexes reduces in the
second [raction and the new fraction is ereated. Complexes with both cation metals have both concentration and
time dependent the molecular charactetistic. The increase of metal coneentration leads to small sizes of com-
plexes in the second fraction. The size is growing with the time due to partial aggregation. The content of the

mductively coupled plasmi mass specirometry

(LCP-MS)

bounded cadmiwm is highest in the first fraction and rise with the time.

1. Introduction

Pectins are a hetero polysaccharide polymers containing a-(1-4)-p-
galacturonic acid units (Mahnen, 2008; Voragen, Coenen, Verhoef, &
Schols, 2009) and important elements of primary cell wall and middle
lamella in plants and fruits. They are used in many industries (Dranea &
QOroian, 2018) e.g. in food (Nagash, Masoodi, Rather, Wani, & Gani,
2017), pharmacy (G. A. Morris, Kok, Harding, & Adams, 2010), as
anti-corrosion agents (Flori-Bimbi, Alvarez, Vaca, & Gervasi, 2015) and
biosorbents (Jakobik-Kolon, Bok-Badura, Karon, Mitke, & Milewski,
2017). Pectins are classified according to the degree of esterification
(DE). They could be high methoxylated (HM) with a DE above 50% or
low methoxylated (LM) with lower DE. The applied extraction method
and the source of pectin have influence on their chemical properties.

The basic feature of aquecus pectin solution is the ability to form
gels. The mechanism of gel formation depends on the degree of esteri-
fication. HM-pectin gels in the presence of another saccharide and at a
narrower, acidic pH range. Hydrogen bonds and hydrophobic in-
teractions are used in the formation of complexes between carboxylic
groups of each chain of pectin and interactions between methyl groups
(Yuliarti, Hoon, & Chong, 2017). In the case of LM-pectin, it gels in

presence of metal cation in wider pH range, with lack of saccharides,
according to the egg-box model. The cation binds two chains of pectin in
the junction zones. Gelling of pectin with calcium ion was firstly studied
by Morris in 1982 (E. R. Morris, Powell, Gidley, & Rees, 1982). More-
over, pectin forms gels in the presence of mono-, tri- and other divalent
cations (Gamonpilas, Krongsin, Methaeanon, & Goh, 2015). The pres-
ence of monovalent ions, e.g. sodium, decreases repulsive forces be-
tween negatively charged anionic carboxylic groups present in chain of
the pectin {pH <. pK, carboxylic groups in galacturonic acid). Selectivity
of binding ions (Celus ct al., 2018; Thibault & Rinaudo, 1986) deereases
in the following order: copper, lead = zinc, cadmium, nickel = caleium
(Dronnet, Renard, Axelos, & Thibault, 1996) according to
Irving-Willlams theory (Irving & Williams, 1952) and it is connected
with the fonie radius. Gelation of pectin can occur in a higher temper-
ature. The mechanism of this process is based on hydrophobic interac-
tion between methyl pectin groups.

Pectin can he characterized by many techniques available in the
modern labaratory. In majority of works, rheclogy studies of pectin
solution are conducted. Size exclusion chromatography (SEC) connected
with variable detectors e.g. multi angle light scattering (MALS), ultra
viclet (UV), refractive index (RI), intrinsic viscosity (IV) is the most
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popular technique for pectin fractionation (Munoz-Almagro,
Rico-Rodriguez, Villamiel, & Montilla, 2018).

An alternative technique is asymmetrical field flow fractionation
(AF4) (Kowalkowski, Buszewski, Cantado, & Dondi, 2006). This tech-
nique is the most popular from field flow fractionation (FIT) scparation
techniques family, there was discovered and described by Gidings in the
mid-1660s. Others are Split Flow Thin Cell Fractionation (SPLITT)
(Szparaga, Kowalkowski, & Buszewski, 2018) and thermal (TFFF) and
electric field (EIFFF).

Combining AF4 with MALS (Thielking & Kulicke, 1998) allows
investigating a native solution of pectin and pectin-heavy metal com-
plexes, exploring the changes in the fraction profile, size and molar mass
distribution, as well as the conformation changes during the gelling
process.

A number of researches about the pectins and their interactions with
metal’s cations have been performed since 80's of last century. Pectin
complexation with ions leads to the gel matrix formation. The charac-
terization of these particles may be performed by many analytieal
techniques. One of these techniques is light scattering methods (E. R.
Morris et al., 1982). By using it information about radius of gyration
(Rg), molar mass and also conformation of particles can be obtained.
However, the sample must be homogenous in structure with mono-
dispersed distribution of particle size shape and the chemical composi-
tion. Therefore the light scattering detector is usually coupled with
separation techniques like size exclusion chromatagraphy (SEC) or flow
field-flow fractionation (F4) which is able to separate a complex sample
to individual components.

Comparing with SEC, AF4 is a more suitable technique for highly
branched, large molecules with bigger polydispersity index (PDi)
(Nilsson, 2013; Podzimek, 2011). Pectin, and its gels, is a complex
sample characterized by high polydispersity in size, therefore, we have
chosen asymmetric flow field-flow fractionation with multiangle light
scattering detector (AF4-MALS) to obtain the whole information about
the molecular parameters of pectins.

A separation process, in the case of the normal mode, is based on the
difference in diffusion coefficients of the analytes. In the open tubular
narrow ribbon-like channel a laminar flow is maintained. The down-
stream wall is called accumulation wall and contains a semi-permeable
membrane. The second flow, called a crossflow, is generated through
this membrane and acts as a perpendicular force. Generally, in the AF4,
three the elution models are possible: normal, steric and hyper-layer
model. A wide range of particle sizes are present in these three models
of elution, from the smallest particles in the order of a few nanometers
through colloidal particles, up to large particles (e.g. cells) or agglom-
erates in the size of a micrometer. In the normal mode, the external,
separation force - the cross flow attracts particles to the accumulation
wall. A solvent permeates the membrane pores. In turn, the particles are
too big to leave the channel through the membrane pores, Therefore,
these create a narrow hand just next to the membrane. However, the
force acting in the opposite direction pulls away particles from the wall
towards the central part of the channel, in a process called the Brown
diffusion. Smaller particle have a higher diffusion coefficient then bigger
particles, therefore, they wander to the central part of the channel. In the
channel, there are laminar flow conditions, so the flow velocity is
highest in the middle of channel and it is the smallest near an accu-
mulation wall. Se, in the normal mode, the smallest particles elute
before the bigger ones (Baalousha, Stolpe, & Lead, 2011).

The aim of this study was to characterize changes in the pectin
fraction, and consequently molecular parameters (radius of gyration -
Ry, molar mass - My, fractal dimensions, and polydispersity index - Pdi)
and cadmium content as well as distribution in pectin gel network after
ionotropic induced gelation with copper and cadmium cations. The goal
was achieved using AF4 system on-line coupled with MALS and induc-
tively coupled plasma mass spectrometer (ICP-MS) as detectors.

Bioactive Carbohydrates and Dictary Fibre 21 (2020) 100211

2. Materials and methods
2.1. Muoteriels and sample preparation

LM Pectin from citrus peel (Lot: SLBNQOO7V) was purchased frem
Sigma-Aldrich. As supplier stated content of galacturonic acid and
methoxyl is 80.2% and 7.6%, respectively. We have use this material
without additional a purification.

Pectin (3 mg/mL} was dissolved in pure water Milli-Q in a flask,
applying magnetic stirrer for 120 min for complete dissolution. Appro-
priate volumes of cadmium and copper standards were added to this
solution, respectively, Concentration of copper and cadmium was in the
range of 3-100 mg/L, This solution was mixed for respective times (e.g.
1h,2hete).

2.2, Methods

2.2.1. AF4-MALS

AF2000 Multi Flow system (Postnova, Germany), equipped with
analytical channel of 335 mm in length and 60 mm in width, and 350 pm
spacer was used, 10 kDa of regenerated cellulose was used as a channel
membrane. Multi-angle light scattering (MALS) detector PN3621
(Postnova, Germany) was used for data acquisition and set at 35 “C with
80% laser (3 = 532 nm) power, All fractograms presented in results
section showing the signal registered at 44 angle. Evaluation of the
MALS signal was performed using AF2000 Control software. 'I'he specific
refractive index inerement value (dn/de) was set to 0.145 mL/g. A UV
detector was set to 210 nm. Radius of gyration (R} was obtained
directly from MALS by using random coil model. Water was used as a
carrier liquid in the study and was prepared in the Milli-Q system
(Millipere, USA). Before the analysis, the carrier liquid was filtered
using 0.1 ym nylon membrane (Merck Millipore, Poland). All AF4-MALS
analyses were performed in room temperature. The detector flow rate,
injection time, cross flow rate, and elution time were also optimized.
Detector flow rate was 0.5 mL/min, The injection volume was 10 L.
The first step of the analysis, focusing step, consisted of a combinarion of
three flows through the channel responsible for proper separation. ‘The
injection flow was 0.20 mL/min, the focus pump 1.8 mL/min and the
cross flow was 1.50 mL/min. This step continued for 10 min. After the
focusing step, 3 min of transition was added prior to the elution step.
During this time, the focus flow was reduced to @ mL/min. The cross
flow was maintained for 5 min. After that, a linear decreasc to the value
of 0 mL/min was set within the next 3 min.

The value of radius of gyration is an approximation of the molecule
size, as it explains the mass average (root mean square) distance of each
point in a molecule from the molecule’s center of gravity. The expression
allowing to obtain the radius of gyration is the Zimm plot (Eq. (1)) (Wu
& Lattuada, 2013):

Kxce 1
[l ¥ S
RO, M,D0) 2Aa m

where R(#, c) excess Rayleigh ratio as a function of scattering angle # and

z
o)’

concentration ¢, K is the optical constant K = ———, where expres-
Ny

sion (%) is the increment refractive index, ng is refractive index of

solvent, Ay is wavelength of laser source and N4 is Avogadro number. M,,
is the weighted-average molar mass of compound, A;is the second virial
expansion of the osmotic pressure. In P(¢/] is named form factor and
express the angular dependence of scattered light and contains the
radius of gyration (Eq. (2)):

l6m'n
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‘Thus, by carrying out the light scattering measurement we obtain
relationship between intensity of the scattered light probes and intensity
of the laser which is excess in the R(#,c). From Zimm’s plot (Eq. (1)), the
dependence of lef 3 of sin?f at double interpelation concentration and
angle c, Hﬁ;o(}, radius of gyration is obtained from slopes.

2.2.2. AF4-ICP-MS

Inductively coupled plasma mass spectrometer detector (Shimadzu
ICP-MS 2030) was directly coupled with AI'4-UV-MALS sector systern
through capillary tube (inner diameter 0.5 mm). Time resolved mea-
surements (TRM) mode was applied to perform analyses. Processing of
peaks consist of manual baseline integration between 13 and 23 min of
analyses in case pectin-cadmium complexes analysis.

2.2.2.1. Performing calibration curve for cadmium content. 1CP-MS con-
dition is described in Table 1. Tip flow was 0.5 mL/min and others
pumps were not generate flow (0 mL/min), Tnjecting of increased
amounts of 100 pL solution of cadmium (from 0 pg to 2 pg cadmium)
(full loop injection mode) to AF4 channel and eluted to ICP-MS system.

2.2.2.2. Anglysis of cadmiign content and distribution in pectin-cadmium
complexes. AF4 experimental methods were as in A4F-MALS section
and ICP_MS method is present in Table 1. Pectin (3 mg/mL) was dis-
solved in water Milli-Q for complete dissolution. After that time cad-
mium standard solution was added to obtain concentration of 20 mg Cd/
L.

To our best knowledge hyphenation of AT4 with ICP system is
innovative in the case of monitoring bounded heavy metal to pectin. In
one run we obtained information about molecular parameters and
concentration of adsorbed metal.

2.2.3. {-potential characteristic of pectin in pure water condition

Pectin was dissolved in pure water Milli-Q to reach concentration of
0.05% (w/v). After complete dissolution and hydration of pectin,
disposable folded capillary cell (DTS1070) was filled paying attention to
avoid air bubbles in the capillary. Malvern Zetasizer NanoZS (Malvern
Panalytical Ltd, UK) instrument was used to measure clectrophoretic
mobility of pectin by applying the Smoluchowski approximation in
Hanry equation {f (xa) = 1.5). Temperature was set to 25 °C and equi-
librium time was 2 min. Aute-mode was chosen to generation data (3
runs with 10-30 repetitions each). Experimental condition was selected
automatically by the system.

3. Resulis and discussion

3.1. Molecular characteristic pectin and pectin complexes with copper
and cadmium

The chemical structure of pectin, physicochemical condition of so-
lution and cations metal have impact on jonotropic formation of pectin
gels. During dissolving of pectin in water different physicochemical
processes lake place and lead to formation of viscous solution

Table 1

ICP-MS experimental conditions.
Monitoree miss Cd 11l
Radio (requency power 1.20 kw
Sampling Depth 5 mum
Plasma Gas 8.0 L/min (Ar)
Auwxiliary Gas 1.10 L/min

Canrier Gas 0.70 L/min

Cell Gas 6 mL/min (L1c)
Cell Voltage 21V

Frergy Filler 7.0V
Chamber Temperplure ERY

w
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(Einhorn-Stoll, 2018). We perform the fractionation of low methoxy-
lated pectin from citrus peel in aguatic conditions without the addition
of any buffer salts. Comparisen of fractograms from analyses carrying
out over the period of three days is presented in Fig. 1. Two fractions of
particles were separated with different radius of gyration, molar mass,
and consequently diffusion coefficient. In accordance to the retention
time, the particles from the first fraction are eluted between 13 and 16
min of analysis, during the transition step. The second fraction is eluted
between 20 and 28 min.

From this fractograms and Table 2, which presents molecular pa-
rameters from whole section of analyses, one can see that the mean
radius of gyration of these particles in specified fractions, The frac-
tionation of pectin in this condition proceeds under the normal mode
fractionation. ‘'The repeatability of analyses is satisfactory in terms of
both, retention times and radius of gyration values. This phencmenon
may be explained by the fact that, pectin dissolved in pure water has
high colloidal stability. No additional fraction of particles after pro-
longing (3 days) pectin in solution was obscrved, which can stand for the
agglomeration process. Additionally, we not recorded significant in-
crease in radius of gyration in obtained fractions. The { potential de-
scribes the colloidal stability of colloids in solution. Obtained by us
{-potential of pectin in pure water was 0.25 + 0.49 V. This value close to
zero apparently testifies about electroneutrality pectin in pure water,
The cause of this is low conductivity of medium. Low content of ions did
not provides electrophoretic mobility and electro osmosis pectin be-
tween a electrodes and makes it impaossible the creation the double
diffuse layers. Zeta-potential is electrokinetic potential at bounded and
free phases on colloid particle. In pure water condition a source of jons
comes from pectin dissociation and ionic soluble contamination. At such
conditions the adsorption layer is very small. However, as reported by
other authors, pectin is a highly negative charged (highly negative
¢-potential) particle when they are dissolved in pure water (no buffer
conditions, pH neutral) (Jonassen, Treves, Kjgniksen, Smistad, & Hiorth,
2013a). Despite application the purification they noted a highly nega-
tive {-potential. This discrepancy might be caused an additional source
of free ions in solutien, because it is not possible a measure of {-potential
in highly pure water condition.

Due to its chemical structure, pectin constitute from many acidic
groups of galacturonic acid, which are fully seluble. In our work low
methylated pectin (DE 7%) was used ensuring that rest of galacturonic
acid is dissoeiated. Negative charges localized on acidic groups prevent
to any attractive Interactions among peeting chain.

In pure water with pH of 6-7, low methoxylated pectin has a big
number of negative centers, because pKa of pectin is about 3.5. In these
conditions, galacturonic acid is fully dissociated. Additionally, there are
many hydroxyl residues and possible presence of acetyl residues
attached to C2 and or C3 of the sugar ring. Such big accumulation of
negative charges results in high level of van der Vaal’'s repulsion forces.
This electrostatic repulsion is responsible for extended conformation of
chains of pectin, which is reflected in high radius of gyration of native
pectin molecules. Agglomeration process in these conditions is less
likely. This repulsion force could be considered as intra- and inter-
molecular interactions. Intra-molecular repulsion occurs because the
negative charge located on carboxylic residues increases during the
deprotonation process of galacturonic acid and interacts with the
negatively charged hydroxyl and acetyl residues of the molecule. Inter
molecular repulsion takes place between other chains of the molecule
and occurs via repulsion between negatively charged carboxylic groups
and hydroxyl groups as well as acetyl residues. These effects explain the
recorded radius of gyration of pectin (Fig. 1), However, many authors
state that the radius of gyration of pectin is lower (Liu, Guo, Liang, Liu, &
Chen, 2017; Nakauma et al,, 2017, 2016; Yuliarti & Mardyiah Binte
Othman, 2018). Those authors investigated the size in the presence of a
buffer solution, which is explaining higher R; value reported in present
study. Buffer solutions provide the screening effect to the negative
charged centers. The decreasing of net negative charge causes rechuction
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Fig. 1. Stability of native pectin in three days period.
Table 2
Fractal dimensions and pelydispersity index (Pdi) for oblained fractions of pectin complexes with copper and eadmium samples.
Sample name Fraction number
1 2 3
Fractal dimension  Mw [g/mol]  Pdi Tractal dimension  Mw [g/mol]  Pdi Tractal dimension  Mw [g/mol]  Pdi
Walive sumple Day 1 37 2.6"10°8 2.3 2.2 7.8°10°7 1.3 3.0 3.0°10°8 31
Native sample Day 2 4.3 3.1*10°8 L9 41 3.3*10°8 L3 21 7.7 10°7 1.3
Native sample Day 3 2.5 3.1"10°8 1.8 3.0 4.5*10°8 1.7 2.7 9.1°10°7 1.7
Pectin with 40 mg Cu/L after 2H 18.3 1.2"10°8 121 1.6 5.4*10°7 1.1 2.1 9.5"10°6 14
Pectin with 100 mg Cu/L after 1H 14.0 1.6"10°8 11.0 2.2 15107 1.2 1.7 8.610°6 1.4
Pectin with 100 mg Cu/L aflter 2H 21.0 1.5*10°8 12.5 2.3 2.6*10°7 1.3 1.7 9.4°10°¢ 1.4
Pecrin with 3 mg Cd/L 011 34.2 8.7°10°7 2.0 21 2.0°10°7 1.1 21 2.7°10°7 1.5
Tectin with 3 mg Cd/L 0,511 59.6 1.4%10°8 220 1.7 3.7%10°7 1.8 1.7 3.3%10°7 1.3
Pectin with 3 mg Cd/L 5H 51.9 1.4"10°8 44.0 2.1 4.7710°7 1.4 8.6 9.1"10°8 71
Peclin with 3 mg Cd/1. 24H 16.4 1.4°10°8 243 1.8 2.2°10°7 1.1 21 1.2°10°7 1.5
Pectin with 20 mg Gd/L after 211 6.8 9.3*10°7 4.3 2.1 4.3*10°7 L2 23 104107 1.3
Dectin with 100 mg Cd/L after 011 1.6 6.7°10°7 1.6 2.0 2.7°10°7 1.1 2.1 3.7*10°6 1.3
Pectin with 100 mg Cd/L after IH 7.0 7.1"10°7 2.9 22 1.9%10°7 1.1 2.0 3.3"10'6 1.5

of the radius of gyration.

Table 2 shows also the data about conformation of pectin using
fractal dimensions. Double logarithmic plot radius of gyration and molar
mass indicates particles topology. For example, the fractal dimensions
aqual to 3 lead to spheres, because the increase of sphere mass growth in
third power of radius (M = 4,/32R’). Pectin particles form 3-dimensional
structures.

‘The addition of cation metal to the pectin solution leads to the gel
network formation. Gelling of pectin is based on egg-box model. Firstly,
a cation metal attach to carboxylie residue of galacturonic acid. After
that, pectin-metal complex combine with another chain of pectin
through cations via bridges between two chains of pectin, We carry out
ionotropic gelation of pectin with copper and eadmium cations.

Historically, calcium was described cation to the ionotropic gelation
firstly. The researchers have carried out experiments with another metal
including mono- and tri-valent metals. The physicochemical properties
of gel are various according to the metal which was applicable. Calcium,
for example, can interact with pectin through only carboxylic residue of
galacturonic acid, whereas another metal can attract with hydroxylic
residue. The additionally binding site increase strength of binding be-
tween pectin and metal and therefore the properties of gels are change.
In casc of preparation gels with monovalent ions, the mechanism is
based on the screening a negatively charged acidic groups and

conscquently redueing in repulsive forees between galacturonic acid in
the ionic form. The moving eloser chains of pectin can attract with each
other through the hydrophobic and hydrogen binding.

We studied the molecular parameters before and after ionotropic
gelation of pectin with copper and cadmium, For this reason, we use
pure water as a dispersant, Constituents of buffer solution compete with
the analyte about the binding sites of pectin. Jonassen showed a
decrease in hydrodynamic radii and ¢-potential of pectin after mixing a
pectin soluticn with NaCl (Jonassen et al., 2013a). Also (Lascol et al.,
2016) noted the same trend.

The degree of esterification has a crucial importance for an cleetro-
state interaction between pectin and ions. The lower DE causes in
higher available number of acidic groups which can dissociate. Conse-
quently, higher content of anfonic charged groups binds higher amount
of cations. From 6 to 10 consecutive non-methylesterified galacturonic
acid units are required for formation of stable junction zones with cal-
cium. Thus, the lower esterified pectin creates a higher number of
junction zones and the formed gel is stable.

Influence of internal factors of pectin, degree of esterification and
molar ma and also external factor which is solvent effect has crucial
role for obtained radius of gyration of pectin (Fishman, Chau, Kalpal, &
Bradly, 2001) Radius of gyration of pectin is a dependent on conforma-
tion of particles. After the gel formation, we suppose that firstly racdius of
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gyration decrease for monomer fractions and secondly the radius of
gyration increase for the derivate agglomerate fraction, both due to
reduction in electrostatic repulsion. Thirdly, the compactness of struc-
ture has grown up because dimeric and other structure has created.

Fig. 2 is presenting the comparisons of fractograms during peetin
gelation with copper in various concentrations. Changes are displayed
evidently. Firstly, the elution mode is changed from normal to sterie
model. Bigger particles were eluted before smaller cnes. Aflter gelation
process pectin changes their structure. Thus the separation force is hy-
drodynamic lift now. Denser and bigger particles of pectin have too low
diffusion coefficient, Another change is the appearance of new fraction.
This comprises a tail of first fraction. The retention time of first fraction
not alternate but this rise in intensity of the detector signals with con-
centrations of capper. Radius of gyration particles in the second fraction
sharply decrease after gelation process in comparison to the native
pectin.

Intensity of signals decreases in the second fraction. The intensity of
the signal from MALS detector (Eq. (3)) is dircetly proportional to
weighted-average molar mass M, concentration C and square incre-

d,
dc”

2
= M, % C x ("’f) )
e

It means that an increase of the signal intensity is possible through an
increase of these parameters, separately or simultaneously. Particles
have higher and lower weighted-average molar mass M, after gelation
process in the first and second fraction, respectively (Table 2). Thus
change in molar mass is responsible for those changes in intensity of
signals.

We obtain three populations of particles after the gel formation. We
suppose that the elution row is like follows: the secondary agglomerate
and/or not bound agglomerate; then the complexes of pectin gels; then
the smaller complexes of pectin. The first one represents the ectypal
agglomerates of pectin-copper gels and the fraction agglomerates. '1'he
second one contains the newest creates complexes of pectin-copper
which they not overcome further polymerization. The particles have
intermediate the radius of gyrations. The third one constitutes the
smaller primary pectin-copper complexes.

Inerease of the copper concentration from 40 mg Cu/L to 100 mg Cu/
Lleads to the higher radius of gyration of particles in the second fraction.
Increasing the copper concentration in the reaction system provide

ment of refractive index

IRSEERSILY y1a1y siga
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successive binding of capper cations to the binding site of pectin. ‘The
complexes have a smallest intra and intermolecular repulsive potential
and both effects are responsible for the formation of higher in size
particles.

At the 100 mg Cu/L concentration the radius of gyration also slightly
increases with increasing in the time of contacet (from 1 to 2 h). The
explanation for this can be a partial agglomerates formation.

The creation ultra-high mass particles indicate a sharp rise the fractal
dimension (Table 2), especially for the first fraction. Those values
indicate highly expanded 3-dimensional structures.

Addition of copper to pectin leads to the creation of coordination
complex according to the egg-box madel (Einhorn-5toll, 2018), Copper
cations serve as connecting bridges berween two pectin chains, Oxygen
from carboxylic residues of galacturonic acid is responsible for the
linkage with metallic parts. This cenuection decreases the molecular
size, because some part of repulsion is inactivated and the conformation
is more concise (Jonassen, Treves, Kjoniksen, Smistad, & Hiorth,
2013b). (Liu ct al., 2017) elcarly show that pectin has various confor-
mations depending on sources of origin and the applied extraction
method, as well as the medium in which pectin is dissolved.

The effect of time of contact on the pectin-cadmium complexes is
shown on Fig. 3. After addition of cation metal pectin reduces its Ry due
to smaller repulsion forces which are ahle between a negative charged
carboxyl groups of pectin (—neutral pH in the AF4 channel). In com-
parison to unchanged pectin, the effect of cadmium addition is similar to
that for copper. The increase of signal intensity was noticed for the first
fraction, while the decrease of radius of gyration was found for the
second fraction and the new fraction appeared which elutes between 15
and 16 min. This experiment shows that the creation of the complex is
very fast. Over time, the radius of gyration inereases slightly, returning
to the initial valucs. Possible explanation is the partial agglomeration
process which turns the radius of gyration to a higher value. Extended
increase in both content and size of agglomerates causes high value of
the fractal dimensions. They crates highly dense and expanded struc-
tures in comparison to both the cadmium induces gels and the native
pectin (Table 2), After 5 h, in the second fraction fractal dimensions
depart from other values. The cause may be noisy signal in this case. Big
Pdi values in the first fraction are caused by extremely high molar mass
species, which significantly inflated the mean values of mass, especially
z-average molar mass which is sensible for high values.

The molecular parameters of pectin are {fonically, concentration and

L l’t‘zrtin with 40 mg Cu/L after 2H = Pectin with 100 mg Cw/L after 1H = Pectin with 100 mg Cw/L. .éfolgr 2H|
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Fig. 2. The impact of copper concentration and Cu™* contact time on gelation process of pecrin.
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Fig. 3. The impact of contact time on gelation process of pectin with cadmium.

time dependents (Zhang et al., 2018). demonstrates that complexation is
strongly dependent on coneentration binding ions (in this study - cal-
cium cations) and stoichiometry between the pectin, the cation and the
oligoguluronate during the gelation proeess. In our study this effect is
shown too. Higher cadmium concentration leads to the formation
smaller in Rq particles (Fig. 4) (in comparison to Fig. 3). The same effect
of Ry changes in the second fraction s present. Firstly, particles are
dramatic lower then native ones. Secondly, higher concentration leads
to smaller particles and thirdly after prolonging time, those increases
size due to both possible effects which are described above,

3.2, Content and distribution of cadmium in pectin-cadmium complexes

The response of detector was lincar and repeatable in case of
coupling AT4-ICP-MS system (T'ig. 5). Peaks are wide in time because the
difusion phenomena take place both in dynamic flow in AF4 channel and
tubing conection between AF4 and ICP-MS. It is worth to notice that
cross and focus flows are stoped and only the tip flow transfer anlytes
through separation channel to ICP-MS detector.

= Pectin with 20 mg Cd/L after 2H = Pectin with 100 mg Cd/L after 0H = Pectin with 100 mg Cd/L after 1H

AF4-ICPMS fractegrams of pectin affected by cadmium is present at
Tig. 6. The major advantage of AT4-ICP-MS system is the fact that non-
bounded cadmium is sack through semipermeable membrane during
AF4 relaxation step and consequently only Cd pectin complexes are
detected. Some amount of cadmium In native pectin sample was also
detected. Possible source of those is technological processing residues or
contamination of pectin samples. Cadmium profiles are correlated with
pectin profiles from MALS detector. The most amount of metal is hound
with pectin from first fraction. During the time, pectin hounds cadmium
constantly, after 2 h practically whole Cd amount is hounded. In the new
fraction, which due to dispersion is visible as tail of first fraction, cad-
mium concentration increased mostly during firstly 30 min of gelation
process while in the next time points the Cd concentration is raising
much slower. In the second fraction cadmium content fluctuates. After
30 min of gelation the Cd concentration is the highest and with the time
decreases. Although, taken together both fractions, the concentration of
cadmium after 2 h of proeess is the highest and after 30 min of process is
the smallest concentration.
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Fig. 4. Fractionation of pectin-cadmium complexes with different both concentrations of cadmium and contact times,
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Fig. 6. AF4-ICPMS [ractograms obtained for native pectin and with the time of gelation caused by cadmium: 0.5 h; 1 h; 1.5 h and 2 h.

4. Conclusions

This work confirms that molecular parameters of pectins are
changing during cadmium and copper induced gelation. We charac-
terize radius of gyration in particular fractions and other parameters.
Native pectin in water solution has two fractions of particles and after
addition of heavy metal’s ions to pectin solution begins the creation of
pectin gels. It is manifested in changes in molecular characteristics of
pectin particles, The new fraction was created. It constitutes a tail of the
first fraction which indicates highly branched 3-dimmensional network.
‘The conformational and molar mass analyses prove the creation ultra-
high species. Another change is Ry increase in the first fraction along
with increase metal’s concentration and time of contact and Ry decrease
in the second fraction. Both metal’s ions quantitatively contributes the
same trend in AT4-MALS profile. The AF4-ICP-MS system was applicd
first time in the study of peetin-heavy metal's particles. This is powerful
tool in characterization metals which are bounded or adsorbed on
nanoparticles or are their natural constituents. In this work we

monitored cadmium distribution in time and in particular fractions.
During the time cadmium content risc most extensively in the first
fraction. In the second fraction the content decreases with the time of
gelation process.
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Abstract: The aim of this study was to investigate isolated $-lactoglobulin {3-LG) from the whey protein
isolate (WPT) solution using the column chromatography with SP Sephadex. The physicochemical
characterization (self-association, the pH stability in various salt solutions, the identification of oligomeric
forms) of the protein obtained have been carried out. The electrophoretically pure B-L.G fraction
was obtained at pH 4.8. The fraction was characterized by the matrix-assisted laser desorption
ionization-time of flight mass spectrometry (MALDI-TOF/TOF MS) technique. The use of the HCCA
matrix indicated the presence of oligomeric f-LG forms, while the SA and DHB matrices enabled the
differentiation of A and B isoforms in the sample. The impact of sodium chloride, potassium chloride,
ammonium sulfate, and sodium citrate in dispersion medium on -LG electrophoretic stability in
solution was also studied. Type of the dispersion medium led to the changes in the isoelectric point of
protein. Sodium citrate stabilizes protein in comparison to ammonium sulfate. Additionally, the potential
of capillary electrophoresis (CE) with UV detection using bare fused capillary to monitor p-LG
oligomerization was discussed. Obtained CE data were further compared by the asymmetric flow field
flow fractionation coupled with the multi-angle light scattering detector (AF4-MALS). Tt was shown that
the B-LG is a monomer at pH 3.0, dimer at pH 7.0. At pH 5.0 (near the isoelectric point), oligomers with
structures from dimeric to octameric are formed. However, the appearance of the oligomers equilibrium
is dependent on the concentration of protein. The higher quantity of protein leads to the formation of
the octamer. The far UV circular dichroism (CD) spectra carried out at pH 3.0, 5.0, and 7.0 confirmed
that $-sheet conformation is dominant at pH 3.0, 5.0, while at pH 7.0, this conformation is approximately
in the same quantity as e-helix and random structures.

Keywords: -lactoglobulin (3-1.G); asymmetric flow field flow fractionation (AF4); oligomeric forms;
protein stability

1. Introduction

B-lactoglobulin (3-LG) is a small globular protein from the lipocalin family. It is constituted from
162 amino acid residues. The mass of the monomer is about 18.3 kDa [1]. 1t is the most abundant
bovine whey protein, accounting for more than 50% of the total whey protein [2].

B-LG is an important source of the essential and branched-chain amino acids (leucine, iscleucine,
and valine). This protein possesses antioxidant properties, because it contains two disulfide bonds

fut. | Mol. Sci. 2020, 21, 9711; doi:10.3390/ijms21249711 www.mdpi.comfjournalfijms
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(Cys-66 to Cys-160, Cys-106 to Cys-119) and one free thiol group (Cys-121) [3]. B-LG is a ligand
transport agent. In particular, the affinity to hydrophobic compounds is significant due to the B-barrel
structure [4-6].

As aresult of whey processing, whey protein hydrolysate (WPH), whey protein concentrate (WPC),
and the whey protein isclate (WP1) can be obtained. The WPH can be obtained by heating with acid [7]
or enzymatic treatment [8]. 3-LG is particularly sensitive to trypsin digestion [9]. The degradation and
agglomeration temperature can be achieved at the range of 65-68 “C, depending on the pH and ionic
strength [10]. The enzymatic hydrolysis of whey proteins liberates fragments that may contribute to the
improvement of functions of the immune, cardiovascular, nervous, and gastrointestinal systems |11].
Tn contrast, WPC can be obtained as a result of modern membrane-based separation technologies such
as ultra-filtration for protein concentration, diafiltration (DF) to remove lactose, minerals and low
molecular weight compounds. Depending on their concentration, there are WPCs containing 35%,
50%, 65%, and 80% (w/w) of proteins. WPL with 90% (w/zr) of protein is considered as a high quality
and pure protein concentrate [12].

WPl is a good source of high quality native p-LG. It is important in food and biotechnology [13].
B-LG isolation can be performed by many routes [14,15], e.g., the precipitation by denaturing
agents {salts, acids, acetone, temperature). However, these approaches can also lead to undesirable
precipitation of other proteins. Column chromatography is a technique that allows for isolation of
high purity protein, but the selection of experimental conditions is crucial. 3-LG occurs in several
isoforms, where the A and B isoforms are dominant [16].

Tn solution B-LG exists in different oligomeric states, which depend on the pH, the ionic strength,
temperature, and protein concentration [17]. The main factor contributing te the oligomerization
of B-LG, taking into account the effect of variable pH and ionic strength on dimerization, is the
hydrophobic effect. According to theoretical calculations, the hydrophobic effect is the result of a
decrease in the area accessible to water when dimers are formed [18]. Atroom temperature, B-LG occurs
mainly as a dimer in unprocessed milk, but below pH = 3.5, 3-LG becomes a monomer. Isoform (3-LG
A forms octamers close to pH = 4.6 at temperature below 20 °C, while 3-LG B is less resistant [19].

The circular dichroism spectra recorded in far UV region (far UV-CD) can solve the secondary
structure of proteins. Based on the CDD spectra, «-helical proteins possess negative bands at 222 nm
and 208 nm and a positive one at 193 nm. Proteins with B-sheet conformation have negative bands at
218 nm and positive bands at 195 nm. Tn turn, the random conformed proteins have very low ellipticity
above 210 nm and one band near 195 nm [20]. The main conformation of -LC is f-sheet at pH close
to physiological [4,21-26]. Oligomeric state is dependent in particular on pH; at pH 2.0 it is a stable
monomer, while at neatral pH it shows a dimeric state. In strong acidic conditions p-LG chains are
highly positively charged, and they repel each other. In neutral pH conditions, the dimeric state is
stabilized by hydrogen bonds between the surface AB loop and the anti-parallel (3-sheet [27].

Different values of 5.1 [28], 4.8 [29,30], and 5.2 [31] were reported for the isoelectric point of 3-LG.
The differences can be caused by solvent components, the ionic strength, employed analytical method
and fitting of experimental data. The influence of various trivalent caticns on the protein surface
charge was discussed in literature [32]. The authors showed that multivalent cations could change the
protein surface charge more effectively than monovalent cations.

The zeta potential analysis is the most popular technique for determination of the surface charges
of biocolloids and investigation their stability in the fluids. Tt is also used to determine the isoclectric
point of colloid particles. The advantages of this technique are connected to the possibility to perform
the zeta potential and isoelectric point measurements in a wide range of pH, ionic strength and study
of the impact of buffer composition on these parameters. In the case of protein research, the impact of
buffer components on protein physicochemical stability and isoelectric point values seems to be the
most important. Other technicues like isoelectric focusing (IEF) and capillary isoelectric focusing (CIEF)
do not allow for determination of the stability at different pH values, ionic strength, and composition of
solvent. However, these techniques are advantageous for high resolution and short time of analysis [33].
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The association of 3-LG protein has been studied using analytical ultracentrifugation or small
angle X-ray scattering [18,34]. However, there are still many questions regarding this process and
the factors affecting protein oligomerization. Thus, a new interdisciplinary approach for deeper
characterization of 3-LG forms is needed. Capillary electrophoresis (CE} is one of such techniques
and provides a rapid and efficient protein analysis with a low sample and buffer consumption [35,36].
The technique is typically applied for protein separation [37-39], but recently the use of CE as a
screening method for the protein oligomers determinations is attracting attention [40,41]. Therefore,
the potential use of CE for rapidly monitoring of 3-LG forms at different pH conditions was studied in
this paper.

Light scattering techniques can estimate the molar mass of the particles and thus distinguish
protein forms in solution. Moreover, the multi-angle light scattering (MALS) detector coupled to the
separation technique gives information about the molar mass distribution, the radius of the gyration of
polydispersed protein forms. The asymmetric flow field-flow fractionation (AF4) gives opportunity for
a “soft” separation with minimal changes of the sample composition during analysis [42]. This approach
was developed in the mid-1960s by Giddings [43,44]. Today, the application of the technology is more
appropriate for separation of large, highly branched colloids in comparison with other techniques [45].
The oligomeric states and molar mass of a-lactalbumin complexes were successfully investigated by
the AF4-MALS technique by 5. Dhayal et al. [46]. The formalism used to calculate the particle size
and the average weight of molar mass has a crucial impact on the results [47] Proteins, therein the
B-LG, were analyzed by the AF4 technique [48]. The authors also discussed a selection of the channel
membrane and analyzed an overloading effect.

In turn, a powerful tool for protein identification is the matrix-assisted laser desorption
ionization-time of flight mass spectrometry (MALDI-TOF/TOF MS) technique, characterized by
high sensitivity, low detection limit {LOD), and simplicity of use. The MALDI-TOF/TOF M5 method
allows for a simple determination of protein masses, as well as analysis of the peptide fragmentation
and localization of the posttranslational modifications of proteins [49].

The aim of this study was fo investigate the isolated 3-LG from the WPI solution, applying column
chromatography. Characterization of the 3-LG was carried out by multi-instrumental approaches.
The data on the factors affecting the protein characterization has not been thoroughly discussed in
the literature. Thus, obtained data presented in the current study shed light on B-LG self-association,
which seems to be crucial not only for analytical chemistry, but also for the dairy industry. Tt shows
potential to affect the processing and manufacturing of milk products. In this context, the different
physicochemical parameters such as the impact of MALDI-TOF/ TOF-MS matrix, selvent composition
and pH were tested. The dispersion stability and oligomeric forms of the isolated 3-lactoglobulin were
characterized by the use of zeta potential measurements, capillary electrophoresis, and asymmetric
flow field-flow fractionation (AF4) with the multi-angle light scattering (MALS} detector technique.
This innovative complementary approach allowed for detection of oligomeric state of the B-LG at
pH 3.0, 5.0 and 7.0, Furthermore, we investigated conformation of protein in these conditions by
applying circular dichroism (CD) spectroscopy.

2. Results

2.1. Isolation of B-LG from WPT Solution by Chromatographic Column

B-lactoglobulin was isolated in a 0.2 M citrate buffer at the linear pH gradient (from pH 3.0 to
6.5) by column chromatography. The isolation method was optimized by changing the pH of eluent.
The first set up scheme was created using a pH gradient from 3.0 to 6.5 with the increment of 0.5 pH
units, The pH 5.0 fraction was enriched mostly with $-LG. However, a-lactalbumin was also collected
from the same solution (data not shown). Thus, the pH values of buffer at which fractions were
collected were set to 4.2, 4.8, 5.5, and 6.0; consequently, one single band of proteins was observed in the
range of 14 and 17 KDa (Figure 1) and fraction at pH 4.8 was mostly enriched by §-LG. The 14 kDa
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protein was found in this solution, which can be treated as impurity. However, the intensity of the
impurity was low, and it could be seen with utilization of proteins solution of particular fraction with
high concentration. The 301.3 mg of dry $-LG was from (.1 L of WPI concentration of 10 g/L.
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Figure 1. SDS-PAGE clectropherogram at reduced condition of fractions from WPL separation.
2.2. Characterization of f-LG by MALDI-TOF/TOF-MS Analysis

n order to characterize 3-1.G by MALDI-TOF/TOF MS spectrometric method, isolated fractions
of WPT at pH values: 4.5, 5.0, 5.5, 6.0, and 6.5 were subjected to electrophoresis in the polyacrylamide
gel. Gel electrophoresis was used to determine the purity of protein in the sample. The obtained bands
were obtained due to the separation of protein on the basis of the charge-to-weight ratio and indicated
the presence of B-LG at about 18 kDa.

MALDI-TOF/TOF MS analysis of intact proteins carried out with two matrices: HCCA and SA.

Their application allowed for observation of the presence of 3-LG only in the fraction at pH 4.5 for
both matrices (Figure S1) In case of both matrices used, the presence of o-lactalbumin (x-LA), which is
the second major protein in whey after 3-LG, was also observed for the fraction at pH 4.5. For the
HCCA matrix, o-LA was also present in the fraction at pH 5.0 and with SA matrix additionally in the
pH 5.5 fraction. No proteins were found in the remaining pH 6.0 and pH 6.5 fractions.
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Comparing the utilization of both matrices, it was found that it is possible to observe isoforms of
the protein with sinapic acid. Masses obtained for the protein with application of HCCA and SA as
matrices using the MALDIY/TOF MS by the intact approach are shown in Table 1.

Table 1. Masses obtained for HCCA and SA matrices using MALDI TOF/TOF MS in the intact approach.

pH 4.5 pH 5.0 pH5.5 pH6a0 pHb5
Mass [kDa]
.. BIG 1834840137 - - - -
HOCA A 14173£0137 14184 = 0,137 - - -
. 18.301
BLC: £0.000 - - - -
18382
SA
14,197 14190 14199
Wl 9 wnoo P sepo (R soow - -

More detailed investigations of the [3-LG fraction components were carried out after their trvptic
digestion, after which the fingerprints obtained in the positive reflection mode were analyzed. The mass
spectra of tryptic peptides obtained for the fraction collected for 3-L.G are presented in Figure S2 and
Table 2.

Table 2. MS and MS5/M5 identification of B-lactoglobulin peptides isolated from WPL

Mass [Dal Intensit S R S f MS/MS
Measured  Theoretical ntensity cquence Range equence from MS

837.527 837476 650.565 158-164 ATPMHIR

1121.468 333.855 77-85 WENGECAQK
1193.758 1193.678 188.018 108-117 VIVLDTDYKK
1245.658 1245584 262.086 141-151 TPEVDDEALEK
1635.868 1633775 1016.811 141-154 TPEVDDEALEKFDK
1715.902 1715 806 R757.401 165178 LSENPTQLEEQCHI
2313428 2313259 2143.636 57-76 VYVEELKPTPEGDLEILLOK
2355.446 2353.365 220.694 87-107 ITAEKTKIPAVFKIDALNENK
2707.374 2707.376 2194.658 31-56 VAGTWYSLAMAASDISLLDAQSAILR
2846.512 2846.480 431.587 155-178 ALKALPMHIRLSFNPTQLEEQCHT

2.3. Characterization of 3-LG Zeta Potentinl

The zeta potential was investigated in the pH stability range of solvent component and protein.
Figure 2 depicts pH the dependence of the 3-L.G zeta potential dispersed in several media with
concentration 0.09% (w/fv): sodium citrate, sodium chloride, potassium chleride, and ammoenium
sulfate. The zeta potential dependences on four solvent compositions were typical for proteins.

At a pH value lower than the isoclectric point (pT), the zeta potential was positive. Tn contrast,
at a pH value higher than pl, the zeta potential was negative. The highest positive values of the zeta
potential were observed in pH 3.0, and the sodium citrate buffer accounted for 26.4 + 4.1 mV. In that
solution, the standard deviations of the zeta potential were also found to be the lowest. The lowest
value of the zeta potential at pH 3.0 was observed in the sodium chloride solution, but it was associated
with the highest deviation. The isoelectric point of protein varied depending on the individual medium
composition. In case of the sodium citrate buffer, it was estimated as 5.3. In turn, the higher value
was observed for the other mediums. For example, in the ammonium sulfate solvent the pI reached
7.6. In the sodium citrate buffer, the protein had the lowest zeta potential value in alkaline condition
=34.8 + 4.8 mV. Tn the other medium conditions, the zeta potential was higher, reaching the zero value
with a much higher deviation. The highest values of zeta potential deviation were recorded for the

ammonium sulfate solvent in the whole pH range.
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0.09 % sodium citrate
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Figure 2. The pH dependence of the zeta potential at 0.09% (w/fv) sodium citrate (A), potassium
chloride (B), sodium chloride (C), and ammonium sulfate (I3). The blue line represents fitted line to the
cxperimental data (sigmoidal fitting, MMF function).

2.4. Characterization of f-LG Oligomerization by CE

The goal of the electrophoretic study was to monitor the p-LG oligomerization process.
The Figure 3A-C shows the electropheregrams of f-LGC at pH 3.0, 5.0, and 7.0, respectively. The sample
at pH 3.0 can be characterized by one CE signal zone (1) at the 15.16 min clectromigration time
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(Figure 3A). In case of protein suspension in the buffer at pH 5.0 (1-8), the number of CE signals
occurred at § (Table 3, Figure 3B). In contrast application of buffer at pH 7.0 resulted in the observation
of three signals (1-3) (Table 3, Figure 3C).
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Figure 3. Electropherogram of 3-LG at pH 3.0 (A), 5.0 (B), and 7.0 (C). The EOF acronym means the
clectro-osmotic flow. The compounds (oligomeric forms of pretein and impuritics) leaving the capillary
were signed with subsequent numbers in each electropherogram.

Table 3. Migration times (tm, min), electrophoretic mobility (e, cm?/Vs) of B-lactoglobulin obtained at
different pH values.

Migration Time (&,,, Min) Electrophoretic Mobility (1, cm?/V)

pll=3 pH=35 pH=7 pH=3 pH=3 pH=7
15.16 12.89 195 0003 0.100 ~0.001
15.20 11.99 0.059 0.004
16.42 12.39 0.049 0.003
16.75 17.42 0.047 0001
16.90 0.046
17.29 0.043
17.60 0.042
19.25 0.085
19.83 0.033

The electrophoretic mobility (pe, cm?/Vs) value of p- lactoglobulin at pH 5.0 and 7.0 decreased
within the CE analysis time (Table 3). Different buffer conditions affect the changes in electrophoretic
mobility of B-LC, and consequently, its stability. According to the Smoluchowski equation [50], the zeta
potential (ZP) depends proportionally on electrophoretic mobility of particular colloidal particles
and inversely proportional to the dielectric constant of the medium. Since the ZP value is a crucial
parameter for determination of long term stability of biocolloids. 1t has been assumed that ZP values
between +30 mV and —30 mV typically demonstrate low degree of stability. In addition, deviation from
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these values provide higher stability of biocolloids [51,52]. Based on the obtained results, it can be
concluded that B-lactoglobulin at pH 5.0 has a high tendency to oligomerization as well as creation
of aggregates. In comparison with pH 3.0 and 7.0, electrophoretic separation of 3-LG around its
isoelectric point (pl) provides the highest number of signals, and consequently, lower electrophoretic
mobility rate and dispersion stability were observed (Figure 3B, Table 3).

2.5. Characterization of §-LG Self-Association Using AF4-UV-MALS

The 3-LG was characterized by multi-angle light scattering technique in view to investigate the
molar masses (molecular form) in 0.09% sodium citrate buffer at three pHs: 3.0, 5.0, and 7.0. To achieve

this goal, the AF4 was coupled to the MALS detector. Figure 4 presents the acquired fractograms.

The normal mechanism of separation was obtained for all tested conditions. The mass of the first
fraction was dominant for all the samples in the whole pH range.

A 0.09% citrate buffer pH 3.0 B 0.09% citrate buffer pi1 3.0
ran
0z
2085 104 o 12
L P
210 [ .
o.zce0] I
lo.0s ue
b n
o 020
ozors], o | W
Lo w0
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207 »
.02 e Y 0
0.z000 Lo .
o T T 0208+ 00 f 1
. 20 ) i &0 0 20 0 o0
Time [min] Time (min)
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1ad a2t 110
Wl 20 keo
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os azizdy,
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Figure 4, AF4-UV-MALS fractograms of 3-LC in 0.09% (w/v) sodium citrate pH 3.0 (A), 5.0 (B,C), and
7.0 (D). The blue scale comes from UV detector (signal in V), green scale from MALS detector (92 angle,
signal in V), and brown scalc indicates for weighted-average molar mass (kDa).

At pH 3.0, two fractions were recorded. The first fraction, obtained between 5 and 6 min of the
analysis, had a mean weight average molar mass of 22.1 + 0.5 kDa (Figure 4A, Table 4). The second
fraction was registered as a weak signal, appearing from about 55 min of the analysis.

Table 4. Mcan of weight average molar mass, radius of gyrations, and protein content in the first
fraction at pH 3.0, 5.0, and 7.0 from AF4-UV-MALS analyses.

Analysis at pH Buffer Radius of Gyration [nm] Mw Average [kDal Mass of Fraction from UV |ugl|
3 451+ 4.1 221+058 230+ 4
5 83.0+ 338 149.0+ 137 176 £ 63
5 1151 £184 5.2+ 125 3252 £ 281
7 37.2+79 38782 161 £23
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Similarly, at pH 5.0, two fractograms were shown (Figure 4B,C). Both of them present three
fractions of protein particles. The Figure 4B shows the particles with a mean weight average molar
mass of 50.2 + 12.5 kDa, while the Figure 4C indicate the presence of particles with a three times higher
mass, reaching the mean at 149.0 + 13.7 kDa. The first fraction was eluted just after the focusing step
(from 6.5 min to § min of the analysis); the second fraction was eluted after 25 min of the analysis.

At pH 7.0, three fractions were recorded. The first fraction was eluted in the relaxation step
(from 6 to 8 min of the analysis). Particles had a mean weight average molar mass of 38.7 + 8.2 kDa.
Another fraction is acquired at the elution step (from 45 to 65 min of the analysis) (Figure 41).

At pH 5.0, high polydispersity in the first fraction was observed. The second and third fractions
represent agglomerates of protein. The molar mass of these species was in the range of 10°-107 kDa.

Figure $6 presents the example SDS-PAGE result from the analysis at pH 3.0. One single band
between 14 and 17 kDa was observed. The band from the first fraction was the most intensive.
The sample filtrated by the Amicon with the membrane cut off value of 10 kDa also showed bands
at the aforementioned range. The results from gel electrophoresis at pH values of 5.0 and 7.0 are
presented in Figure 57. At pH value of 5.0, one single band from the first fraction is observed with the
range from 14 to 17 kDa, while no bands for the second and third fraction were observed. At pH 7.0,
one single band is present at the aforementioned range for the first and third fractions. In case of the
second fraction no bands were observed.

2.6. Characterization of -LG Fraction from AF4-UV-MALS Using MALDI-TOFTOF MS

The fractions from the AF4-MALS analyses were collected into Eppendorf tubes, concentrated
and subjected to the gel electrophoresis as well as the MALDI-TOF/MS analysis in the intact protein
mode with utilization of HCCA and DIHB matrices (Figures 53 and S4).

Using the HCCA matrix for the obtained three fractions for pH 3.0, the appearance of dimers,
trimers, tetramers, and pentamers (in the case of the first fraction) was observed. When the pH increased
to 5.0, the same was observed for the first fraction, while no signals were recorded for the second and
third fractions. A slightly different situation was observed at pH 7.0; namely, the presence of dimers,
trimers, tetramers, and pentamers was observed for fraction one.

For the second fraction, similarly to the applied pH 5.0, no signal from the B-LG was observed,
whereas for the third fraction the presence of dimer was detected. On the other hand, the use of
the DHB matrix allowed for observation of similarity in the appearance of eligomers for individual
fractions at pH 5.0 and 7.0. For pH 3.0 only, the presence of peak corresponding, to the 3-LG monomer
was observed, Additionally, the DHB matrix compared to the HCCA matrix indicated the presence of
two genetic forms (isoforms) for each pH. The -LG masses obtained for the three fractions from the
AF4-UV-MALS using the MALDIT-TOF/TOF MS are shown in Table 51.

Tn addition, for three fractions of pH 3.0 obtained by the AF4-UV-MALS, MALDI-/TOF MS were
analyzed on diluted (1:10) B-LG samples. Significant differences were observed in comparison with
more concentrated samples. For both HCCA and DHB matrices, the 3-LG was detected only for the
first fraction. When the HCCA matrix was used, the presence of f-LG isomers was found, whereas
when the DHB matrix was used, two separate B-LG signals distinguishing A and B -LG formulas
were found (Figure S5).

2.7. Characterization of B-LG Secondary Structure by Far UV-CD

The circular dichroism (CD) spectra obtained in far UV range are presented in Figure 5. Due to
the absorbance of citrate buffer, the CD signal was obtained up to 190 nm; thus, the range from 190
to 250 nm were taken into consideration for analysis of the secondary structure. The differences are
present according to pH values at which 3-LG is dissolved. In the secondary structure range at pH
value of 3.0, 3-LG has a positive bands at 193 nm and twoe negative bands at 208 and 222 nm. In value
of pH of 5.0, the protein structure exhibits a positive band at 197 nm and negative band at 217 nm.
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In contrast, at alkaline condition (pH of 7.0) a positive band is observed at 196 nm and two negative
bands are obtained at 212 and 221 nm.

4
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°
E 0 B >
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T T T T T
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Figure 5. FCD spectra of B-LG carried out at pH 3.0, 5.0, and 7.0 in 0.09% citrate buffer.

3. Discussion

Whey proteins comprise the fraction of ruminant’s milk and particularly bovine milk that is
soluble at pH 4.6 [53]. They constitute about 20% of the total mass. The B-LG is the most abundant
protein in bovine whey. The average concentration of the -LG in whey is 34 g/L [14], but the isolated
amount depends on both the procedure and the initial quantity in the milk. The vield of the isolation
B-LG was 56%, taking into account the proteins amount in the WPl equal to 90% (according to the
manufacturer specification) and the quantity of B-LG in the mass of protein equal to 60%.

Gel electrophoresis analysis was performed for the initial identification of isolated proteins and
assessment of purity of the obtained fractions. Single fractions are the electrophoretically pure grade
protein solutions (>95%). The comparison of the sample and protein marker bands can be used as a
screening method for protein identification. Tn this way, one can state that the fraction at pH 4.2 is
a-lactalbumin. This protein has a monomer form with the molecular mass of about 14 kDa, and it is
the second most abundant protein in whey. The fraction at pH 4.8 is a solution of -LG. The co-clution
of a-lactalbumin with this protein was observed, but the concentration effect exists. The isoelectric

point of these two proteins is closely localized at the pH scale (pl of a-lactalbumin is about 4.2-4.6) [54].

The optimal selectivity of separation was achieved by a slight pH increase (from 4.0 to 4.2) to elute
a-lactoalbumin and a slight pH decrease (from 5.0 to 4.8) to obtain the elution of 3-LG. Fractions that
are collected at higher pH contain a smaller amount of proteins. To confirm this screening, identification
by the MALDI-TOF/TOF MS analysis was performed.

The MALDI-TOF/TOF MS analysis is currently a widely used technique in proteomic research [55].

A key aspect of MALDI-TOF/MS analysis is the matrix. The use of different matrices allows
for different protein coverage as well as slight differences in the obtained protein molecular
weights [56]. Two matrices were used in this study: HCCA and SA to characterize f-LG obtained by
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column chromatography as a control in relation to the MALDI-TOF/MS analysis for p-LG after the
AF4-UV-MALS analysis. The chemical structure of the applied matrices consists of a benzene ring
that absorbs UV light, hydroxyl groups for simplified mixing with hydrophilic biomolecules, and a
carboxyl group that acts as a proton donor [57]. The structural details of the matrix molecule, e.g., the
hydrophoebicity and hydrophilicity of the compound, exert a great effect on the degree and extent of
protein ionization in the matrix-assisted laser desorption [55].

The obtained MALDI-TOF MS spectrum for intact 3-LG with the SA matrix showed two peaks
with in/z 18 301.1 + 0.0 and 18 382.8 + 0.0 (Figure S1), which can correspond to 3-LG B and p-LG A
genetic variants [59]. The difference in masses of 3-L.G A and 3-L.G B can arise from the substitution of
the amino acids such as Asp in position 64 instead of Gly and Val in position 118 instead of Ala [39].
Furthermore, B-LC A showed a higher intensity than 3-LC B, indicating a higher content of 3-LG A in
the sample. Similar was observed using the SA matrix by Hemung et al. reporting higher intensity to
B-LG A [60].

In addition, the detected octamers are assigned to be the B-LG A form [61]. Isomers A and B were
also observed for o-LA at pH 4.5,5.0, 5.5. Variant A compared to variant B differs in the presence of
Gln at position 10 instead of Arg,

In the case of the 3-LG characterization using the HCCA matrix, only one monemeric form
was observed.

For the characterization of p-LG AF4-UV-MALS fractions using the MALDI-TOF/TOF MS,
the HCCA and DHB matrixes were used. The use of the HCCA matrix allowed obtained of the mass
spectrum indicating the presence of the monomer as the main peak and small peaks corresponding to
oligomeric B-LG forms. However, the use of DHB matrix, apart from indicating oligomeric forms,
indicated the presence of B-LG isoforms.

It is claimed that the absolute zeta potential of the investigated system greater than +25 mV
suggests that the colloidal particles would remain in a stabile dispersion state [62]. The electrostatic
repulsion constitutes the next force for the steric mechanism, considering the stability of the dispersed
particles in the medium. Unfortunately, at extremely low or high values of pH, the protein can
degrade its quaternary structure, losing its biolegical activity [62]. For this reason, the zeta potential
measurements were carried out in a stable range of protein and solvent components. The concentration
expressed In mass units (mass/mass or mass/velume) in this study was used. This form of concentration
units is frequently used in proteomic studies for proteins as well as dispersants. Therefore, we compare
data with other works carried out for various proteins in our lab [55,62,63]. However, this expression
of concentrations implics various molar concentrations for different salts component and consequently
various ionic strength for dispersants. Therefore, direct comparison of ZP obtained data between them
is not adequate.

The positive value of the zeta potential is the result of the protonation of carboxyl and amino
groups from amino acid residues. The protonation is the strongest at the lowest pH investigated.
However, only in citrate buffer, the zeta potential of 3-LG is higher than the value for stabile dispersion,
In another medium, the electrostatic stability was lower.

Deviation of zeta potential is also a significant mark of protein stability, because it is a derivate of
polydysperity, impurity content, and inherently instability of sol [64] Very high deviation in sodium

chloride at pH 3.0 was observed most preferably due to the degradation of protein at acidic conditions.
Athigher pH, the deprotonation took place and consequently lower zeta potential values were observed.
According to the Hofmeister series and our results, it is clearly shown that the protein has different
stability in the suspension. The strongest stabilizing agent is citrate buffer, followed by potassium
chloride, ammonium sulfate, and sodium chloride. At higher pH values, the lower repulsion forces
and the higher attracting forces between particles are present. The stability of protein dispersion
depends on neutralization of protein charges due to specific adsorption properties to protein surface.
Citrate anions have high affinity to protein cationic junction zones [65]. Another physicochemical
parameter, which must be analyzed, is hydration potential of icns. Strong hydrated cations (in this case

95



UNIWERSYTET

MIKOLAJA KOPERNIKA

W TORUNIU
Wydziat Chemii

Iut. [ Mol Sci. 2020, 21,9711 120f21

sodium in comparison to potassium and ammonium) create a highly stabile complex with carboxylic
moietes of glutamic and aspartic residue. In contrast, weakly hydrated anions bind hydrated cations
tightly then strongly to amide groups [66].

The pH at which the particle has equal amount of positive and negative charged residues is called
the isoelectric point (pl) [67,68]. Consequently, the particles reach pl, when the Stern layer has the same
electric potential as the diffusive layer of particle. The solvent components discriminate pl of B-LG.
The DLVO theory assumes that the type of counterion and the valences have impact on the diffuse
layer, Positive zeta potential values appear when the anions of salts are adsorbed onto the protein
particle, and they constitute the Stern layer. Counterions have a variable screening effect on the protein.

The repulsive forces are lower when the higher valance ions are present in the solution. Chloride is
a single negative charged species, but citrate anion is higher in size and depending on pH can
have charge from minus one to three. The citrate anion is known as a complexing protein agent.
Thus, the citrate ions can stabilize the protein by electrostatic and steric mechanisms. In this way,
citrate anion stabilizes more evidently the 3-LG especially close to its electric equivalence. According to
the electro kinetic theory, the higher valance ions bind more strongly to the protein surface than the
monovalent cnes and neutralize the protein charge more effectively [69]. The thicker Stern laver has
impact on the diffuse layer. Thus, the plis achieved for higher valance ions at more alkaline pH [70].
Swiatek et al. [71] discussed relationships between the zeta potential and pH in various ionic strength
and buffer compositions.

On the other hand, after exceeding the isoelectric point, the protein net charge is negative. Tn this
case, the cations are counterions. In this work, sodium, potassium, and ammonium cations were
assessed. For alkaline solution citrate anion is triple negative charged, and consequently sodium cation
has a marginal effect, because the diffusive layer is thin, in comparison with the system when chloride
is present as an anion. Sulfate anions are double negative charged species in the entire measured
pH range [72]. The single charged ammonium ion also has the lower impact on the zeta potential of
protein. Nonetheless, based on the obtained results, one can conclude that the cations in the solution
have very low impact on the zeta potential of protein, because their influence is screened by multi
charged anions. The zeta potential in the alkaline range is similar, with the exception of triple negative
citrate buffer.

The self-association of the bovine p-LG was extensively studied by several physical techniques in
the past [73,74].

In our study, capillary clectrophoresis with the UV detection was able to separate a few different
species of 3-LG at pH 5.0, According to electrokinetic theory and based on the clectrophoretic mobility,
the order of migration is consistent with the p-LG mass. Then, it can be concluded that at pH 5.0
examined protein creates both diverse oligomeric forms (from dimers to octamers) (1-2 and 8 at
Figure 3B) as well as the aggregates (3-7 at Figure 3B). On the other hand, the separation at pH 3.0 and
pH 7.0 resulted in one and three signals, respectively (Figure 3A,C). Considering the phenomenon
called the Tanford transition [18], the {3-LG protein at pH close to physiological undergoes reversible
conformational change and is mostly dimeric. Mercadante et al. [18] have demonstrated that an increase
of the ionic strength strongly promotes the formation of the p-lactoglobulin dimer. Consequently,
bovine B-LG is likely to be dimeric at the pH typically associated with milk [75]. However, CE data
from our study also showed the formation of one homogenous 3-LG fraction at the pH 3.0 (peak 1
at Figure 3A)—and it scems that the protein exhibits similar oligometrization behavior as at pH 7.0,
However, the UV-CE detection is not sufficient to distinguish oligomeric forms under these conditions;
hence, it was necessary to implement another approach with the AF4-UV-MALS technique.

QOur results at acidic conditions show the monomeric state of f-LG, in contrast to the alkaline
environment, where 3-LG exists as a dimer [18]. Genetic variants -LG A and 3-LG B show structurally
high resolution in a monomeric and dimeric state. For the -LG A variant at low temperatures
<10 °C, moderate ionic strength about 0.1 M, and near the iscelectric point about pH, 5.3 there is a low
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resolution of structural evidence for octameric form about 144 kDa. In contrast, for genetic variant
B-LG B, no oligomerization of higher order is observed [18].

At pH 3.0 in the 0.09% sodium citrate dispersion, the monomer form was dominant. The mean
weight average molar mass is quite consistent with the theoretical value. At pH 5.0, the results are
unclear, because they indicate various forms of the protein in this condition. Additionally, the separation
technique did not isclate these forms onto individual fractions. However, one can state that at pH 5.0,
the protein creates from dimer to octamer forms. Two sorted series of the result are shown. The first
series indicate the presence of a dimer, trimer, and tetramer form. The second series shows the octamer
form. Tt means the B-LG has dynamic equilibrium between these species and the presence of these
individual is not dependent on the pH, ionic strength, and temperature, but the difference in the protein
concentration can be decisive. The higher content causes the octamer formation to depend on the
concentration in the channel [42]. Thus, under this step, the particle concentration near the membrane
rises to maximal values with much bigger content than in the stock solution. This local compacting
can enhance the self-association of the B-LG. In turn, lower content entails to the formation of lower
associate species. Beside the pH dependency, the ionic strength has a strong impact on the stabilization
of the forms [76]. A higher content of salts stabilizes dimer [73], but when exceeding a certain value,
itleads to the menomer formation. According to literature, our results confirm the occurrence of the
dimeric form of the 3-LG at pH 7.0 [73].

In all the analyses, the agglomerate fractions are detected. In reference to the zeta potential results,
the repulsion-attraction forces are always present. Citrate ion stabilizes protein effectively in the acidic
condition, so the only small amount of aggregate was detected. On the other hand, citrate also has
significant reducing capability [77]. At pH close te isoelectric point, the attraction forces are dominant,
and consequently, the aggregate is created rapidly [78]. The two fractions of agglomerate are presented.
The formation of the agglomerate takes place on the diffuse barrier. At pH 7.0, two fractions of the
agglomerate are also detected.

The electrokinetic theory does not explain that phenomena, because a strong negative value of
the zeta potential was measured. The creation of the stabile complexes of protein with the citrate
ion is the possible reason. Marioli and Kok analyzed the 3-LG in 0.15 M PBS buffer at pI 7.2 using
AF4 [48]. Fractogram also contained two fractions: dimers were reported in the first fraction. However,
authors did not discuss the source of the less intensive second fraction.

The electropherograms (as a control) show that only the f-LG was detected after the separation
process. The protein did not degrade under the analysis conditions.

We carried out the CD analysis to obtain information about the main conformation(s) of our
system at pH values of 3.0, 5.0, and 7.0. This analysis was supported by the Secondary Structure
Estimation (SSE) software from JASCO based on the Principle Component Regression (PCR) method.
In acidic condition, the obtained signals indicated mainly (3-sheet conformations (38%) with similar
amount of random coil structures and some amounts of x-helical conformation (13%). In turn, in pH
value of 5.0, 3-sheet conformation is still dominant (35%), while the amount of x-helical structure
increased about twice (25%). Finally according CD spectra, at pH of 7.0 a-helical, f-sheet and random
conformations are approximately at the same amount (ca. 30%) in equilibrium of 0.09% citrate buffer.
These results are in accordance with works cited in introduction section. The main conformation of
B-LG is antiparallel B-pleated sheets with some content of a-helical conformation [26]. Although cited
works were focused on neutral and alkaline pH environment {(pH 6-9) where B-LG possesses dimeric
structure, Wada et al. report f-sheet conformation and no noted differences between pH dependence
(5 mM sodium phosphate buffer, pH 7.5 and 5 mM acetate buffer, pH 3.0) [22]
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4. Materials and Methods

4.1. Protein Isolation from WPI Soliution

WPTwas purchased from the Dairy Cooperative Spomlek (Radzyr Podlaski, Poland). The isolation
method for the fracHonation of protein from the WPT's solution was followed by the Etzel procedure [79]
with minor modifications and optimization. Elution solutions have been optimized by small change
of pH in comparison with the original patent. In our study, this small change leads to increasing the
purity fractions.

Firstly, a 10 g/L solution of the WP in 0.2 M citrate buffer pH 3.7 was prepared. The solution was
adjusted to pH 3.0 against pH meter. Afterwards the soluble protein fraction was clarified from curds,
lipids, and other insoluble parts using a centrifuge (14,400 rpm, 1 h, T = 4 °C). After that, the solution
was mixed with SP” Sephadex C-25 (GE Healthcare Bio-Sciences AB, Sweden), the resin of which was
swelled and conditioned prior to separation. The mass ratio of WPT to dry mass of the ion exchanger
was (.33. The chromatographic column was packed with about 40 mL of slurry at room temperature,
After washing with water, the elution procedure was performed with increasing pH (from 3.0 to 6.5)
conditions. Additionally, the buffer solution at pH 3.0 consisted of 0.02 M EDTA, while buffer solutions
pH 6.0 and 6.5 contained calcium chloride 0.05 M. The celumn was eluted by 1 column velume (CV) of
eluents. The fractions at pH 4.2 and 4.8 were collected. The resin was regenerated by eluting with the
2 M sodium chloride solution.

The protein solution was stored at 4 °C. It was concentrated by flushing nitrogen through the
solution. Amicon centrifugal filter units (Merck, Darmstadt, Germany) with nominal cut-off value of
10 kDa were used to change the solvent from the citrate bufter to water. The §3-LG solution (pH 4.8
fraction) was lyophilized to dry mass. The powder was stored at —80 °C.

4.2, SDS-PAGE Analysis of Protein

Protein solution was analyzed by the SDS-PAGE method using Coomassie Blue R-350 staining
and Invitrogen Bolt™ 4-12% Bis-Tris Plus polyacrylamide gel (Thermo Scientific, Waltham, MA, USA)
with SeeBlue® Plus? Pre-Stained Standard (Thermo Scientific, Waltham, MA, USA) in non-reduced
and reduced modes with, applying MES Running Buffer.

Tn case of water samples, protein solution with concentration of about 1 mg/mL was prepared.
The protein solution was separated by the AF4 fractionation and was concentrated by flushing nitrogen
through the solution. Amicon centrifugal filker units (Merck, Darmstadt, Germany) with nominal cut-off
value of 10 kDa were used to change the solvent in the same way as described above. According to the
manufacturer procedure (Thermo Scientific, Waltham, MA, USA)), proteins solutions were dissolved
in a 2.5 ul Load Sample buffer (LDS), reduced and alkylated using the Sample Reducing Agent (10x)
dithiothreitol (DTT) and iodoacetamide (IAA), respectively. Samples for analysis in a non-reduced
mode were prepared by dissolving proteins fractions in the LD5 buffer. The samples were then heated
for 10 min at 70 °C and were introduced to the gel.

The electrophoretic process was performed at 200 V. After the separation process, the gel was
stained for 20 min and destaining of the gel was carried out for 24 h in deionized water. The SDS-PAGE
was performed also after the AF4-UV-MALS separation in order to confirm the purity of the fraction
collected. The fractions were concentrated and analyzed as described above,

4.3. Characterisation of f-LG by MALDI-TOF/TQF MS Analysis

For this part of the study mass spectrometer MALDI-TOF/TOF (Bruker Daltonics, Bremen, Germany)
equipped with a modified Nd:YAG laser operating at the wavelength of 355 nm and frequency
of 2 kHz was used. The reagents used in the MALDI-TOF/TOTF MS analysis were purchased from
Sigma-Aldrich (Steinheim, Germany) with the highest commercially available degree of purity.
The a-cyano-4-hydroxycinnamic acid (HCCA), 3,5-dimethoxy-4-hydroxycinnamic acid (sinapic
acid—5A) and 2,5-dihydroxybenzoic acid (DHB) were used as a matrix and Protein Calibration
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Standard 1I for intact analysis and Peptide Calibration Standard 11 applied for the PMF study (all from
Bruker Daltonics, Bremen, Germany) were used for calibration.

The spectrometric analysis for both intact and digested protein samples was performed in
three stages. Stage I—gel electrophoresis according to the procedure described in Part 2.2 to check
the purity of the obtained protein fraction. Stage ll—the digestion of proteins in-gel with trypsin
according to Bruker Proteomic protocols for mass spectrometry [80]. 3-LG was dissolved in the buffer
10 mM ammeoenium bicarbonate (NH4HCO3, ABC) and incubated at 37 °C with trypsin overnight.
Subsequently, the extraction of peptides was carried out by addition of 10 pL of 50% ACN with 1%
TFA. Stage ITI—both intact and digested samples were applied to ground steel targets purchased from
Bruker Daltonics (Bremen, Germany) using dry droplet method and spectrometric analysis.

The MS spectra of B-LG intact were recorded in a linear positive mode in the range of m/z
5000-100,000, while the peptide fingerprint mass spectra (PMF) of protein digested with trypsin was
recorded in a reflectron positive mode in the range of m/z 500-3500. In both cases, the measurements
were carried out at an accelerating voltage of 25 kV. To determine the fragment spectra, the laser-induced
fragmentation technique (LIFT) in the same m/z range was used. The peptides obtained after the tryptic
digestion of 3-LG were identified using the BioTools seftware (Bruker Daltonics, Bremen, Germany).
All data was collected manually, and the mass tolerance was set to 0.3 Da for the spectra and calibrated
internally on immonium ions at laser power 80% and attenuation 27% for the MS/MS analysis.

4.4. Zeta Potentinl (C) Determination for p-LG

Different solutions at 0.09% (w/z) concentration were prepared: sodium and potassium chloride at
pH range from 3.0 to 8.5 and sodium citrate, ammonium sulfate at pH range from 3.5 to 7.0 was also
prepared. The sodium hydroxide, hydrochloric, sulfuric, or citric acids {1 M and 0.1 M acid and base
solutions) (all reagents from Sigma-Aldrich, Steinheim, Germany) were added to the solution to obtain
required pH values against pH meter. In this way, mixing of different ions was avoided. B-LG solutions
at 0.4 mg/mL in all of these dispersants were prepared. The sample was loaded to DTS1070 cuvette
(Malvern, Worcestershire, UK), and zeta potential was determined by Malvern Zetasizer NanoZS
apparatus (Malvern, Woreestershire, UK).

Smoluchowski's approximation (f{xa) = 1.5) in Henry’s equation (Equation (1)) was used [81]:

. 2660l f(Ke) a

e 3v
where ¢, is the telative permittivity, € is the permittivity of a vacuum,  is the zeta potential (mV),
Flra) is Henry’s function, and v is the viscosity (cP) of the liquid medium at the experimental
temperature (25 °C). Measurements were performed in the automatic mode selection of the voltages
and number of runs. Each measurement was performed in triplicate.

4.5. Characterization of f-LG by CE

The sample of 3-LG was suspended in 0.09% citrate buffer at pH = 3.0, 5.0 and 7.0, respectively.
CL analysis was performed using PA 800 plus (Beckman Coulter system, Brea, CA, USA) equipped with
a DAD with the use of fused silica capillary (1.D. = 50 um; Ltot = 67 cm; Leff = 50 cm; Beckman Coulter
Inc., USA). Before use, a new capillary was rinsed with 0.1 M NaOH, deionized water, and the running
background electrolyte (BGE) for 10 min. The protein samples were injected into the capillary with
a pressure mode (3 psi, 5 s) and the analysis was performed at a constant voltage (10 kV) and the
temperature of 23 °C. The sample at pH = 7 was analyzed in reverse polarity. The signal was monitored
at A = 214 nm. Between the runs, the capillaries were washed with 0.1 M NaOH, deionized water,
and BGE for 2 min each. As the EOF marker, thiourea at 1 mg/mL concentration was used.

The electrophoretic mobility of B-LG during the CE assay was calculated from the Equation (2):
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B Lmerff( 1 ) )
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where i, is an electrophoretic mobility [em2/V*s], Ly is the total length of the capillary [cml, Ll_,ﬁr is the
length to the detector [cm], £, is the migration time [s], {;or is the EOF migration time [s], and V is the
applied potential [V].

4.6, Characterization of B-LG by AF4-UV-MALS

Solutions of 3-LG at the final concertation of 3 mg/mL were prepared in 0.09% (w/v) citrate
buffer at pH 3.0, 5.0, and 7.0 values. The AF2000 Multi Flow system (Postnova Analytics GmbH,
Landsberg am Lech, Germany) was used in this research. The used apparatus configuration has been
the same as [45]. The specific refractive index increment value (dn/dc) of $-1.G was set at 0.185 mL/g,
and the extincton coefficient was of 0.960 mL/g cm. The UV detector acquires data at 280 nm. Berry
model was used to calculate molar masses and the radius of gyration (Rg). Citrate buffer 0.09%
at certain pH was used as a carrier liquid and prepared from the Milli-Q system (Merck Millipore,
MA, USA)) and were filtered using 0.1 pm nylon membrane (Merck Millipore, Warsaw, Poland).
All fractionation analyses were performed at room temperature. Conditions of AF4 fractionations were
showed in Table 5, and the cross-flow program during elution is presented in Figure 58.

Table 5. The focusing parameters of method at three experimental conditions.

a Focus
P Injection Flow [mL/min]  Injection Time [min]  Initial Cross Flow [mL/min]l  Transition Time [min]
3.0 01 30 1.0
50 0.2 5.0 1.0 3.0
7.0 01 10 20

4.7. Characterization of 3-LG by Far UV Circular Dichroism (UV-CD)

The sample of 3-LG (0.3 mg/mL) was suspended in 0.09% citrate buffer at pIl = 3.0, 5.0, and 7.0,
respectively, Far UV circular dichroism (UV-CD) was performed using J-815 spectrometer (JASCO,
Cremella (1.C), Ttaly). The experimental conditions were as follows: sensitivity: high, response: 1 sec,
band width: 1 nm, scanning speed: 50 mm/min, accumulation: 10, data pitch: 0.2 nm. All data were
background-corrected against citrate buffer in certain pH. All data were acquired in the range from 300
to 190 nm at room temperature using the quartz cell with a path length of 0.02 cm. For estimation
of the secondary structural composition, the ECD spectra were submitted to the JASCO Secondary
Structure Estimation (SSE) software based on the Principal Component Regression method (PCR).
The multivariate analysis allowed us to obtain quantitative data of «-helix, 3-sheet, turns, and random
coil contents from experimental CD spectra.

5. Conclusions

The B-LG was isolated from the WP1 solution. The fast flow column chromatographic technique
was used. The electrophoretic purity of the isolated protein was achieved. The MALDI-TOF/TOF
MS analyses assisted for the identification of protein. Additionally, the matrices used in the studies
allowed us to distinguish the protein isoferm A and B. The pH correlation with the zeta potential in four
solvent compositions was studied. The medium components have significant impact on the protein
stability and the isoelectric point. The capillary electrophoresis with the UV detection was applied
for the protein oligomerization screening. Obtained data were further confirmed by AF4-UV-MALS.
Multi-angle light scattering was used to characterize the self-association of §-LG in citrate buffer
at pH: 3.0, 5.0, and 7.0. The monomer was present at acidic condition. At pH 5.0, the forms from
dimer to octamer were observed, wherein the AF4 system did not separate these forms inte individual
fractions. The equilibria also depend on the protein concentration. At pH 7.0, the B-LG forms a dimer.
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The SDS-PAGE and MALDI-TOF/TOF MS analyses after the AF4 separation process were used to
identify the purity of the fraction. It showed that the separation process did not have a negative impact
on the protein structure. The far circular dichroism (CD) spectra carried out at pH 3.0, 5.0, and 7.0
confirmed that the 3-sheet conformation is dominant at pH 3.0, 5.0, while at pH 7.0 this conformation
is approximately in the same quantity as a-helix and random structures.
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Table S1. 3-L G masses lor three [ractions with AT4-UV-MALS using MALDI-TOLF/TOL MS.

Supplemented tables and figures to the manuseript

Fraction 1 Fraction 2 Fraction 3
Mass of f-LG [kDa]
Monomers 18.356 18.362 18.362
Dimers 36.639 36.601 36.661
o il 1
plI3  Trimers 55029 10066  55.024 0.066 55.018 0.066
‘I'ctramers 73.387 73.389 73.374
Pentamers 91.732 —
Monomers 18.371 -
Dimers 36.737 -
HCCA pHS  Trimers 55109 +0308 -
Tetramers 73.493 _
Pentamers 91.834 -
Monomers 18.339 18 341
+
Dimers 36.075 36718 0.000
pl17  Trimers 55051 L0000 —
Tetramers 73421
Pentamers 91.636
18.280 18.304 18.369
Monomers 18,360 +0.088 18,320 +0.088 18981 +0(.088
. Dimers - —
pLL3 Trimers - -
Tetramers - -
Pentamers - -
18.291
Monomers 18380 -
. Dimers 36.741
DIB pH S ‘I'timers 55.025 =0.000 —
‘Tetramers 73.460 —
Pentamers 91.838 —
M - 18.289 18.294
Onemers g 377 18379
Dimers 36,742 36,736 +0.000
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Fig. S6 The SDS-PAGE electropherogram of B-LG fractions after the AF4-UV-MALS characterization in 0.09%
citrate buffer at pIT 3.0. From the left to the right, fractions in citrate buffer, diluted with water 1:10, and water
samples (after desalting step on Amicon membrane).
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ABSTRACT: Alpha-lactalbumin (e-LA) and binding of zinc
cations to protein were studied. Molecular characteristics of
protein was determined by MALDI-TOF/MS and electrophoresis
SDS-PAGE, and also, for complexes, it was determined by
spectroscopic techniques (ATR-FT-IR and Raman) and micro-
scopic techniques (SEM along with an EDX detector and also
TEM). The pH dependence of zeta potential of ¢-LA was
determined in saline solution. The zinc binding to the protein
mechanism was investigated; zinc binding to protein kinetics, the
molecular modeling by the DFT method, and clectron microscopy
(SEM and TEM) for microstructure ohservation were performed.
The experiments performed indicate a quick binding process
(equilibrium takes place after 2 min of incubation) which occurs

Functionalization of alpha-lactalburnin by zinc ions
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onto the surface of @-LA. Zinc cations change the conformation of the protein and create spherical particles from the morphological
point of view. DFT studies indicate the participation of acidic functional groups of the protein (aspartic acid and glutamic acid
residues), and these have a decisive influence on the interaction with zinc cations. Application studies of general toxicity and

cytotoxicity and bioavailability were conducted.

1. INTRODUCTION

Alphalactalbumin (a-L.A) is a protein, which constitutes 123
amino acids and has a molar mass of the monomer of about 14
kDa. It is the most relevant milk protein in humans (about
one-quarter of mass). It is present in all mammalian species,
but the content differs in individual organisms.”* Protein is a
part of lactase synthetase, and its source of relevant amino
acids, cnnsecp.lentlj5 plays a key role in nutrition of organisms,
especially infants.” The structural similarity to lysosomes is
noted, but proteins have different properties and play different
roles in living organisms.” The a-helix has the highest content
in the overall conformation of a protein in its native state and
undergoes a self-cross-linking reaction.” LA occurs as holo
and apo forms, and calcium ions are tightly bound (which
appear as the holo form) to the calcium binding site.” Protein
has alse secondary binding sites.” The properties of protein are
strictly depending on the protein form. The holo form of -LA
(calcium-bound state) increases the stability of protein,™'™"’
although the apo form of protein gives higher opportunity to
bind other metal ions.'*** However, other ions such as
sodium, divalent, and trivalent ions compete with each other to
binding sites of a-LA."""* This protein is one of the most
acidic proteins {the iscelectric point is from 4.2 to 4.6).'° In
differentiation to beta-lactoglobulin, the main protein in bovine
milk, @-LA, does not have free thiol residues, and
consequently, at elevated temperature and under denaturated

P N 1
conditions, it does not create a gel structure. * The

& 2022 The Authors. Published by

ACS PU bl ICatIOHS American Chemical Society 16459

characteristic property of «-LA is creating the molten globule
state of protein under acidic conditions or using specific
denaturated conditions.'® Protein in this state is known to be a
specific transport agent and can possess lethal activity to tumeor
cells. The HAMLET (human «-LA makes lethal to tumor
cells) and BAMLET (bovine @-LA makes lethal to tumor cells)
approaches are extensively studied as anti-tumor agents.lg’m -
LA protein has the ability to bind trace amounts of metals (Zn,
Fe, Mn, etc) and release them during digestion in the
gastrointestinal tract. This is especially important for the
supply of micronutrients during the nutrition of infants, in
particular.”’ Therefore, research on the synthesis and
characterization of this type of connection, such as protein
micronutrients (zinc), is important from a scientific and
industrial point of view, In addition, the synthesis mechanism
(especially the participation of individual amino acids) and the
action and factors affecting the characteristics of this type of
complexes have not yet been fully understood.

Zinc is noted as a frans-metal element. Zinc has five isotopes
(64, 66, 67, 63, and 70 amu) which make up an average
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molecular weight of 635.38 units. In consideration of the
chemical activity, it is a reducing agent, and in biological fluids,
it exhibits a double valence state. In solution, the zinc ion is
hydrated, and the coordination compounds are created. Zinc
ions are coordinated commonly by six water molecules.™ Zinc
ions are one of the necessary micronutrients. It is found in all
plants and animals, which may prove its popularity. It is
essential in maintaining homeostasis and the proper function-
ing of the immune system and growth; however, excessive
supplementation has negative effects similar to the deficiency
of an element in the ’body;23 however, zinc in the body is
participating in signal transduction as a second 1ncsscng(‘.r.7'4 1t
is a cofactor of many enzymes, and it constitutes catalytic
activity in many biological reactions.” Thus, taking protein—
zinc complexes can promote healthy growth of all humans.”® A
zinc ion possesses affinity to oxygen and sulfur atoms
especially. Thus, zinc creates complexes with ¢-LA due to
interaction with amino acid moieties: ghitamic and aspartic
acids and also histidine.® There are two sets of binding places
on the surface of the protein. The first was a bond of the order
10* to 10°, and the second was a bond of approximately
10327 Binding of metal to protein occurs gradually in
relation to the molar ratio of protein to zinc. The zine—protein
complex shows lower thermal stability than the holo protein
form, leading, in consequence, to aggregation and higher
susceptibility to digestion with proteolytic enzymes.”” The
bovine a-LA structure and its complexes with zinc were
studied using the techniques of circular dichreism and nuclear
magnetic resonance. The binding of zin¢ to the holo form did
not lead to large structural changes but to small local changes
only."" Single and slight structural changes of the protein in the
form of apo and holo after binding with zinc were noticed
using the Fourier transform infrared spectroscopy (FT-IR)
technique.

The zinc complexes of a-LA are not yet fully understood.
There is a lack of extensive research into the in-depth
characterization of both the protein and the zinc complex.
Therefore, the aim of this work was to investigate «-LA and
protein—zinc complexes. Multidisciplinary research was carried
out using advanced instrumental and computational simu-
lations techniques (MALDI-TOF-MS/MS, PAGE, ATR-FT-IR
and Raman spectroscopy, physicochemical stability in solution
by zeta potential determination, kinetic study of zinc binding
using ICP—MS to trace zinc concentration determination,
complex stability in synthetic physiological fluids, morphology
studies by SEM, TEM, and molecular dynamics simulation by
DFT calculations). Extended knowledge of this type of
connection can be valuable in understanding and describing
the mechanism of the formation of the a-LA—%n complexes
and using this knowledge for supplementation both as a source
of endogenic protein and using it as a carrier of the necessary
minerals.

2, MATERIALS AND METHODS

The commercial standard of a@-LA was used in all experiments.
The protein was bought from Sigma-Aldrich (Sigma-Aldrich,
Steinheim, Germany). The supplier states that the purity of the
material is higher than 85% (SDS-PAGE method).

2.1. Characterization of a-LA by SDS-PAGE. The purity
of the product and molar mass of protein were assessed by
applying the SDS-PAGE technique using a method adopted
from ref 29 with modifications. Electrophoresis was performed
using the Thermo Scientific apparatus (Thermo Scientific,

‘Waltham, MA, USA). The used gel was Invitrogen Bolt 4—12%
Bis-Tris Plus (Thermo Scientific, Waltham, MA, USA), The
markers of protein mass were SeeBlue Plus2 Pre-Stained
Standard (Thermo Scientific, Waltham, MA, USA). The gel
was stained using the Coomassie Blue method. The protein
solution of about 2 mg/mL was prepared in double-deionized
water. Two additional 10-fold serial dilutions of stock samples
were prepared. The reduced and nonreduced modes were
utilized. Samples were prepared according to a manufacturer
(Invitrogen) procedure. Briefly, protein solution was dispersed
in a 2.5 pL load sample buffer (LDS). Reduction and alkylation
were prepared using the sample reducing agent (10x)—
dithiothreitol (DTT) and iodoacetamide (IAA), respectively.
The samples were then heated for 10 min at 70 °C and
introduced to the gel. Nonreduced samples were prepared
without the last step (reduction and alkylation). Running
buffer was MES. The electrophoresis process was executed at a
voltage of 200 V. After the separation process, the gel was
stained for 20 min. The discoloration was carried out at least
for 24 h in double-deionized water at room temperature.

2.2. Characterization of a-LA by the MALDI-TOF/TOF
MS Technique. The MALDI-TOF/TOF MS technique in the
linear positive mode (intact) for molar mass determination and
in the reflectron positive mode for investigation of peptide
fingerprint mass spectra (PMF) after the protein digcstinn
procedure with trypsin were used. The method™" was
adopted with modifications. A MALDI-TOF/TOF mass
spectrometer (Bruker Daltonics, Bremen, Germany) equipped
with a modified Nd:YAG laser operating at a wavelength of
355 nm and frequency of 2 kHz was used. The reagents were
purchased from Sigma-Aldrich (Steinheim, Germany) with the
highest commercially available degree of purity. The -cyano-
4-hydroxycinnamic acid (HCCA) was used as a matrix in the
reflectron mode, while 3,5-dimethoxy-4-hydroxycinnamic acid
(sinapic acid—SA) was used in the lincar mode (all from
Bruker Daltonics, Bremen, Germany). The calibration was
cartied out applying Peptide Calibration Standard 11 and
Protein Calibration Standard II all from Bruker Daltonics
(Bremen, Germany) for PMF and intact analyses, respectively.
The dried droplet method was applied in intact analysis, while
for PMF analysis, the Bruker Proteomic protocols for mass
spectrometry were applied.”’ The MS spectra of a-LA intact
were recorded in the range of m/z 5000—50,000, while the
peptide fingerprint mass spectra (PMF) of protein digested
with trypsin were recorded in the range of m/z 700—3500. In
both cases, the measurements were carried out at an
accelerating voltage of 25 kV. To determine the fragmentation
spectra, the laser-induced fragmentation technique (LIFT) in
the same m/z range was used. The peptides obtained after the
tryptic digestion of @-LA were identified using BioTools
software (Bruker Daltonics, Bremen, Germany). All data were
collected manually, and the mass tolerance was set to 0.3 Da
for the spectra and calibrated internally on immonium ions at a
laser power of 60% and an attenuation of 27% for the MS/MS
analysis.

2.3. Characterization of «-LA Saline Using Laser
Doppler Velocimetry and Phase Analysis Light Scatter-
ing (PALS) (M3-PALS). Zeta potential values were
determined in the pH range from 2 to 8. a-LA solution (0.4
mg/mL) was prepared in 0.09% (w/v) NaCl. The method was
adopted from refs 29 and 30 with modifications. After protein
was dissolved, the pH was adjusted to a certain value against
the pH meter (1 M HCI and 1 M NaOH solutions were used

hitps:/dai.org/10.1021/acsomega, 203674
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to correction) (first, solution at a pH of 2 was prepared). A
portion of solution was loaded to the DTS 1070 cuvette
(Malvern, Worcestershire, UK), and zeta potential was
determined using the Malvern Zetasizer NanoZ$ apparatus
(Malvern, Worcestershire, UK). After completion of measure-
ment, the sample was turn back to stock protein solution. The
solution was used again; the solution was mixed with the
remaining solution, and another sample was prepared (pH
correction and application to the cuvette). Protein solution was
adjusted to a higher pH by dropwise addition of acid or alkali
solution to reach the pH about (.5 units higher than that of the
previous sample. Smoluchowski's approximation in Henry's
equation was used. Measurements were performed at room
temperature, with automatic selection of voltages and the
number of runs for software. For the result, three replications
of run were averaged. To process data, the sigmoidal maodel
was used.

2.4. Synthesis of a-LA Complexes with Zinc; Kinetic
Study of Zinc Binding to Protein by the ICP—MS
Technique. 2.4.7. General Synthesis Method. The sample
preparation protocol was adopted from refs 30 and 32
modifications. The protein stock solution with a concentration
of 5 mg/mL was prepared in pH 4.5 in 0.09% (w/V) NaCl
solution. The pH was adjusted to pH of the protein isoclectric
point (pH 4.5). Zinc solution with a concentration of 60 mg/L
was prepared under the same conditions as a protein from the
nitrate salt (Sigma-Aldrich, Steinheim, Germany). The
solutions were mixed in the volume ratio 1:1.

2.4.2. Kinetic Study of Zinc Binding. ‘The samples were
incubated at room temperature by constantly stirring at 900
rpm on a Thermomixer. Times of incubation were 2, 5, 10, 20,
and 30 min and 1, 2, 4, and 6 h. After reaching incubation time,
the unbound metal fraction solution was separated on Amicon
Ultracell 3 kDa (Merck, Darmstadt, Germany). The solution
was centrifuged for 15 min at 4 °C, 14,000 rpm. The fltrate
solution was diluted (dilution factor 200) in 1% HNO,
solution (Suprapure grade) (Merck, Darmstadt, Germany}.
The initial zinc concentration was determined as well. The
calibration curve method was used to obtain the concentration
result in samples. Zinc standard solution (Sigma-Aldrich,
Steinheim, Germany) was diluted to the appropriate region of
concentrations. Scandium was used as an internal standard. In
this research, Shimadzu ICPMS 2030 (Shimadzu, Kyoto,
Japan) was used. The collision reaction cell with the helium
mode was used. The signals at m/z of 66 and 67 were
monitored. The binding kinetics was determined as the
difference between the initial zinc concentration and not
bound fraction of zinc by the protein, The experimental data
were analyzed using zero-order, pseudo-zero kinetics, and
Weber—Morris intraparticle models. The fitting was performed
by the least-squares method. Also, the thermedynamic
parameters such as the amount of zinc bound to protein @,
distribution coefficient K, and Gibbs free energy of adsorption
were displayed 3>

2.5. Preparation of Complexes for Further Studies.
According to the kinetic study, the complex sample was
incubated for about 10 min. The unbound metal fraction was
separated as in 2.4. Section. The supernatant was excluded, the
remaining solution was centrifaged (14,000 rpm, 20 °C) using
the Amicon 3 kDa membrane (Merck, Darmstadt, Germany),
and the pellet was washed twice with deionized water. The
solution was recovered from the membrane. The complexes

were lyophilized (FreeZone Labconco, Kansas City, US).
Dried complexes were stored at —20 °C.

2.6. Characterization of a-LA Complexes with Zinc by
Spectroscopic Techniques (ATR-FTIR and Raman). The
sample was probed to characterization by attenuated total
reflection Fourier transform infrared spectroscopy (ATR-
FTIR) using an Alpha FTIR spectrometer apparatus (Bruker,
Billerica, Massachusetts, USA).***? Spectra were obtained in
the range 400—4000 cm™", The dried sample was attached to
the measurement window.

Raman spectra were recorded using a Raman spectrometer
(Senterra, Bruker Optik).’*** The protein was dissolved in
small volume of water. A tiny droplet of suspension was
injected to glass. The spectra were recerded in the region
4000—400 cm™" at the wavelength 532 nm as excitation light,
with a power of approximately 20 mW, and the spectrum was
counted two times at 30 s. The spectroscopic data were
processed with OPUS software.

2.7. Characterization of a-LA Complexes with Zinc by
Microscopic Techniques: SEM, SEM—EDX, and TEM. To
obtain information about morphology, topography, and
quantitative analysis of elements in protein and complexes,
analysis using scanning electron microscopy (SEM) along with
EDX was cartied out.”** The apparatus used were as follows:
SEM (Quanta 3D) and SEM—-EDX instrument (1430 VP
(LEO Electron Microscopy Ltd, UK)]. The dried powder was
applied on the carbon tape.

TEM microscopy gives higher resolution and deeper view
into the morphological structure. The dried material of
complexes was dispersed in anhydrous ethanol and applied
on a carbon lacey copper grid. Measurements were performed
using the TEM apparatus (model G2 F20X-Twin 200 kV,
FEI).

2.8. Characterization of a-LA Complexes with Zinc by
Molecular Dynamics. Molecular dynamics (MD) study was
performed according to the protocol of Pomastowski ef al.**
and Zuvela et al.** The o-LA was analyzed in the apo form, and
their complexes with zinc were characterized. Solvation in a
TIP3 water box with a variable side length, depending on the
size of the system, was performed. Due to the limited volume
of solvation boxes, the amounts (in moles) of a-LA—Zn
solutions were downscaled with constant scaling factors (to
fully preserve the concentration raties for Zn—¢-LA); from
initial zinc concentration of 30 mg/L in mixture, the n(ions)
per protein. molecule is 2.57 and scaled of 39.

Structures of the proteins used for the computational
characterization are as in ref 36. @-LA was characterized with
its holo form (Ca® cation bound within its structure). The
native jons were preserved in all the APO structures and their
complexes since they define the protein functions. To account
for nonbonded interactions of Zn®* with @-LA, parameters
compatible with the TIP3P water model were obtained from Li
et al;?" briefly, R,./2 is 1271, epsilon is 0.00330286, and
sigma is 0.226466.

Electrostatic neutralization with Na' or CI” ions, EM to
remove bad contacts and structural clashes, heating to 298.15
K at a constant volume, and equilibration of density by
subjecting systems to constant were carried out. A pressure of
1 bar and a temperature of 298.15 K—NPT ensemble—were
used; production MD simulations in the NV1' ensemble were
used. MD simulations were carried out using GROMACS 35.1.2
software using the AMBER fl99-SB-ILDN force field.” Visual

hitps:/dai.org/10.1021/acsomega, 203674
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Figure L. Zinc kinetics of binding to a-LA.

Molecular Dynamics (VMD} 1.9.3 software and Python 3.9
were used for visualization and data analysis.

2.9. Binding Interaction of Zn** with Aspartate and
Glutamate Residues by DFT Calculation. To shed light on
the interaction of the zinc ion (Zn'*)} and a-LA protein,
density functional theory (DPT) calculations, using Gaussian
16 Programs,™ were carried out to examine various possible
1:1 Zn*'—Asp” and Zn®'—Glu~ complexes. The MO06-2X
functional’" was employed for the DFT calculations. Geometry
optimizations were performed at the MO6-2X/6-31+G** level.
Higher-level M06-2X/6-311++G{3df,2p) single-point energies
were used to compute the binding free energies of various
complexes at 298 K (AG,y0). The solvation effect of aqueous
medium (¢ = 78.4) was modeled with an implicit solvation
model SMD.*

2.10. Application of Zinc—a-LA Complexes; Stability
in Synthetic Physiological Fluids. Dissolution of zinc from
the complexes was studied in four model synthetic fluids:
gastric and intestinal with and without specific enzymes
(pepsin and pancreatin for gastric and intestinal, respectively).
The fluid was prepared as in ref 30. The sample was weighted
on an analytical balance and dissolved in dissolution fluid. The
solution was transferred to Amicon centrifugal device 3 kDa
(Merck, Darmstadt, Germany). After 24 h of incubation time,
the released zinc solution was separated by applying
centrifugation (15 min, 14,000 rpm, 10 °C). The filtered
solution was diluted (dilution factor 100) in 1% HNO, (Merck
Suprapure, Darmstadt, Germany). The quantitative analysis of
zinc by the ICP—MS technique was performed as described in
2.4. Section.

2.11. Peptic Digestion Kinetics. For the study, the
modified protacol from Pryshchepa ef al™ was utilized. The
digestion was performed in simulated gastric fluid prepared as
follows: 2.0 g of NaCl was mixed with 80 mL of 1 M HCl and
diluted to 1000 mL. The working pepsin (Sigma-Aldrich,
Steinheim, Germany) solution with a concentration of 50 U/
mL was prepared in simulated gastric fluid from stock solution
(2000 U/mL in deionized water). The native a-LA and its
complex with zinc were suspended in deionized water to a
concentration of 10 mg/mL. The reaction mixture was
prepared with an enzyme-to-substrate ratio of 0.5 U:100 pg
by adding 80 pL of simulated gastric fluid, 10 L of working

pepsin solution, and 10 4L of protein or its complex solution
to the Eppendorf tube. Final concentration of the protein in
the solution was 1 mg/mL. Next, the mixture was incubated at
37 °C for §, 15, 30, and 45 min. Termination of the reaction
was performed by the addition of 0.7 M Na,CO, at 35% of the
reaction volume, that is, 35 uL was added to the reaction
mixture. The control samples were prepared, where instead of
protein/complex solution, 10 gL of reaction buffer was added
to the reaction mixture. The contrel samples were incubated
during 45 min. The SDS-PAGE analysis was performed in the
reduced mode according to the procedure described in 2.1.
Section with Perfect Color Protein Ladder (EURx Sp. z o. o,
Gdansk, Poland) as a protein MW marker.

2.12. Biolegical Activity of Zinc—a-LA Composites.
References 4445—46 were utilized in developing this part of
research (with some modifications). 1929 and Caco-2 cell lines
were purchased from BECACC (European Collection of
Authenticated Cell Cultures operated by Public Health
England) (Sigma). Both cell lines were cultured in DMEM
supplemented with 10% (v/v) fetal bovine serum, 2 mM
glutamine, 100 U/mL penicillin, and 100 pg/mL streptomycin
(Sigma). The cells were passaged by trypsinization with 0.25%
trypsin/’EDTA every 3—4 days, For assays, cells were cultured
on 96-well plates at a density of 2 X 10° cells/mL and
incubated for 24 h. When cells were attached to the bottom of
the plate, the medium was replaced with a new one containing
tested Ag complexes and incubated for 24 h. In control, the
medium was replaced with a fresh one without tested
substances. A silver nitrate control was performed to
differentiate the cell response to various forms of silver
compounds. After 24 h, 10% (v/v) of thiazolyl blue tetrazolium
bromide (MTT) solution (5 mg/mL in PBS) was added to
each well and incubated for 4 h at 37 °C. After that, medium
from wells was removed, and the formazan crystals were
dissolved in DMSO for 10 min by mixing. Absorbance was
measured using a microplate reader (Multiskan, Thermo-
Fisher) at 570 and 650 nm as background absorbance.

The LDH release assay was performed using a Lactate
Dehydrogenase Activity Assay Kit (MAK066, Sigma). Cell
cultures were prepared as for MTT assay, and cultured cells
were incubated with the zinc complex and zinc nitrate to
induce cytotoxicity and subsequently release enzyme lactate

38462 hitps:/dai.org/10.1021/acsomega, 203674
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dehydrogenase (LDH). The medium with released LDH was
transferred to a new plate and mixed with 50 yL of the reaction
mixture. Absorbance was measured at A = 430 nm using a
multimode microplate reader (Varioskan TM LUX Thermo
Fisher Scientific, Waltham, MA, USA). Results are presented as
a percent of activity in comparison to the control

The level of reactive oxygen species was measured with a
Fluorometric Intracellular ROS kit (MAK144, Sigma-Aldrich).
Cell cultures were prepared as for MTT assay, and cultured
cells were incubated with the zinc complex and zine nitrate to
induce ROS for 24 h. After the incubation time, 100 gL of
master reaction mix was added to cach well and incubated for
30 min. The fluorescence intensity was measured at 4., = 540/
Apn = 570 nm using a multimode microplate reader (Varioskan
TM LUX, Thermo Fisher Scientific, Waltham, MA, USA).
Results are presented as a percent of activity in comparison to
the control.

Ta check the amount of silver ions obtained from «-LA
composites, 1929 cells were incubated for 24 h with the Zn
complex and Zn{NQ,), at a concentration of 0.05 mM for 24
h. After that time, cells were washed two times with Dulbecco’s
PBS, trypsinized with 0.25% trypsin, and again washed with
Dulbecco’s PBS. The obtained cell pellet was mineralized with
nitric acid.

3. RESULTS AND DISCUSSION

3.1. Characterization of a-LA by SDS-PAGE. Figure S1
shows a gel electropherogram from o-LA analysis under

Table 1. Thermodynamic Parameters Obtained from the
Kinetic Study of Zine Binding to or-LA

parameters value [units]
C, 3.7 [mg/L)
Q. 158 [mg/g]
& 47.3
AG —9.45 1 /mol]

reducing and nonreducing conditions, One single band occurs
under these conditions, The band is around 14 kDa with
respect to the standard markers. The initial use of concentrated
protein solution (2 mg/mL} results in a wider band (lanes on
the left side of the mode for reducing and nonreducing). The
a-LA protein has a molar mass of about 14 kDa (from the
amino acid sequence). The presence of one band in this region
proves the purity and electrophoretic stability of the protein
product, In particular, no band above 17 kDa for the marker
was recorded. At this region of mass, it would come from the
Flactoglobulin, a protein which, next to ¢-LA, is a comstituent
of bovine whey proteins.”"*

3.2. Characterization of a-LA by the MALDI-TOF/TOF
MS Technique. For further characterization of a-LA, mass
spectrometry analyzes were performed using the MALDI
technique. In order to obtain the moelecular weight of the
protein, the intact analysis was performed using the lnear
positive mode. Sinapic acid was used as a matrix while
preparing the sample. Figure S2 shows the mass spectra. The
most intense signal was recorded at an m/z of 14,166. This
value indicates the o-LA adducts probably with hydrogen or
sodium ions.* A matrix and triflucric acid are the source of
these ions.*™" The molecular weight value corresponds to the
theoretical value for a-LA. Other peaks above the monomeric
form can be distinguished. Peaks at m/z: 14,386, 14,496, and

14,599 correspond to other protein forms. Molar mass values
of proteins will be differentiated by many factors (protein
origin, _;‘ost—trans]ational modifications, and calcium con-
tent).l’"r “.':3 The protein can be glycosylated at the asparagine
muie/zri *3* Cansequently, many isoforms can be character-
ized.”™"” The spectrum also shows a peak from the dimeric
form occurring at m/z 28,326 and trimeric form (at m/z
42,495) and a low intensity peak from the doubly ionized form
of the psendo-molecular ion at an m/z of 7081, The choice of
the matvix is crucial for observation and the stability of protein
oligomers and isoforms under measurement conditions. The
sinapic acid matrix can also distinguish oligomeric and isoform
forms of f-lactoglobulin, while the HCCA matrix (another
typical matrix used in proteomic studies) does not allow this.
Jin and Manabe determined the molar mass of the monomer of
-LA for 14,18 KDa and discussed the effect of the residual
content of foreign ions as impurities, especially sodium, and
residual, nonwashed stain after unfolding the electrophero-
gram, which have a measurable effect on the obtained results,*®
Ham ef al. determined the mass of the protein at around 14.2
kDa with an uncertainty of 4—105 Da for various samples
prepared from Cow, Saanen, Toggenberg, and Alpine and
found that the differences in the masses obtained were not
signiﬁcant.” Svensson determined the molar mass at 14,088
kDa, and the difference between the determined and
theoretical mass calculated from the amino acid sequence
(14,078 KDa) attributed to post-translational modification
(glycosylation and phosphorylation).éﬂ In summary, our results
are comsistent with above-presented studies, and the differ-
ences in the determined masses result from (1) the origin of
the protein, (2) post-translational modifications, and (3)
residual impurities.

Protein identification was carried out by obtaining a unique
peptide sequence after digesting the protein with trypsin. The
corresponding peptide sequences are shown in Table §1. The
resulting collection of peptides allows the identity of the
protein to be established as o-LA.

3.3. Characterization of a-LA Saline Solution by Zeta
Potential Determination. In order to investigate the
stability of the LA solution in 0.09% NaCl {w/V), the zeta
potential relationship was determined as a function of pH. The
graph of this relationship is shown in Figure S3. The course of
the dependence of zeta potential on pH is typical for a protein.
We move from a solution in a strongly acidic environment
where the measured zeta potential is strongly positive (above
+20 mV) to an environment with higher pH values where the
zeta potential approaches neutral values. A solution that
exhibits a zeta potential absolute value greater than 25 mV is
considered to be colloidally stable by the action of electrostatic
repulsion between the colloid particles.*" In this case, it can be
considered that the @-LA solution can be considered
clectrostatically stable only at the highest acidity of the
solution. The protein shows a positive charge (it is positively
electrostatically charged) due to protonation of amino acid
functional groups. At pH 2, all amino acid residues are
protonated initially. The amine acids with the most acidic
properties in protein are the glutamic and aspartic acids. On
the basis of the pKa values of these groups (322 and 2.77), at
these pH values, exactly half of the content of these acids is
deprotonated (neglecting the effect of the remaining amino
acid groups on the pK, value in a-LA). a-LA has 12 aspartic
acid residues and 7 glutamic residues in its chain. This is a
large proportion of acid functional groups in the protein

hitps:/dai.org/10.1021/acsomega, 203674
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Figure 2. (A} ATR-IR spectrum of a-LA (blue line) and @-LA complexes with zinc (red line); (B) Raman spectrum of ¢-LA (blue line) and a-LA

complexes with zine (red line).

structure, considering that ¢-LA has a total of 123 amino acid
residues. At higher pH values, deprotenation begins to take
place on amino acids with more and more basic properties
(successively with polar and neutral side chain properties, acid
amides, aliphatic moieties, and residues with basic side chain
properties). The pH point at which the resultant of the positive
and negative charges on the protein is zero is called the
isoelectric point. This value for ¢-LA is 4.5 using the sigmoidal
model*"*” The charge of the protein, both dissociated and
protonated groups, is equal to zero, and at this pH, we
recorded the isoelectric point of the protein in a solution of
0.09% NaCl. The isoelectric point value is within the range of

38464

the literature values for «-LA. The value of the isoelectric point
is a function of the composition of the solution.”™ The solution
under these conditions shows a number of properties: the
protein is the least soluble, and the electrostatic repulsion
between the individual groups of the protein is the lowest, This
causes the protein under these conditions to have the greatest
tendency to alggrega'ﬁte.t"3 The formed large particle clusters
often sediment, and phase separation can occur. Moving
toward the alkaline environment, the solution shows negative
values of the zeta potential. They stabilize at around —25 mVv
at a pH of around 6.5. Under these conditions, the protein
regains its electrostatic stability through ionization of

hitps:/dai.org/10.1021/acsomega, 203674
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Figure 3. (AB) SEM pictures of the a-LA protein with different magnifications of the sample place; (C—E) SEM pictures of the Zn—a-LA
complex with different sample place magnifications; (F) SEM—EDX imaging, photograph of the sample; (G) spectrum from the selected image;
(G) list of characterized elements with the content of individual elements in the material; and (H—]) TEM pictures of the Zn—a-LA complex with

different bars.
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Figure 4. Modeled structures: @-LA with its ape form (A) and
modeled complex with «inc cations (with a concentration of 30 mg
Zn/L in the reagent mixture) (B).

Table 2. Participation of Amino Acids of «-LA in
Interaction with Zinc Cations at Studied Concentration of

Metal

AA TA4V=/n"" (39) n(bind. sites) 1A4v—=2n"" (39) %(bind. sites)

GLU 830 43.252
ASP 994 51.798
CYs 4 0.208
HIS a 0.000
TYR 4 0.208
TRP 0 0.000
PHE 3 0.156
MET 9 0.469
ARG a 0.000
LYS 21 1.094
1865
30
25
€ 20
c
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&
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Figure 5. Flexibility analysis of ¢-LA—Zn complexes.

individual functional groups of the protein. Relatively low
values of the zeta potential deviation can be interpreted as an
indicator of the lack of protein degradation, especially at
extremely acidic and alkaline pH solutions, and consequently
chemical stability to a harsh acid environment. However, the
deviations arise with the acidity of medium. This trend of
protein degradation by acid hydrolysis in very low pH will be
visible particularly in dissolution studies of bound zinc cations
in acidic artificial physiological fluid {Section 3.9).

3.4. Kinetic Study and Thermodynamic Data of Zinc
Binding to Protein by the ICP—MS Technique. Figure 1

shows the dependence of unbeund zinc concentration to a-LA
as a function of the duration of kinetic experiment. Three
different madels of the fitting and interpretation of the results
are presented: kinetic zero-order, pseudo-zero, and intra-
partidle diffusion models by Weber—Morris. Based on zero-
order and pseudo-zero kinetic relationship, two stages of the
ongoing process can be distinguished. The first stage is a rapid
decrease in the concentration of zinc in the remaining solution.
The second stage is leading to the stabilization of the
concentration of zine in the solution. The first stage is very
quick. The reaction rate constant is 1.864 mg min per liter,
Already, in the first measuring point (2 min of incubation), the
concentration range is reached, which, based on the further
course, can be called equilibrium, The second stage can be
described as the stabilization and equilibrium stage, where the
concentration of «inc in the solution fluctuates with respect to
the equilibrium concentration. The reaction rate constant for
this step (calculated with respect to the wero-order kinetic
model) is equal to 7.3 X 107° mg min per liter. It can be
concluded that the process of zinc binding by a-LA is very fast
(after 2 min of incubation, the equilibrium is established), and
the complexes were stable under the experimental conditions
during the experiment. The intraparticle diffusion model is a fit
of the experimental values in the system of coordinates of the
adsorbed amount of zinc by the proteins to the root of the
process duration. Experimental data show a gradual increase in
the amount of zinc bound to the protein as a function of time.
Stability in the recorded q values is visible at later measuring
points. The Weber—Mortis model is based on the linear
dependence of q on the root of time. It is evident that the a-
LA binding process for zinc is not linear for complete
measuring time dimensions. Equilibrium values are shown; in
particular, the Q, value of 1.58 mg/g says that 1 g of protein
binds 1.58 mg of zinc. The presented two models of matching
the results allow concluding about the mechanism of the
process. Based on the model of the zero-order kinetics, it can
be stated that the process is fast, the rate-limiting stage is the
diffusion of zinc cations to the surface of the protein structure,
and the functional groups are available on the surface. 1t should
be emphasized that the process is located on the surface. There
are no additional steps of zinc binding through a-LA (a
symptom would be a further, stepwise decrease in the recorded
concentration in the remaining selution or an equilibrium
increase in the q value). In other words, no further diffusion of
zinc cations into the interior of the protein structure is
observed. Detection of a further stepwise increase in the
amount of zinc by the protein would be visible using the
Weber—Morris model. ™

The amount of bound zinc by protein under equilibrium
conditions ranged from 30.05 mg/g for casein mixtures, from
5.16 to 6.85 mg/g for individual forms of casein, and 8.16 mg/
g for bound zinc by beta-lactoglobulin based on studies
performed in our research unit.****** It can be seen that the a-
LA protein does not show much value of binding zinc ions
from the solution. This may be due to the availability of zinc
binding sites for the holo protein. In addition, it is known that
the sites are located on the surface, and the experiment was
conducted under the pIl conditions at the isoelectric point,
where accessibility to the surface is the lowest. Buszewski et al.
also noted the effect of the molar mass of a protein on the
value of the bound portion of the metal by the protein. The
smaller the protein, the lower the possible availability of
appropriate functional groups and, consequently, the number

hitps:/dai.org/10.1021/acsomega, 203674
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Figure 6. Optimized geometries of various conformations of an'—Asp_ (ZnAspl—ZnAsps) and Zn*'—Glu~ (ZnGlul-ZnGlus) complexes.
Interaction distances are in A, and binding free energies (AG,gs) are in kJ/mol,

of active centers capable of interacting.™ Henee, ot-LA protein
is the smallest protein, in terms of molecular weight, tested in
our research group. e-LA has a numerically low content of
functional groups that are able to interact with zinc ions
compared to heavier protems, which have far more active
functional groups to absorb cations. The influence of the
process conditions through the prism of zinc cations and
possibly the influence of conformation of the zinc aqua
complex and charge localized on the surface (which is positive
in the pH of the process) occur. The process at pH 4.5
determines the value of the electrostatic attraction force in
relation to the protein structure. The net charge of «-LA is
zero, but the active functional groups (aspartic and glutamic
acids in particular} are fully deprotonated and negatively
charged. In addition, the pH walue of the isoelectric point
determines the conformation of the protein, where the
presence of polar groups available for interaction is the highest
due to the hydrophobic effect occurring at around pH of
isoelectric point of protein. Thus, the process binding of zinc
for a-LA is surface-localized only. Table 1 shows the

thermochemical data from the kinetic experimental data. The
value of the Gibbs enthalpy is negative. Thus, reaction has a
spontaneous tendency to occur, There is a visible correlation
between the quoted other protein studies tested in our team
and the values of Gibbs enthalpy for the study of zinc binding,
Gibbs enthalpy is lower for heavier proteins compared to a-
LA. Great importance here is the entropy effect, which assumes
more favorable changes from the thermochemical point of view
for these systems, where, as a result, a more disordered system
is formed. This can manifest itself in conformation changes,
ion-exchange reactions,and so forth.

3.5. Characterization of a-LA Complexes with Zinc by
Spectroscopic Techniques. Figure 2A shows the infrared
spectra of the ¢-LA protein (as a control) and ¢-LA complex
with zinc ions. Noteworthy is the fact that selective increases in
absorbance for specific vibrations took place for a-LA
complexes with zinc compared to the control. In the beginning
of interpretation from the highest wavelength region, the first
bands at 3271 ecm™' (control) and 3284 cm™ (o-LA—Zn)
correspond to the vibration of the amine group N—H of amide

hitps:/dai.org/10.1021/acsomega, 203674
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1.9 Changes in the frequency of stretching vibrations (N—H)

in this respect between centrol and complex cempounds are
the result of changes in the values of the share of hydrogen
bonds. The consceutive bands located at lower frequencies are
responsible for the stretching vibrations of the aliphatic C—H
and also of the amine groups. Another range in which the
vibration bands are observed is the vibration range of amide L.
In this range, vibrations from the carbonyl group C=0 have
their very strong band (1642 and 1643 cm ' for control and
complexes, respectively).*® Another band can be attributed to
the vibration of amide II. The N—H and C—N groups have
their vibrations here. Two consecutive bands present at about
1456 and 1392 cm™ arc responsible for the C—H bending
vibration of the amino acid groups. The next bands are the
vibrations of the amide III group coming from the N—H
bending and C—N stretching vibrations. Subsequent bands
come from the vibrations of aromatic amine acid groups,®”
unless there were any drastic changes in the IR spectrum of the
a-LA and after the formation of complexes with zinc, which is
consistent with the literature data. The greatest changes in the
distribution of the bands were noted for the region with the
lowest vibration frequencies. This region, from aromatic
vibrations, and the environment around these groups probably
change (e.g., conformational).”® The region of the participation
of individual conformations (p-helix, f-sheet, f-turns, and
random coil} can be attributed to the vibration of amide 111.%
Especially, in the enlargement of the fingerprint region, there is
a visible change in the relative intensity of the vibration
between the native structure and the binding to zinc. Thus, the
protein conformation change after binding with zinc is very
possible. After the binding of the protein with the zinc, a band
at 535 cm™ was visible, while before the binding, bands at 5§17
and 422 em™' were visible.

Figure 2B shows the Raman spectrum of the a-LA protein
before binding and its complex with zinc. Similar to the IR
technique, Raman is a complementary technique, which, unlike
IR, especially shows vibrations from groups with a low
difference in electronegativity in the group, while IR shows
vibrations of ionic groups in particular. Also starting the
description from the bands at the highest frequencies toward
the lower ones, the first band at around 3300 comes from the

stretching vibration of the N—H amino group. A clue that it is
a vibration of the amino group may be the intensity of the
vibration, which we judge as an average. Vibrations of other
groups with a similar range (O—H or =C—H) have a weak
intensity in the Raman spectrum. The change in the frequency
of this protein oscillation after binding may also be the result of
changes in the orientation of the hydrogen bond. The next
bands at 3061, 2930 em™, and around 2873 ecm™! are the
vibration bands of =C—H and C—H, respectively. The bands
at around 2723 and 2431 em™' are responsible for $—H
vibrations, while after the binding of zinc to the protein, the
second band is not visible.”® The band at around 1658 em™ is
responsible for amide 1 vibrations, The carbonyl group of
glutamic and aspartame amino acids gives the band from the
C=0 stretching vibration.”" Then, the spectra show a rich set
of bands derived from vibrations of individual amino acid
groups (fingerprint region).”""* The two bands were
significantly enhanced in intensity compared to the control.
The bands at 1094 and 560 can be attributed to C—5 aliphatic
and aromatic vibrations, respectively.”""*

3.6. Characterization of a-LA Complexes with Zinc by
Microscopic Techniques. Figure 3A,B shows the results of
surface imaging and examination of the surface morphology of
-LA protein by the SEM method. The surface is flat and
continuous without visible bulges, flooding,and so forth. The
petals rarely show small clusters of particles that can be
assessed as impurities. Figure 3C,D shows the characteristics of
the Zn complex with -LA. After the zinc binding process by
a-LA, visible changes took place on the surface. When
assessing the photograph with the smallest magnification, we
can see clusters of particles that are significantly whiter and
brighter (Figure 6C). This effect can be attributed to the
bound zinc ions on the surface of the metal—protein
composite. Additionally, it can be assessed that these places
are located rather evenly, without segregation. In addition, the
metal deposit is rather in the surface layers, with a visible scaly
structure from the protein in the deeper layers of the material.
Moving on to photographs with larger enlargements, the
surface structure is visible. There are numerous particles in the
shape of spheres, tightly adhering to the sutface of the protein.
The whiter shade of these beads as mentioned earlier is due to
the zinc-rich material. The deposit globules adhere tightly to
cach other, forming large clusters which, when enlarged
further, appear as a compact surface. Image 6E shows a low-
resolution image taken during EDX imaging. It shows a dense,
compact structure. From the marked area, spectra of the
selected elements were collected. The image 6F shows the
spectra of individual elements. In addition to zinc, which is
evenly distributed (low Sigma value) (Figure 3G), there are
other elements coming from the protein, the mesh in which
the sample was placed (Cu) and typical contamination of the
sample from, for example, water (Cl).

Figure 3H,1] shows the TEM image of the material after the
zinc binding process by @-LA. Each image shows an
amorphous form of the material in greater zoom. There are
no visible clusters or clumps of particles that could indicate the
formation of zinc oxide nanoparticles on the surface of the
protein or the precipitation of zinc to a metallic form.” On
this basis, it can be concluded that the process of zinc binding
to a-LA proceeds in accordance with the electrostatic
attraction of zinc ions to the oppositely charged functional
groups of the protein, without the charge transfer process
{oxidation or reduction).”*
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Figure 8. (A,B) 1929 and Caco-2 cell viability after treatment with the Zn complex and Zn ions measured by the MTT method; (C,D) LDH
leakage level of L929 and Caco-2 cells treated with Zn ions and the Zn complex; (E) concentration-dependent ROS generation by Zn ions and the
Zn complex in L929 cells; (F) morphology of 1929 cells treated with the Zn complex; and (G) % of silver taken up by 1929 cells from the Zn
complex and zinc nitrate. For (A—E), * indicates statistically significant differences (p < 0.001) between the sample and control according to one-
way ANOVA and the Tukey post hoc test. For (G), * indicates statistically significant differences (p < 0.001) between the uptake of zinc from the
Zn complex and zin¢ nitrate according to one-way ANOVA and the Tukey post hoc test.

3.7. Characterization of a-LA Complexes with Zinc by with interaction with zinc cations, while smaller contribution
MD Simulations. Figure 4 depicts the modeled structure of has Iysine with interaction.
protein and the complex with zinc cations with concentration The flexibility of the four key regions decreases with the

used in all studies (30 mg Zn/L). These structures were
obtained after the energy minimization procedure.

Table 2 shows the percentage of participation of amino acid
residues in interaction with zinc. Analyzed interactions

increase in zinc concentration. At around residues 15—20, 30—
50, 60—80, 100—120, 15—20: 3 turn-helix (310), 30-50:
hydrogen-bonded turn, extended strand (beta sheet), 60—80:

between Zn cations and GLU, ASP, CVS, HIS, TYR, TRP, ~ same as 30=50 + 4 3-turn helix, 100—120: four-turn helix
PHE, MET, ARG, and LYS with a distance threshold of 0.35 (alpha), three turn-helix and random coil were detected
nm were examined. Glu and Asp amino acids are dominating (Figure §).

38469 https://doi.org/10.1021/acsomega.2c03674
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3.8. Binding Interactions of Aspartate and Glutamate
Residues toward Zn?* (ag). The MD simulations have
demonstrated the dominant occurrence of aspartate and
glutamate residues, which indicated that the negatively charged
Asp~ and Glu™ residues are the strongest Zn®~ binders. DFT
caleulations were performed to further shed light on the
possible binding modes and interaction energies of Zn®* with
aspartate and glutamate residues. To this end, various possible
conformations of 1;1 Zn**—Asp™ and Zn>*=Glu~ complexes
were investigated. The Asp™ and Glu™ residues were modeled
with two units of amide linkage and capped with methyl
groups in order to investigate the interaction of Zn** with the
protein polypeptide backbone. The solvation effect in an
aqueous environment was modeled using the implicit SMT
solvation model. The optimized geometries and binding free
energies (Zn® + AA™ — Zn?*—AAT, AlG,) of the five lowest
energy conformations of Zn**—Asp~ and Zn™-Glu~ com-
plexes (ZnAspl—ZnAsp5 and ZnGlul—ZnGlus, respectively)
are summarized in Figure 6. As expected, mondentate/
bidentate interaction between the Zn™* cation and the
negatively charged carboxyl group (COQ7) represents the
key interaction, which readily attributed to the strong
electrostatic attraction between Zn?* and COO™. Simultaneous
coordination of Zn®* with the carboxyl group of the backbone,
via carbonyl oxygen, is observed in most complexes. The Zn*-+
O (carbonyl) interaction distances, 2.01-2.17 A, are
comparable to those in Zn**—COQ" interactions, 1.96—2.28
A. Several tri-coordinated Zn*" complexes, namely, ZnAsp2,
ZnAspS5, and ZnGluS, were observed. However, these
conformations are less stable due to the unfavorable entropy
effect. For both Zn*"—Asp™ and Zn*—Glu~ complexes, the
lowest energy conformation, namely, ZnAspl and ZnGlul,
respectively, corresponds to a coordination geometry with the
zinc ion two-coordinated with carboxyl and carbonyl (side
chain) groups. The calculated binding free energies (AGsyqg) of
various conformations of both Zn*'—AA™ complexes fall in the
range —53.1——90.8 kJ /mol (Figure 6). This indicates that the
formation of the Zn* —AA~ complex is energetically favorable.
The calculated strong binding affinity supports the exper-
imental observation of the interaction of Zn*' ions with
aspartate and glutamate residues of @-LA protein.

3.9. Application of Zinc—a-LA Complexes; Stability in
Synthetic Physiological Fluids and Biological Activity.
This section of research focuses on contents of zine released
from the complex under four different conditions simulating
the stomach and intestine conditions. About 10% of =zinc,
which was initially bound to the protein, was released in an
acidic environment. No effect of the enzyme was noted. The
pepsin was unable to cause the effect of dissolving zinc from
the complex and degrading the protein into short peptides that
could pass into the solution tested under the conditions of this
experiment. In the alkaline environment without the
participation of the enzyme, the release value of less than
10% was also noted, which confirms the stability of the
complex to the alkaline environment. However, the action of
this alkaline medium together with the pancreatin enzyme
causes the release of a significant amount of zinc (41.4%), and
consequently, it can be assessed that the complex is not stable
under these conditions. Rodzik et al. studied the release of zinc
from complexes with l[i-lactuglulmlj_u.‘m The stability of the
complex in both environments (gastric and intestinal fluid)
acting on the complex without the enzyme is noted. However,
along with the enzymes, zinc was released from the complex. In

this case, the complex is insensitive to the enzyme acting in the
acidic medium, unlike the studies in ref 30. As in the studies by
Rodzik et al, the influence of the pancreatin enzyme in the
intestinal fluid was noted here. This may be due to the action
of the enzyme trypsin, which degrades protein into peptides,
which is part of the release solution,*

Furthermore, the peptic digestion kinetics was performed to
visually demonstrate the digestive stability of the synthesized
complex, Figure 7 presents the resulting SDS-PAGE for
performed digestions.

The results of the peptic digestion revealed that complete a-
LA hydrolysis was not achieved even after 45 min. Instead, in
the previous work of our group, the kinetics of bovine
lactoferrin (bLTF) digestion was performed. After 30 min,
there were no intact bLTF in the solution,™ while almost 50%
of z-LA at this time point still was unchanged. Tt is noteworthy
to mention that for bBLTF digestion, a lower enzyme-to-protein
ratio was utilized (0.1 U/100 yg) which indicates much higher
susceptibility to peptic hydrolysis. The proteins’ digestion
susceptibility with enzymes is dependent on the structure of
the protein. More tightly felded sequences reveal lower
susceptibility to enzymatic degr;uiation.'—S bLTF has a hinge
region connecting N- and C-lobes which seems to be the most
preferable place for the enzymatic action. Moreover, it was
reported that BLTFs” N-lobe treated with pepsin can easily
release antibacterial peptide lactoferricin. Additionally, the
digestion appears more intense upon the loss of the iron from
the structure which occurs under acidic conditions.”® Instead,
a-LA under acidic conditions forms a highly stable molten
globule which may be a reason for its increased stability against
peptic digestion.”” The digestion kinetics of the complex of a-
LA with zinc did not differ from the kinetics of native protein.
Interestingly, the peptic digestion of a-LA cause the formation
of three peptides with masses lower than 7 kDa, and two of
them remain unchanged even after 45 min of the process. It
may be concluded that zinc from the complex should remain
bonded to these peptides. Instead, for the complex of bLTF
with Ag, a slightly lower degradation rate for the protein was
observed, but much faster digestion of peptides occurred. The
respective differences may be due to the changes in the tertiary
structure caused by Ag i_ucm:pcu:atiou.43 It is noteworthy to
mention that in Permyakov ef al. work,™ the tryptic digestion
of a-LA was performed in the presence of Zn*' ions. They
have utilized both the trypsin and chymotrypsin for the
digestion. [t was shown that in the case of trypsin, the presence
of Zn*' increases the digestion rate in all utilized Zn/protein
ratios. Instead, for chymotrypsin, the acceleration began at
somewhat higher metal concentration. The differences may be
connected to the differences in their specificity: trypsin cleaves
at peptide bonds containing basic residues, while chymotrypsin
cleaves at peptide bounds adjacent to aromatic residues. Pepsin
is a protein that also preferentially hydrolyzes peptide bonds
between the aromatic amino acids which may explain the
observed results as the batch sorption analysis did not show
the high Zn™" sorption by a-LA.™

Cytotoxicity of Zn—a-LA composites and Zn ions was
determined by MTT and LDH methods on human epithelial
colorectal adenocarcinoma Caco-2 cell lines and L929 murine
fibroblast cell lines. 1929 cells are used in ISO 10993-5 and
ISO 10993-12 norms for biclogical and clinical evaluation of
medical devices. Caco-2 cells, due to many morphological and
biochemical similarities to enterocytes—intestinal absorptive
cells, are used as irn vifro models to study absorption of orally
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administered drugs. Cell viability was tested using two
spectrophotometric assays: MTT (3-(4,5-dimethylthiazol-2-
y1)-2,5-diphenyl tetrazolium bromide) and LDH (lactate
dehydrogenase) release. MTT test is based on the ability of
mitochondrial enzyme dehydrogenase to transfer yellow
tetrazolium dye into formazan crystals. The level of obtained
formazan crystals is directly proportional to cell viability.
Therefore, the level of formazan crystals in the control,
untreated sample is set to 100% viability. In the LDH assay
protocol, the level of lactate dehydrogenase that is released
into the culture medium following the loss of membrane
integrity is measured. LDH activity is recognized as an
indicator of cell membrane integrity.

As shown in Figure 8A,B, the MTT results demonstrated
that in L929 cells, Zn in the form of complex did not decrease
the viability of cells in the whole range of tested
concentrations, that is, up to 200 gM. However, zinc ions
were more toxic and lowered the viability of cells to 20% at a
concentration of 100 gM. Caco-2 cells were less sensitive to
both forms of Zn than L1929 cells. One of the reasons for the
difference may be that L929 cells belong to the normal cell
line, while Caco-2 cells are from malignant tissue, colorectal
adenocarcinoma.

To monitor the membrane damage of more susceptible
1929 cells, LDH test was performed (Figure 8CD). The
results of this assay show that the lactate dehydrogenase release
is mostly very similar for zinc complexes in the whole range
tested and comparable with the control. For zinc ions, a
significant increase in the dehydrogenase released was
observed at the concentration 200 gzM, which indicates
damage to the integrity of the membrane. For cells, Caco-2
levels of released lactate dehydrogenase were only slightly
elevated in the range 6.25-200 uM.

One of the aspects of cytotoxicity is oxidative stress. In order
to detect reactive oxygen species after treatment with zinc ions
and complexes, a fluorometric intracellular ROS kit that
detects, in particular, superoxide and hydroxyl radicals was
applied (Figure 8E). Studies showed that the level of ROS for
cells treated with zinc jons and zinc complexes was comparable
with control cells. Also, a comparison of the morphology of
cells treated with various concentrations of zinc complexes did
not reveal any significant changes compared to control cells,

Ta check the amount of zinc ions taken from the protein
complexes, L929 cells were incubated for 24 h with zinc
complexes and for comparison with zinc nitrate (Figure 8G).
Results showed that the level of adsorbed zinc was two times
higher for zinc nitrate than for zinc complexes. However, many
studies indicate that at higher zinc concentrations, zinc uptake
is by passive diffusion (for review, 68). Lower values of zinc
taken by cells from zinc complexes indicate another, more safe
mechanism of zinc absorption. However, further studies
especially on Caco-2 cells are necessary for understanding
the transport mechanism of zinc complexes.

B CONCLUSIONS

This article presents the physicochemical characteristics of a-
LA and the synthesis of the complex of the protein with zinc
jons. The binding process was investigated with several
analytical techniques. The work shows that the binding process
is fast and zinc ions are bound to the surface of protein
particles in solution, while aspartic and glitamic acids are
particularly active functional groups in metal ion binding. The

solubility, bicavailability, and cytotoxicity of these complexes
were also tested.
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The process and product of silver jons binding to alpha-lactalbumin (ee-LA) were studied and discussed
in this paper. The aim of the work was to explain the mechanism of reaction using interdisciplinary re-
search. The kinetic study shows that binding equilibrium of silver Lo «-LA is achieved aflter 2 min. Process
was fitted to pseudo-zero, zero and Weber-Morris models and can be distinguished by two distinct steps:
firstly, graduate decline in silver concentration in solution and second step of silver concentration equi-
libration. The determined thermodynamic parameters showed that the reaction can occur spontancously.
Complementing the experiments, molecular dynamic simulations and DFT calculations have shown that
aspartic and glutamic residues have the most significant contribution in the silver binding process. Spec-
troscopic (ATR-FT-IR and Raman) methods were used to compare structure of native protein and after
binding of silver and they confirmed that the binding occurs with participation of acidic residues of pro-
tein. Morphology and information about surface of particles were determined using scanning electron mi-
croscopy (SEM) and transmission electron microscopy (TEM) (with energy dispersive X-ray spectroscopy
- EDX}. Such experiments have shown that silver forms nearly homogeneous metallic structure onto pro-
tein. Silver has shown to be released from complexes in synthetic intestine physiological fluids in the
highest quantity in stomach with comparison to mimicked intestine system. Cytotoxicity study showed

better biocompatibility and bioavailability of composite than control.

© 2022 The Author(s). Published by Elsevier BV,

This is an open access article under the CC BY license (http:/jcreativecommons.org/licenses/by/4.0/)

1. Introduction

Silver is a chemical element belonging to the group of heavy
metals and in its cation (Ag') form it can exhibit toxic proper-
ties. Its toxic properties against microbes can, in fact, be used in
medical treatments such as pressure ulcer therapy [1]. Typically, in
this type of therapy silver compounds of reduced toxicity are used,
Therefore, synthesis and characterization of new compounds of sil-
ver (silver-protein for example) are being actively developed [2-4].
Silver bound to high molecular weight matrix compound reduces
the toxicity to the living organism. Some matrices are capable of
slow, controlled and targeted dissclution process of silver which
can lead to antimicrobial activity [5]. The dissolution mechanism
can be described as a “Trojan horse” which assumes the nanopar-
ticles as carrier in the transfer process of high amount of silver

* Corresponding author.
E-mail address: p.pomastowski@umk.pl (1> Pomastowski).

https:f/doi.org/10.1016/].molstruc.2022.133940

ions between cell membranes [G]. The interactions of silver ions
with proteins proved to be effective, safe and showed controlled
and modulated cytotoxic properties against a certain group of mi-
croorganisms. The protein in these combinations acts as a carrier
for silver and provides a kind of protective coat that allows for
the controlled release of safe doses of silver throughout the entire
body [7.8]. The nature of silver uptake by biocolloids very often re-
sults in obtaining silver in the form of nanoparticles [9]. Often the
biocolloid itself is the source and carrier for the reaction of reduc-
ing silver in ionic form to reduced, zero-valance Ag® [10,11].
Alpha-lactalbumin (@-LA) is a small protein composed of 123
amino acids with a molecular weight of about 14 kDa [12]. The iso-
electric point of the protein in the solution is around 4.5 [13]. It is
one of the key proteins in human milk and a key nutrient for new-
borns and infants [14]. In living organisms, in addition to its nu-
tritional properties, it is also part of the lactose synthase enzyme
and a key carrier of calcium [15]. Protein has two metal binding
sites, The first is a very strong bond of the order 104-105 M~! and

0022-2860/% 2022 The Author(s). Published by Flsevier BV, This is an open access article under the CC BY license { hrrp:/fcreativecommoans.org/licensesfby/4.0/)
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the second is a bond of approximately 10% M~! [16,17], Besides
calcium, other metals can also be bound by protein through the
strongest binding site [18,19]. Binding of different metals to @-LA
is associated with conformational rather than structural changes
[20]. Therefore, the characterization of metal-cv-LA binding requires
sensitive and specific test methods such as molecular dynamic. The
form of a protein saturated with calcium (holo form) is one of pro-
teins most stable and most resistant to thermal denaturation [21].
It is also one of the most stable proteins in an acidic environment,
where it creates the molten globule state [22]. In this state, it can
be used as a seed for active substances in, for example, anti-cancer
therapies [23].

The selectivity of the interaction of metals with proteins is
noted; a number of properties of metals and ligands should be
considered in the analysis of this type of interactions leading to
the formation of coordination-type compounds [24]. @-LA is a high
containing sulphur protein (has eight cysteine residues per 123
amino acids). Coordination bonds between sulphur (methionine,
cysteine, cystine), nitrogen rich amine acid (lysine, histidine, pro-
line, arginine) residues and silver and electrostatic attractions (glu-
tamic and aspartamic acids) have been shown as crucial [25]. Ad-
ditionally, silver has stronger affinity to sulphur than to nitrogen
species [26].

The aim of this worle is an attempt to explain the mecha-
nism of silver binding to w-LA. The silver- ¢-LA composite has
been synthesized and the process has been characterized by in-
terdisciplinary research. Kinetic and thermodynamic research pro-
vide insight into the affinity of a metal for a protein; for this pur-
pose, ICP-MS technique was used for determining silver concentra-
tion. Molecular dynamics (MD) simulations and quantum mechan-
ics (QM) calculations using density functional theory (DFT) were
used to determine and simulate functional groups from the protein
structure particularly affecting the binding with silver. Spectromet-
ric techniques (FT-IR and Raman) were used to characterize the
changes in the secondary protein structure after the binding pro-
cess. After characterization of the process and the composite, the
application possibilities of using this type of product for personal-
ized medical therapy were examined; the degree of silver release
in simulated human gastric and intestinal fluids was tested (in re-
lation to USP) and the cytotoxicity of the composite was deter-
mined for the L927 cell lines. The cytotoxicity of obtained nanopar-
ticles was measured through the MTT cdye, lactate dehydrogenase
(LDH) assays, determination of the level of reactive oxygen species
as well as monitoring of the amount of silver taken by L929 cells.

2. Materials and methods

The commercial standard of o-LA was used in all experiments.
The protein was obtained from Sigma Aldrich (Sigma-Aldrich,
Steinheim, Germany). Supplier stated that the purity of the ma-
terial is higher than 85% (SD5-PAGE method).

2.1. Synthesis of w-LA composites with silver. Kinetic study of silver
binding to protein by ICP-MS technique

Silver nanoparticles onto @-LA composite were synthesized in
an aqueous solution, A solution of silver nitrate (Sigma-Aldrich,
Steinheim, Germany) with a silver concentration of 60 mg AgfL
was prepared in 18.2 MQ water [Merck Millipore, Darmstadt,
Germany). A 5 mg/mL «-LA solution was prepared in double-
deionized 18.2 MQ water. The pH of the solutions was adjusted
to 4.5 against a pH meter by adding the diluted NaCH or HNOy
(Merck Suprapure, Darmstadt, Germany) solutions dropwise. Solu-
tions of silver and protein suspension were mixed with each other
in a 1:1 volume ratio. The sample was incubated at room tempera-
ture while constantly stirring at 900 rpm using Thermomixer com-

Journal of Molecular Structure 1270 (2022 122940

fort (Eppendorf AG, Hamburg, Germany). In order to study the ki-
netics of the binding process, various solutions were prepared and
incubated for a specific time. Incubation times were 2, 5, 10, 30
min, 1, 2. 4, 6, 21, 24, 48 h. Upon incubation, the solutions were
transferred to the Amicon Ultracell 3 kDa (Merck, Darmstadt, Ger-
many) membrane and centrifuged for 15 min at 4°C and 14,000
Tpm to separate an unbound portion of the silver solution from
the composite. The filtrate was diluted 200 times with a 1% HNO;
(Merck Suprapure, Darmstadt, Germany) solution, Such solutions
were analyzed using ICP-MS. The initial concentration of silver was
determined as well. Calibration curve method was used to obtain
concentration result in samples. Silver standard solution (Sigma-
Aldrich, Steinheim, Germany) was diluted to appropriate region
of concentrations (from 0.1 pg/L to 100 ug/L). Rhodium was used
as an internal standard. Shimadzu ICPMS 2030 (Shimadzu, Kyoto,
Japan) spectrometer was used with active Collision Reaction Cell
(helium flow was 6 mLfmin). The signals at m/z of 107 and 109
were monitored. The binding kinetics was determined as the dif-
ference between the initial silver concentration and unbound frac-
tion of silver by the protein. Experimental data were analyzed us-
ing pseudo zero (1), zero (2) and Weber-Morris (3) kinetic models
[27]. The experimental silver concentration data was fitted to fol-
lowing formulas:

g = qu—kt (1)
for pseudo—zero order model

G =C -kt (2)
for zero order model

q = A+ Kipvt (3)

for Weber—Morris model

where g is the amount of silver sorbed for a certain period of time
[mgfel, go value of q at equilibria; I the rate constant of sorp-
tion kinetics; t- time of process; C and Cy are silver concentration
for a certain period of time and equilibrium, respectively. A-a con-
stant indicating the thickness of the boundary layer diffusion or
external surface adsorption [mg/fg], Kip-the diffusion rate constant
[mg/fg min®?].

The thermodynamic parameters: amount of zinc bounded to
protein Q, distribution coefficient Ky (4) and Gibbs free energy (5)
of adsorption were calculated using kinetic data:

K = % (4)
.

AGY = —RTInK, (5)

2.2, Preparation of complexes for further studies

According to the kinetic study, the complexes sample was in-
cubated for about 5 min. The unbound metal fraction was sep-
arated using Amicon Ultracell 3 kDa centrifugal unit. Composites
were washed twice with deionized water. The solution was recov-
ered from the membrane. The complexes were lyophilized (Free-
Zone Labconco, Kansas City, US) and dry mass were stored at -
20°C.

2.3. Characterization of «-LA composites with sifver by Molecular
Dynamics (MD) and Quantum Mechanics (QM) - DFT - calculations

Molecular Dynamics (MD) simulations were carried out accord-
ing to protocol of Pomastowski et al. [2] and Zuvela et al. [28]. The
o-LA was analysed in apo form and their complexes with silver
were characterized. Initial structure of «-LA was obtained from the
Protein Databank (PDB 1D: 1A4V) [29]. It is a structure determined
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Table 1
Molecular dynamies and quantum mechanics parameters of analyses.

Summary of unscaled [ scaled concentration of the Ag-w-LA systems

Concentration [mg/l|  Proportion of ions to protein molecule  Scaled
30 155 65
MD parameters for Ag*
lon Ruigz

Ag 1.341

epsilon sigma
0.00818431 0.238939

by X-ray diffraction with a resolution of 1.80 Angstrom, Solvation
in a TIP3P water box with a variable side length, depending on
the size of the system was performed. Due to the limited volume
of solvation boxes, the amounts (in moles) of «¢-LA - Ag solutions
were upscaled (Table 1) with constant scaling factors (to fully pre-
serve the concentration ratios for Ag- w-LA).

To account for non-bonded interactions of Agt with «-LA, pa-
rameters compatible with the TIP3P water model were obtained
from Li et al. [30,31] (Table 1).

Solvation was followed by electrostatic neutralization with Na
or €1 ions. Such systems were subjected to energy minimiza-
tion to remove bad contacts and structural clashes. Fast heating to
208,15K was carried out at a constant volume, followed by density
equilibration step by subjecting the systems to (1 bar) and temper-
ature (298.15K) - NPT ensemble. Production MD simulations were
carried out in the NVT ensemble using the GROMACS 5.1.2 soft-
ware using the AMBER ff99-SB-ILDN force field [32]. Visual Molec-
ular Dynamics (VMD) 1.9.3 software, and Python 3.9 were used for
visualization and data analysis.

2.4. Binding interaction of Ag' with aspartate and Glufamate
residues by DFT calculations

To shed light on the interaction of silver ion (Ag™) with and
a-LA protein, various possible conformations of 1:1 Ag™-Asp~
and Ag*-Glu~ complexes were examined by MO06-2X [29] DFT
method, using the G16 programs [30]. Geometry optimizations and
frequency calculations were performed at MO6-2X/BS1 level and
binding free energies at M06-2X/BS1 level, based on the MOG-
2X/BS1 optimized geometries. The BS1 basis set correspond to
the smaller 6-31G* basis set for non-silver atoms and Def2-SVPD
[31] basis set for silver atoms while the larger BSZ hasis set cor-
respond to the 6-3114+G(2d,p) hasis set for non-silver atoms and
Def2-TZVPD [32] for silver atoms. The D2SVP and Def2-TZVPD ba-
sis sets for Ag contain an effective core potential (ECP). The solva-
tion effect of aqueous medium (¢ = 78.4) was modelled with an
implicit solvation model SMD [33] in geometry optimizations and
single-point energy calculations.

2.5. Characterization of «-LA composites with silver by spectroscopic
techniques (ATR-FTIR, Ramian)

The sample was further analyzed using attenuated total re-
flection Fourier Transform Infrared spectroscopy (ATR-FTIR) using
Alpha FTIR Spectrometer (Bruker, Billerica, Massachusetts, USA).
Spectra were obtained in the range of 400 - 4000 em~', Dried
sample was attached to measurement window and analyzed.

Raman spectra were taken using a Raman Spectrometer (Sen-
terra, Bruler Optik). The sample was dissolved in a small volume of
water. Tiny droplet of suspension was injected to glass. The spec-
tra were registered in the region 4000-400 ¢m~' at the wave-
length (532 nm) as excitation light, with the power of approxi-
mately 2mwW and the acquisition time of 20 s. The spectroscopic
data were processed using OPUS software (Bruker, Billerica, Mas-
sachusetts, USA)).
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2.6. Characterization of «e-LA composites with silver by microscopic
techniques: SEM and SEM-EDX

To obtain information about morphology, topography and semi-
quantitative analysis of elements in composite, scanning electron
microscopy (SEM) as well as with EDX were carried out. Micro-
scopes were; SEM (Quanta 3D) and SEM-EDX instrument (1430 VP
(LEO Electron Microscopy Ltd, UK)). The solution of nanoparticles
was applied on the grid,

2.7. Application of w-LA composites with silver. Stability in Synthetic
Physiological Fluids

Dissolution of silver from the composite was studied in four
model synthetic fluids: gastric and intestinal with and without
specific enzymes (pepsin and pancreatin for gastric and intestinal,
respectively). The fluid was prepared according to Ref. [27]. 0.2 mg
of complexes was weighed on analytical balance and dissolved in
dissolution fluid. The solution was transferred to Amicon centrifu-
gal device 3 kDa (Merck, Darmstadt, Germany). After 24 h of in-
cubation time, the released silver solution was separated by ap-
plying centrifuge (15 min, 14,000 rpm, 10°C). The filtered solution
was diluted (dilution factor 100) in 1 % HNO3 (Merck Suprapure,
Darmstadt, Germany). The quantitative analysis of silver by ICP-MS
technique was performed as described as in 2.1, Section.

2.8. Biological activity of w-LA composites

The research was conducted on two cell lines 1929 and Caco-2
purchased from ECACC (European Collection of Authenticated Cell
Cultures operated by Public Health England). They were cultured
in Dulbecco's Modified Eagle Medium (DMEM) supplemented with
10% (v/v) fetal bovine serum, 2 mM glutamine, 100 U/mL penicillin,
and 100 pig/mL streptomycin. After reaching 80% confluence cells
were passaged by trypsinization with 0.25% trypsin/EDTA. For tests,
cells were seeded in 96-well plates at density 2 x 105 cellsjmL.
After 24 h the medium was replaced with a new one containing
tested Ag complexes and incubated for 24 h. A silver nitrate control
was performed to differentiate the cell response to various forms
of silver compounds. After another 24 h 10% (v/v) of MTT solution
(5mg/mL in PBS) was added to each well and incubated for 4 h.
Later, medium from wells was removed and the formazan crystals
were dissolved in DMSO for 10 min by mixing. Absorbance was
measured with microplate reader (Multiskan, ThermoFisher) at 570
nm and 650 nm as background absorbance.

Lactate Dehydrogenase Activity Assay Kit (MAKOGG, Sigma) was
used for LDH (enzyme lactate dehydrogenase) release assay. Cells
were prepared in the same way as for MTT assay. Cells were incu-
bated with Ag complexes and silver nitrate to induce cytotoxicity.
In this time release of LDH occurs and the medium with released
LDH was transferred to a new plate. To this medium LDH 50 pL
of the Reaction Mixture was added. Absorbance was measured at
450 nim with micreplate reader (Varioskan TM LUX Thermo Fisher
Scientific, Waltham, MA, USA). Results are presented as a percent
of activity in comparison to control.

Fluorometric Intracellular ROS kit (MAK144, Sigma-Aldrich) was
used to evaluate the level of reactive oxygen species, Cells were
cultured as for MTT assay and incubated with Ag complexes and
silver nitrate for 24 h. After this time the 100 pL of Master Reac-
tion Mix was added to each well. After 30 min flucrescence inten-
sity was measured at Aex = 540/7em = 570 nm using microplate
reader (Varioskan TM LUX, Thermo Fisher Scientific, Waltham, MA,
USA). Results are presented as a percent of activity in comparison
to control.

To check the amount of silver ions taken from ¢-LA composites,
1929 cells were incubated for 24 h with Ag_complex and AgNO3
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Fig. 1. Kinectics of silver binding onto a-1.A. Blue points and line of maodel is related to zero order, green relationship on left chart is pseudo-zera kinetic and on the right

panel the Weber-Morris model is showed.

Table 2
Thermodynamic  paramerters  of
hinding silver onto @-1.A process.

Paramctets  Value [units]
Ce 27.6 |mg/L|

Q: 11.2 [mgig]

Kpn 38037.8

AG -25.85 [k)/mol]

at concentration 0.05 and 0.5 mM for 24 h. After that time cells
were washed 2 times with Dulbecco's PBS, trypsinized with 0.25%
trypsin and again washed with Dulbecco's PBS. The obtained cell
pellet was mineralized with nitric acid and analyzed by ICP-MS.

3. Results and discussion
2.1 Kinetic study of silver binding to protein using ICP-MS

Fig. 1 shows the dependence of changes in the silver concen-
tration in the solution after the uptake by «-LA. Two linear steps
of the process can be distinguished. The first phase is a sharp de-
crease in the concentration of silver in the solution. During the
first 2 min of incubation, the concentration of silver is nearly null.
Based on the zero-order kinetic model, the reaction rate constant
for this stage was determined to be 13.75 mg min [ L. The sec-
ond step in the process can be described as establishing an equi-
librium. During the incubation period between 5 min and 48 h,
the concentration of silver in the solution is constant (the reaction
rate constant for the zero order is positive with the order of 104
mg min/L). Such a dependence of the silver concentration changes
over time may suggest a fast process taking place on the surface of
the protein, where the limiting stage is the diffusion of silver ions
to the surface of the protein. Table 2 shows the thermochemical
data. The process is thermodynamically preferred and spontaneous
because the Gibbs free enthalpy has a negative value {Table 2).
A negative sign of Gibb's enthalpy is presented also for silver to
many different proteins. Pomastowski et al. [2] reported AG value
about -16 k]/mol for silver lactoferrin interaction. Complex sorption
mechanisms usually lead to an increase in the amount of absorbed
metal ions by protein. Pryshchepa et al. studied impact of light on
process silver ion interaction to casein and showed more negative
Gibb’s enthalpy for process conducted with access to light due to
an additional mechanism for reducing silver to a metallic form [7].
The AG reported in this pair: metal-protein may be the result of

a spontaneous (and effective) reduction of silver ions to a reduced
form induced by the functional groups of the protein. The Q. pa-
rameter of 11.2 mgjg which describes amount of silver bound per
1 g of protein confirms the strong possibility of binding silver by
the protein as well as silver concentration noted at equilibria Ce
show the binding efficiency as full and they describe very strong
silver binding to a-LA.

3.2. Characterization of w-LA composites with silver via Molecular
Dynamics (MD) and Quantum Mechanics (QM) calculations using
DFI

Fig. 2A and 2B depicts modeled structure of protein and com-
plex with silver cations with concentration used in all studies (30
mg AgfL). These structures were obtained after energy minimiza-
tion. Procduction MD simulaticns were running for roughly 400 ns.
Generated trajectories in the range of 50-200 ns (after equilibra-
tion and convergence) were used for further MD analysis. Stabil-
ity, flexibility, and silver binding were analyzed. Root mean square
deviation (RMSD) profiles depicted in Fig. 35 were used to sam-
ple the conformational space {50-200 ns). For both the APO pro-
tein and the o-LA-Ag! complexes, the average RMSD is around 1.3
Angstrom,

Interestingly, flexibility (expressed as root mean square of fluc-
tuation — RMSF) of the four key regions is similar with the apo
form of «-LA [Fig. 45i).

Table 1S surmmarizes percentage of participation of amino acids
residues in interaction with silver. Analyzed interactions between
Ag cations and GLU, ASP, CYS, HIS, TYR, TRE, PHE, MET, ARG, and
LYS with a distance threshold of 0.35 nm were examined. Glu, Asp,
TYR, LYS amino acids are dominating with interaction with silver
cations. Glutamic and Aspartic acid account for =90% of total inter-
actions with silver. Intriguingly, notably more interactions are ob-
served for silver uptake by o-LA than the uptake of zinc [paper in
revision].

3.3. Binding interactions of aspartate and glutamate residues towards
Ag” (aq)

The interaction of silver ion (Ag~) with selected amino acid
residues, namely Asp , Glu , Tyr, Lys and Met, has been inves-
tigated by DFT calculations earlier [41]. We have shown that the
negatively charged Asp and Glu  residues are the strongest Ag'
binders. To further shed light on possible binding modes of Ag™
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Fig. 2. Molecular structures of «-LA in apo form (A) and of the modeled complex with silver cations {with concentralion 30 mg Ag/L in reagent mixture) (B) and optimized
geometries of various conformations of Ag~-Asp~ (agaspl—asasp5) and Ag—- Glu~ (agglul—agglu5) complexes; interaction distances are in A and binding free energies

(&Ga9s) are in lgJ/mol ().

with aspartate and glutamate residues, DFT calculations were per-
formed for various possible conformations of the 1:1 Ag*- Asp~
and Ag - Glu~ complexes. In particular, we focused on the pos-
sible interaction of Ag~ with the protein backbone. To this end,
the Asp and Glu residues were modelled with two amide units
and capped with methyl groups to model the polypeptide back-
bone. Solvation effect in aqueous environment was modelled us-
ing the implicit SMD solvation model. The optimized geometries
and binding free energies (Ag™ AA™ » AgT-AAT, AGyeg) of
various key conformations of the two complexes, agaspl—asasp5
and agglul—agglu5 for AgT-Asp~ and Ag*-Glu~ complexes, te-
spectively are given in Fig. 2C. In all cases, monodentate/bidentate
interaction between the Ag*™ cation and the negatively charged
carboxyl group (COO~) represents the key interaction. This is at-
tributed to the strong electrostatic attraction between Ag' cation
and carboxyl group (COO ). It is feasible to have additional in-
teraction/coordination of Ag' with the backbone, namely amino
nitrogen and carbonyl oxygen. For instance, multiple interactions
with COO~ and backbone carbonyl oxygen are observed in Ag' -
Glu~ conformations (agglul, aggluZ and aglud). The Az ees0 in-
teraction distances are comparable for both COO~ and carbonyl
groups (Fig. 2C). For the lowest energy conformation of the Agt-
Glu~ complex (agghul), it has a tridentate coordination mode. Due
to the additional carbon unit, the side chain of glutamate residue
is more flexible than that of aspartate residue. Thus, it is easier for
glutamate to adopt multiple interactions with Ag*t ion. Second at-
tachment to amino nitrogen (backbone) is seen in the Ag' -Asp

conformation agasp5. In general, the amino nitrogen is less acces-
sible than carbonyl oxygen because of the relatively rigid geome-
try of the backbone. It is warth noting that AgteeeD interaction
distances in Agt- Asp~ and Ag'- Glu~ complexes are similar, The
calculated binding Iree energies (AGogg) of various conformers of
both Agt-AA~ complexes are exergonic (Fig. 2C), suggesting that

the formation of the Ag—-AA~ complex is an energetically favor-
able process. This result readily supports the dominant occurrence
of aspartate and glutamate residues in the MD simulations. Since
the binding free energies of different conformations of Ag*-AA
complexes are comparable, similar strong Ag' binding affinity on
different aspartate and glutamate residues of «-LA protein is ex-
pected. In relation to FT-IR spectra, the frequency of stretching vi-
bration of the carbony! group changed as a result of the interaction
of this group with silver,

3.4, Characterization of a-LA composites with silver by spectroscopic
technigues (ATR-FTIR, Raman)

Fig. 3A shows the infrared spectra of the Ag- @-LA composite
with the reference to the native protein before synthesis. After the
binding process, the absorbance almost of all the bands decreased
compared to the control. Lower concentration of the substance un-
der analysis (based on the Beer-Lambert law) leads te even and
constant change of spectrum. However, in the recorded spectrum
for Ag- -LA a selective enhancements and suppressions in the in-
tensity of individual bands are localized, which proves the influ-
ence of silver on the spectrum.

The first band at 3273 cm~! is responsible for the stretching
vibration of N-H Amide A, Band at 3057 cm~! can be assign to
Amide B due to the Fermi resonance [34]. The next two bands at
around 2900 cm~! come from the C-H stretching vibrations. The
breakdown of this range {bands at 2959-2871 cm~!)} into actually
three bands indicates the presence of different groups and the oc-
currence of hydrogen bonding effects. Then, there is a complex of
bands from 2360 cm ' to 1882 cm ', which has shifted compared
to the control. These bands are a result of the presence of over-
tones and/or combination hands originating mainly from ring vi-
brations [35]. Region at 1645 cm~! is the Amide | vibration. Maore-
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Fig. 3. (A) IR spectra of Ag- @-LA composite (red) with comparison to native «-LA as a contrel (blue); (B) Raman spectra of Ag- @-LA composite (red) with comparison to

native @-LA as a control (hlue)

over, the IR technique is sensitive to conformational changes in the
C=0 vibration, compared to the control the change in frequency of
this vibration from 1642 cm~! indicates the effect of a conforma-
tional change of this moiety as well as structure of backbone [33].
Another band at 1520 cm™!, which has shifted from 1515 cm™!, is
responsible for the vibration of the Amide II. A pair of two bands
at 1393 cm~! and 1247 cm~! is responsible for the vibration of
the Amide [II. This range reveals changes in the relative intensi-
ties of the bands after the silver bonding process with compari-
son to control. The largest relative decrease was recorded for the
Amide U band. The next bands can be assigned to the vibration for
each amino acid [26]. Zhang et al. studied FT IR spectrum of «-LA
after hinding with silver and did not register significant changes
in spectrum after binding process [25]. The secondary and tertiary
structure was unchanged. In our work small change in Amide T fre-
quency (from 1642 to 1645 cm~!) was abserved, which points to
conformational change of carboxylic residue and environment of
acidic residues of protein.

Fig. 3B shows the Raman spectra of the Ag-w-LA composites
with respect to the control. The band at 3330 cm~' in the form of
a doublet can be attributed to the N-H stretching vibration. Subse-
quent bands at 3061 cm ', 2930 cm ' and around 2874 cm ! rep-
resent the =C-H and C-H vibration bands, respectively. The band
at around 2723 em ! is due to the S-H vibrations [37]. The band
at around 1660 cm ! is due to amide | vibrations. The carbonyl

group of glutamic and aspartame amino acids gives the band from
the C=0 stretching vibration [37] but in Ag- w-LA sample the rel-
ative intensity of bands at 1615 cm=! to 1660 cm~! band is higher
than in native protein and consequently its higher contribution Ag-
CO0~ in sample. Then, the spectra show a rich set of bands de-
rived from vibrations of individual amino acid groups (fingerprint
region) [38,39]. The region from 700-660 cm~" and smaller wave-
length are indicator of S-S state in compound [37]. The cysteine
residue is involved in interaction with silver by detecting the band
at 758 cm~' [37]. In Table 3 a summary of the discussed vibrations
for both spectroscopic techniques is presented.

3.5, Characterization of a-LA composites with silver by microscopic
techniques: SEM and SEM-EDX

After silver binding process, grouped clusters, randomly ar-
ranged spherical particles can be observed (Fig. 1S). Particles are
differing in size (Fig. 1C S). This is confirmed by the presence of
silver particles on the surface of the «-LA protein. Zhang et al. have
shown similar results on Ag- «-LA composites [25] In addition,
the photos show blur and lack of sharpness. This effect could not
be removed despite washing the complexes several times. It could
be consequence of the presence of an erganic film on the surface
of the protein-derived nanoparticles. Dehvari and Ghahghaei have
studied «-LA with AgNPS by TEM microscopy [40]. «-LA forms
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Table 3
Analyzed ATR-IR and Raman bands.
ATR-FTIR RAMAN
Wavenumber [em-1] i i's her [cm-1]
3273 N-H streching Amide A 3330 N-H stretching vibration
3057 Amide B 3061, 2930, 2874 =C-H and C-H
2360 - 1882 overtones andjor combination bands 2723 S-H
1645 Amide 1 1660 Amide T with Ag
1520 Amide 11 1615 Amide [ with Ag
1393, 1247 Amide 111 758 S from cysteine interacting with Ag
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Element Weight % Atomic % Uncert, % Correction  k-Factor
C(K) 51.89 89.26 0. 0.28 3.601
0(K) 1.2 1.61 0.10 0.51 1.869
S(K) 0.34 0.22 0.03 0.93 1.021
Ag(K) 46.51 8.90 1.08 0.89 7.089

Fig. 4. TEM images of «-LA composites with silver as well as TEM-EDX analysis result.

long, smooth fibrillary aggregates upon a half-hour incubation at
37°C. After binding of Ag at 5 mg Ag/mL, however, there was a
reduction in the number and average fibril length. At higher sil-
ver concentration (20 mg Agj/L) the fibrillary character of «-LA dis-
appeared and some oligomers along with amorphous aggregates
were observed. The obtained results stem from a different nature
of the synthesis, where in our research the synthesis and reduction
of Ag takes place on the surface of the protein.

SEM-EDX analysis confirmed presence of Ag in obtained Ag-w-
LA composites (Fig. 2S). In addition to silver, among others, car-
bon, oxygen, aluminum, and sulfur were identified which are com-
ponents of amino acid residues, as well as calcium, which is a co-
factor of w-LA. The presence of copper is caused by a grid on which
sample is overlaid during the analysis.

Fig. 4 shows TEM images of structures of &-LA composites with
silver, The particles are spherical in shape and have tendency to
create clusters. The surface is covered by continuous layer of silver.
EDX analysis has shown the elements analysis of point at the par-

ticle surface, and the most abundant element is carbon (52 % by
weight) followed by silver which is the second element (47 %). The
very low oxygen amount (1 %) proves the absence of silver oxide
nanoparticles and consequently the creation of silver reduced to
zero valance step nanoparticles onto «-LA. Pryshchepa et al stud-
ied silver binding to casein protein and reported creation of spher-
ical particles covered by silver in the highest amount [7].

3.6. Application of w-LA composites with silver. Stability in synthetic
physiological fluids and cytotoxicity

The experiment of silver dissolution from Ag-«-LA composites
was performed in the four types of synthetic physiological fluids
after 24 h of releasing. In a gastric synthetic environment, a cer-
tain amount (13.9 % of initial amount) of silver is released from
the complex, in contrast, with the enzyme-pepsin as solvent in-
creasing this release to 29.9 %. The mechanism of the enzyme’s
action may be hased on the digestion of the protein into individ-
ual peptides, which, under the conditions of sample preparation,
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Fig. 5. 1929 and Caco-2 cells viability after treatment with Ag protein complex and Ag ions measured by MIT method.

pass into the test solution through the ultrafiltration membrane.
On the other hand, in an alkaline environment which are present
in intestine, the values of the released silver are rather small and
the presence of the enzyme does not change the value of the silver
release (4.9 % and 4.7 %, respectively). This may be due to the al-
kaline durability of the composite and/or the non-disselving effect
of silver under alkaline conditions. Under these conditions, silver is
insoluble and does not significantly pass into the test solution,

Cytotoxicity of o-LA composites and Ag ions was determined by
MTT method on L929 mouse fibroblast cell line and human epithe-
lial colorectal adenocarcinoma Caco-2 cell line [40-42]. L1929 cell
line is usually applied for testing the biocompatibility of new ma-
terials according to ISO 10993-5 and ISO 10993-12 norms. More-
over, this cell line may represent in vitro model for skin treatment
formulation. Caco-2 cells display many similarities in terms of their
morphology and biochemistry with enterocytes - intestinal absorp-
tive cells. These cells are used as in vitro model to study absorp-
tion of orally administered drugs, The anti-proliferative effect was
tested with two colorimetric assays: 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) and lactate dehydrogenase
(LDH) release from cells. MTT test is based on the ability of mi-
tochondrial enzyme dehydrogenase to transfer yellow tetrazolium
dye into formazan crystals. The level of obtained formazan crys-
tals is directly proportional to cells viability. Therefore, the level of
formazan crystals in the control, untreated sample is set to 100%
viability. In the LDH assay protocol, the level of lactate dehydroge-
nase, that is released into the culture medium following the loss
of membrane integrity is measured. LDH activity is recognized as
an indicator of cell membrane integrity.

As shown in (Fig. 5A and 5B) the MTT results demonstrated
that in L929 cells, Ag in the form of bound with complex as well
free ions shows similar and significant cytotoxicity in the concen-
tration higher than 0,88 mM, In concentration up to 0,44 mM, the
viability of cells was higher than 50%. Caco-2 cells were less sensi-
tive to both forms of Ag than L929 cells. At concentration 0.38 mM,
their viability was over 80% (Fig. 1 C, D). One of the reasons for the

difference may be that 1929 cells belong to normal cell line while
Caco-2 cells are from malignant tissue, colorectal adenocarcinoma.

To monitor the membrane damage of more susceptible 1929
cells LDH test was performed (Fig. 5A). The results of this assay
show that the lactate dehydrogenase release is mostly very similar
for both silver ions and silver complexes. For the lowest concen-
tration (0.05 mM), treatment of cells with silver complex caused
the release of enzyme in an amount similar to that of the con-
trol cells, On the other hand, silver ions lowered the amount of
released enzyme by half. In higher concentrations, the level of re-
leased enzyme also decreased for both type of tested silver what
can be associated with the fact that the cell number was too small
to give the reliable result.

One of the aspect of cytotoxicity is oxidative stress. In order to
detect reactive oxygen species after treatment with silver ions and
complexes, a fluorometric intracellular ROS Kit that detects in par-
ticular superoxide and hydroxyl radicals was performed (Fig. 6B).
Studies showed that level of ROS was similar for cells treated with
silver ions and silver complexes. Only for higher concentrations
(3.5 and 7 mM) the level of oxidative stress was higher than in
control cells. e-LA composites at concentration 7 mM generated a
higher number of free radicals higher than silver icns (Fig. 11B).

Fig. 7 (A-C) presents changes in 1929 cells morphology after
treatment with 0.05 and 0.5 mM silver complex for 24 h. Con-
centration 0.05 mM did not lowered the degree of confluence and
the observed morphology is similar to control cells. However, the
treatment with 0.5 mM of protein complex significantly reduced
the number of cells, but most of them still adhered to the sub-
strate. Their shape was changed to balloon-like and the expanding
cytosol was observed. These changes can be related to occurring
apoptosis process,

To check the amount of silver iens taken from the protein com-
plexes, 1929 cells were incubated for 24 h with silver complexes
and for comparison with silver nitrate (Fig. 7D). Results showed
that for lower applied concentration (0.05 mM) the level of ad-
sorbed silver was two times higher for protein complex than for
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Fig. 6. (A) LDH leakage level of L929 cells treated with Ag ions and Ag complex; (B) Concentration-dependent ROS generation by Ag ions and Ag complex in L929 cells.
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Fig. 7. (A-C) morphology of 1929 cells treated with silver complex; (D) % of silver taken up by 1929 cells from Ag complex and silver nitrate.

silver ions. For higher concentration (0.5 mM) there was no dif-
ference in the bioavailability of the silver ions. This process can
be associated with low level of cells under tested concentration.
Also, high standard deviation between samples can reflect the dif-
ferent number of cells that can absorb Ag. Observations allowed us
to conclude that «-LA composites with silver are characterized by
Dbetter biocompatibility and can be efficient in lower concentrations
than silver nitrate.

4. Conclusions

The process of binding silver to alpha-lactalbumin was studied.
Basic multidisciplinary studies have shown the formation of metal
and protein. Equilibrium is achieved after 2 min of the binding re-
action process, all the silver atoms at the concentration tested are
almost fully bound, and the silver is reduced to metallic form- Ag
(0). Aspartic and glutamic amino acids are mainly contributing in
silver binding. The results of biocavailability tests proved that is not
released to more than 50% under the simulated conditions of the
human digestive system. Cytotoxicity study showed better biocom-
patibility of composite and silver can be efficient in lower concen-
trations than in control.
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Figure 1S. SEM images of Ag- a-LA composite on others magnificence (A-D).

Mass percent (%)
&

Spectrum Cc N o Al S Ca Cu Ag
43708 15.39 14.74 64.55 1.74 2.60 0.40 - 0.59
o 43709 14.14 15.56 63.03 4.10 1.98 0.34 0.47 0.38
43710 13.58 15.25 64.74 2.69 2.46 0.35 0.39 0.54

Mean value: 14.37 15.18 64.11 2.84 2.35 0.36 0.29 0.51
Sigma: 0.93 0.42 0.94 1.19 0.33 0.03 0.25 0.11
| Sigma mean: 0.53 0.24 0.54 0.69 0.19 0.02 0.14 0.06

Figure 2S. SEM-EDX characterization of Ag- a-LA composite.
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Figure 3S. Stability analysis of (A) APO a-LA, and (B) a-LA-Ag complexes.
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Figure 4S. Flexibility analysis of (A) APO a-LA, and (B) a-LA-Ag complexes.
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Table 1S. Participation of amino acids of a-LA in interaction with silver cations at studied
concentration of metal.

Amino-acid a-LA-_Ag_* number of a-LA-Ag* _percm_antage of
binding sites binding sites
GLU 77609 40.078
ASP 98452 50.842
CYS 157 0.081
HIS 0 0.000
TYR 667 0.344
TRP 12 0.006
PHE 795 0.411
MET 188 0.097
ARG 131 0.068
LYS 15632 8.073
193643
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Interdyscyplinarne Centrum .

Nowoczesnych Technologii

Torun, 17.05.2023
dr hab. Pawet Pomastowski, prof. UMK
Interdyscyplinarne Centrum Nowoczesnych Technologii
UMK w Toruniu

Oswiadczenie

Jako wspoblautor nastepujacych publikacii:

I Golebiowski, Adrian & Pomastowski, Pawel & Rodzik, Agnieszka & Krol-Gorniak, Anna

& Kowalkowski, Tomasz & Gorecki, Marcin & Buszewski, Bogustaw. (2020). Isolation

and Self-Association Studics of Beta-Lactoglobulin. International Journal of Molecular

Sciences. 21. 10.3390/ijms21249711.

Golebiowski, Adrian & Pomastowski, Pawct & Ralfinska, Katarzyna & Zuvela, Petar &

Wong, M.W. & Madajski, P. & Buszewski, Bogustaw. (2022). Binding of silver ions to

alpha-lactalbumin.  Jowrnal ~— of  Molecular  Structure. 1270. 133940.

10.1016/j.molstruc.2022.133940.

3. Golebiowski, Adrian & Pomastowski, Pawet & Rafinska, Katarzyna & Zuvela, Petar &
Wong, Ming & Pryshchepa, Oleksandra & Madajski, Piotr & Buszewski, Bogustaw.
(2022). Functionalization of Alpha-Lactalbumin by Zinc lons. ACS Omega. 7, 43,
10.1021/acsomega.2¢c03674.

[xe}

wehodzacych w sktad rozprawy doktorskicj mgr. Adriana Gotgbiowskiego,

oSwiadczam, Ze méj wktad polegal na wspétudziale w opracowaniu koncepcji, planowaniu
cksperymentéw, dyskusji nad wynikami badad, sprawowaniu nadzoru nad realizacja badan,
korektach manuskryptow oraz pozyskaniu §rodkéw na realizacje badan.

Uzyskane wyniki stanowiq wskaznik rezultatu bezposredniego prac  badawczych
Wykonawcy: Pana mgr Adriana Golgbiowskiego w ramach kierowanego przeze mnie
projcktu pt. ,, Synteza kompleksowych zwigzkdw srebra i cynku na bazie kazein biatek serwatki
oraz nanoczgstek srebra i tlenku cynku przez probiotyczne bakierie kwasu milekowego”
finansowanego przez Narodowe Centrum Nauki w ramach programu Opus 14,
2017/27/B/ST4/02628.

oy

UNIWERSYTET MIKOEAJA KOPERNIKA W TORUNIU Interdyscypliname Centrum Nowoczesnych Technologii
ul. Wileriska 4, 87-100 Torun, Polska, tel. +48 56 665 60 01, ¢-mail: icnt@umk.pl www.icnt.umk.pl

159



UNIWERSYTET
MIKOLAJA KOPERNIKA
W TORUNIU

Wydziat Chemii

Dr hab. Katarzyna Rafinska, prof. UMK
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Wydziat Chemii

Uniwersytet Mikolaja Kopernika w Toruniu ﬁ@
| . &

UCZELNIA i § i i Bi ityki
ey SCTELAIA Katedra Chemii Srodowiska i Bioanalityki

Wydzial Chemil

l

‘Torun, 17.05.2023
dr hab. Katarzyna Rafinska, prof. UMK
Interdyscyplinarne Centrum Nowoczesnych Technologii UMK w Toruniu
Katedra Chemii Srodowiska i Bioanalityki
Wydzial Chemii UMK w Toruniu

Os$wiadczenie
Jako wspétautorka nastepujacych publikacji:

1. Golebiowski, Adrian & Pomastowski, Pawel & Rafinska, Katarzyna & Zuvela, Petar &
Wong, M.W. & Madajski, P. & Buszewski, Bogustaw. (2022). Binding of silver ions to
alpha-lactalbumin. Journal of  Molecular  Structure. 1270. 133940.
10.1016/j.molstruc.2022.133940.

2. Golebiowski, Adrian & Pomastowski, Pawel & Ralifiska, Katarzyna & Zuvcla, Petar &
Wong, Ming & Pryshchepa, Oleksandra & Madajski, Piotr & Buszewski, Bogustaw.
(2022). Functionalization of Alpha-Lactalbumin by Zinc Ions. ACS Omega. 7, 43,
10.1021/acsomega.2¢03674.

wchodzacych w sklad rozprawy doktorskiej mgr. Adriana Golgbiowskicgo,

oé$wiadczam, ze moj wkiad polegal na samodzielnym zaplanowaniu, wykonaniu
eksperyment6w, interpretacji wynikoéw dotyczacych aktywnosci biologicznej kompleksow,
wsp&tudziale przy wykonywaniu cksperymentow technikag A'TR-FI-IR, nadzorowaniu
wykonania cksperymentow technika SEM oraz TEM, przygotowaniu wstgpnej wersji
manuskryptow.

o A
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/

ul. Gagarina 7, 87-100 Torun
Tel.: (+48) (56) 61 14 308; 797 329 345 Fax: (+48) (56) 61 14 837; c-mail: rgadz@umk.pl
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Dr hab. Inz. Marcin Gorecki, prof. IChO PAN

' Instytut Chemii Organicznej Lahoratu_rium Analizy Su..l_bslancji Bi_oaktywnych
"‘ Polskiej Akademii Nauk Pracownia Spektroskopii Optycznej

dr hab. inz. Marcin Gérecki, prof. IChO PAN

+48 223432212
marcin.gorecki@icho.edu.pl

Warszawa, 18.05.2023

OSWIADCZENIE
Jako wspélautor nastepujacych publikacii:

Golebiowski, Adrian & Pomastowski, Pawet & Rodzik, Agnieszka & Krdl-Gomiak, Anna &
Kowalkowski, Tomasz & Gérecki, Marcin & Buszewski, Bogustaw. (2020). Isolation and Self-
Association Studies of Beta-Lactoglobulin. lntemational Journal of Molecular Sciences. 21.
10.3390/ijms21249711.

wchodzgcych w sktad rozprawy doktorskiej mgr. Adriana Golehiowskiego,

oswiadczam, ze mdj wktad polegal na planowaniu, samodzielnym wykonywaniu, zhieraniu
danych surowych oraz interpretacji wynikéw eksperymentéw zebranych technikg CD jak
réwniez przygotowaniu wstepnej wersji manuskryptu.

Elekiranicznie podp sany przsz Yercin

Marcin
Janusz
Gorecki

518115518 10700

Kasprzaka 44/52, 01-224 Warszawa icho.edu.pl
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19 May 2023

Prof. Ming Wah Wong
Department of Chemisiry
National University of Singaporc
Email: chmwmw(@nus.edu.sg

Statement
As a co-author of the [ollowing publications:

Golebiowski, Adrian & Pomaslowski, Pawel & Ralifiska, Katarzyna & Zuvela, Pelar &
Wong, M.W. & Madajski, P. & Buszewski, Bogustaw. (2022). Binding of silver ions to
alpha-lactalbumin. Journal of Molecular Structure. 1270. 133940,
10.1016/).melstruc.2022.133940.

Golebiowski, Adrian & Pomastowski, Pawel & Ralinska, Katarzyna & Zuvela, Petar &
Wong, Ming & Pryshchepa, Olcksandra & Madajski, Piotr & Buszewski, Bogustaw.
(2022). Functionalization ol Alpha-Lactalbumin by Zinc lons. ACS Omega. 7, 43,
10.1021/acsomega.2c03674.

Being a part of doctoral disscrtation of MSc Adrian Gotgbiowski,

I declare that my involvement in these publications encompassed computational studies only.

Yours sincetely,

QO

ul. Gagarina 7,87-100 Torun
Tel.: (+48) (56) 61 14 308; 797 329 345 Fax: (+48) (56) 61 14 837; e-mail: rgadz@umk.pl
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Dr Petar Zuvela
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May, 18 2023
dr Petar Zuvela
Department of Chemistry
National University of Singapore
Email: petar@petar-zuvela.com
Statement

As a co-author of the following publications:

1. Golebiowski, Adrian & Pomastowski, Pawel & Rafinska, Katarzyna & Zuvela, Petar &
Wong, M.W. & Madajski, P. & Buszewski, Boguslaw. (2022). Binding of silver ions to
alpha-lactalbumin. Journal of Molecular Structure. 1270. 133940.
10.1016/j.molstruc.2022.133940.

2. Golebiowski, Adrian & Pomastowski, Pawel & Rafifska, Katarzyna & Zuvela, Petar &
Wong, Ming & Pryshchepa, Oleksandra & Madajski, Piotr & Buszewski, Bogustaw.
(2022). Functionalization of Alpha-Lactalbumin by Zinc Ions. ACS Omega. 7, 43,
10.1021/acsomega.2c03674.

Being a part of doctoral dissertation of MSc Adrian Golebiowski,
I declare that, my contribution was the participation in design, simulations and investigation

of DFT calculation, visualization and validation of data as well as writing and editing of the
manuscript.

_%ﬂ_

Petar Zuvela

ul. Gagarina 7, 87-100 Toruri
Tel.: (+48) (56) 61 14 308; 797 329 345 Fax: (+48) (56) 61 14 837; e-mail: rgadz@umk.pl
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Dr Anna Krol-Gdérniak

.
o Cb Uniwersytet Mikotaja Kopernika w Toruniu éx{mﬁ

Wydziat Chemii o’
wa  YLZELNIA g R -
MR BRABAMEZA Katedra Chemii Srodowiska i Bioanalityki ‘ l

Wydsisi Chemii

Torun, 23.05.2023
dr Anna Krol-Gorniak
Katedra Chemii Srodowiska i Bioanalityki
Wydziat Chemii UMK w Toruniu
Interdyscyplinarne Centrum Nowoczesnych Technologii UMK w Toruniu

Odwiadezenie
Jako wspolautorka nastepujacych publikacji:

1. Golebiowski, Adrian & Pomastowski, Pawet & Rodzik, Agnieszka & Krél-Gorniak, Anna
& Kowalkowski, Tomasz & Garecki, Marcin & Buszewski, Bogustaw. (2020). lsolation
and Sell-Association Studies of Beta-Lactoglobulin. Infernational Jowrnal of Molecular
Sciences. 21. 10.3390/ijms21249711.

wchodzaeych w skiad rozprawy doktorskicj mgr. Adriana Golebiowskiego,

oswiadczam, ze méj wktad polegat na planowaniu, samodzielnym wykonywaniu, zbieraniu
danych surowych oraz analizowania wynikow eksperymentdw zebranych technika CE oraz
przygotowaniu wslepnej wersji manuskryptu.

A e MGt 7ge}=

ul. Gagarina 7, 87-100 Torun
Tel.: (+48) (56) 61 14 308; 797 329 345 Fax: (+48) (56) 61 14 837; e-mail: rgadz@umk.pl
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Dr Oleksandra Pryshchepa

o Uniwersytet Mikotaja Kopernika w Toruniu ﬁj)

paersrer Wydziat Chemii &
MIKOLAJA KOPERNIKA s & % . . . .
"W orouu” gaADAWEZA Katedra Chemii Srodowiska i Bioanalityki 1

Wydziat Chemii HEI SR TODSR ‘

Torun, 17.05.2023
dr Oleksandra Pryshchepa
Interdyscyplinarne Centrum Nowoczesnych Technologii UMK w Toruniu

Oswiadczenie
Jako wspotautorka nastepujgcych publikacji:

1. Golebiowski, Adrian & Pomastowski, Pawel & Rafinska, Katarzyna & Zuvela, Petar &
Wong, Ming & DPryshchepa, Oleksandra & Madajski, Piotr & Buszewski, Bogustaw.
(2022). Functionalization of Alpha-Lactalbumin by Zinc Tons. ACS Omega. 7, 43,
10.1021/acsomega.2¢c03674.
wchodzgeych w skiad rozprawy doktorskiej mgr. Adriana Gotebiowskiego,

o$wiadczam, ze moj wkiad polegal na zaplanowaniu, samodzielnym wykonaniu oraz

interpretacji wynikéw badan nad cnzymatyczng degradacjg kompleksow oraz przygotowaniu
wstepnej wersji manuskryptu.

205, anas O ?\’Ugsbpm}g@'

ul. Gagarina 7, 87-100 Toruil
Tel.: (+48) (56) 61 14 308; 797 329 345 Fax: (+48) (56) 61 14 837; e-mail: rgadz@umk.pl
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Mgr Agnieszka Rodzik
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Torun, 18.05.2023
mgr Agnicszka Rodzik
Katedra Chemii Srodowiska i Bioanalityki
Wydzial Chemii UMK w Toruniu
Interdyscypliname Centrum Nowoczesnych Technologii UMK w Toruniu

Oswiadczenie
Jako wspolautorka nastepujacych publikacji:

1. Golebiowski, Adrian & Pomastowski, Pawel & Rodzik, Agnieszka & Kré6l-Gémiak, Anna
& Kowalkowski, Tomasz & Gorecki, Marcin & Buszewski, Boguslaw. (2020). Isolation
and Self-Association Studies of Beta-Lactoglobulin. International Journal of Molecular
Sciences. 21. 10.3390/ijms21249711.

wchodzacych w skiad rozprawy doktorskicj mgr. Adriana Golgbiowskicgo,

oswiadczam, ze méj wkiad polegal na wspéludziale w planowaniu, wykonywaniu, zbieraniu
danych surowych oraz analizowania wynikéw eksperymentéw zebranych technika MALDI-
TOF/MS oraz przygotowaniu wstgpnej wersji manuskryptu.

&YN onlag Q;JAL

ul. Gagarina 7, 87-100 Torun
Tel.: (+48) (56) 61 14 308; 797 329 345 Fax: (+48) (56) 61 14 837; e-mail: rgadz@umk.pl
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BADAWGZ Katedra Chemii Srodowiska i Bioanalityki ”
‘Torun, 17.05.2023
mgr Piotr Madajski

Katedra Chemii Analitycznej i Spektroskopii Stosowanej
Wydziatu Chemii UMK w Toruniu

Os$wiadczenie

Jako wspotautor nastepujacych publikacji:

. Golebiowski, Adrian & Pomastowski, Pawet & Ralinska, Katarzyna & Zuvela, Petar &

Wong, M.W. & Madajski, P. & Buszcwski, Bogustaw. (2022). Binding of silver ions to
alpha-lactalbumin. Journal of  Molecular Structure. 1270. 133940.

10.1016/j.molstruc.2022.133940.
Golebiowski, Adrian & Pomastowski, Pawet & Rafifiska, Katarzyna & Zuvela, Petar &

Wong, Ming & Pryshchepa, Oleksandra & Madajski, Piotr & Buszewski, Bogustaw.

(2022). Functionalization of Alpha-Lactalbumin by Zinc lons. ACS Omega. 7, 43,
10.1021/acsomega.2c03674.

wchodzacych w sktad rozprawy doktorskiej mgr. Adriana Golegbiowskiego,

o$wiadczam, ze moj wkiad polegat na planowaniu i samodzielnym wykonaniu eksperymentow
technikg TEM.
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