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WYKAZ SKROTOW | SYMBOLI

Tabela 1. Wykaz stosowanych akronimow w tekscie.

AKRONIM OBJASNIENIE
AFM Mikroskopia sit atomowych (ang. Atomic Force Microscopy)
ATR FT-IR Spektroskopia ostabionego catkowitego odbicia w podczerwieni z transformacja
Fouriera (ang. Attenuated Total Reflection - Fourier Transform Infrared Spectroscopy)
BSA Surowicza albumina wotowa (ang. Bovine Serum Albumin)
CHN Analiza elementarna (ang. Elemental Analysis)
D Publikacja naukowa wchodzaca w skiad rozprawy doktorskiej
DSC Roznicowa kalorymetria skaningowa (ang. Differential Scanning Calorymetry)
DTG Termograwimetria roznicowa (ang. Derivative Termogravimetry)
EDX Spektroskopia dyspersji energii promieniowania rentgenowskiego
(ang. Energy Dispersive X-ray Spectrometry)
FOE Rownanie kinetyki adsorpcji I rzedu (ang. First-order Equation)
G Granty/projekty naukowe
GL Uogolniona izoterma Langmuira (ang. General Langmuir isotherm)
HCI Kwas solny (ang. Hydrochloric acid)
DM Model dyfuzji kinetyki adsorpcji wewnatrzziarnowej Cranka
(ang. Intraparticle Diffusion Model)
IF Wskaznik wptywu (ang. Impact Factor)
L Izoterma Langmuira (ang. Langmuir isotherm)
LF Izoterma Langmuira-Freundlicha (ang. Langmuir-Freundlich isotherm)
LYS Lizozym (ang. Lysozyme)
MCF Mezokomorkowa pianka krzemionkowa (ang. Mesocellular Silica Foam)
MIN Punktacja czasopisma przyznana przez MNiSW
MOE Rownanie mieszanej kinetyki adsorpcji rzedu 11 I (ang. Mixed-order Equation)
N Nagrody i wyrdéznienia
OMS Wysokouporzadkowane mezoporowate krzemionki (ang. Ordered Mesoporous Silicas)
OoP Profilometria optyczna (ang. Optical Profilometry)
OVA Owoalbumina biatka jaja kurzego (ang. Ovalbumin)
P Plakaty naukowe
PBS Sél fizjologiczna buforowana fosforanem (ang. Phosphate Buffered Saline)
PDM Model dyfuzji w porach McKay’a (ang. Pore Diffusion Model)
PEO Poli(tlenek etylenu) (ang. Poly(ethylene oxide))
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WYKAZ SKROTOW | SYMBOLI

AKRONIM

PPO
PSD
S

SD

SEM
SOE
T
TEM
TEOS
TG

TG/DSC

TG/DTG

TG/FTIR

TG/MS
TMB
UV-Vis

UV-Vis DRS

W
XPS
XRD
P4

OBJASNIENIE

Poli(tlenek propylenu) (ang. Poly(propylene oxide))

Funkcja rozktadu wielkosci poréw (ang. Pore Size Distribution)

Staze naukowe

Materiat uzupelniajacy do publikacji naukowej wchodzacej w sklad rozprawy
doktorskiej

Skaningowa mikroskopia elektronowa (ang. Scanning Electron Microscopy)
Rownanie kinetyki adsorpcji I rzedu (ang. Second-order Equation)

Izoterma Toétha (ang. Toth isotherm)

Transmisyjna mikroskopia elektronowa (ang. Transmission Electron Microscopy)
Tetraetyloortokrzemian (ang. Tetraethylorthosilicate)

Termograwimetria (ang. Termogravimetry)

Termograwimetria z r6znicowa kalorymetrig skaningowa

(ang. Thermogravimetry/Differential Scanning Calorimetry)

Termograwimetria z ré6zniczkowg termograwimetria

(ang. Thermogravimetry/Derivative Thermogravimetry)

Termograwimetria sprz¢zona z spektroskopia w podczerwieni z transformacja Fouriera
(ang. Thermogravimetry coupled with Fourier Transform Infrared Spectroscopy)
Termograwimetria sprzezona z spektroskopig masowa

(ang. Thermogravimetry coupled with Mass Spectrometry)

1,2,5-trimetylobenzen (ang. 1,2,3-trimethylbenzene)

Spektroskopia w zakresie promieniowania widzialnego oraz ultrafioletu UV/Vis
(ang. Ultraviolet-Visible Spectroscopy)

Spektroskopia rozproszonego odbicia w zakresie $wiatla widzialnego oraz bliskiego
nadfioletu UV/Vis (ang. UV- Visible Diffuse Reflectance Spectroscopy)
Komunikaty/wystapienia ustne

Rentgenowska spektroskopia fotoelektronow (ang. X-ray Photoelectron Spectroscopy)
Dyfrakcja rentgenowska (ang. X-Ray Diffraction)

Korespondencja z redakcja czasopisma
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WYKAZ SKROTOW | SYMBOLI

Tabela 2. Wykaz stosowanych symboli.

SYMBOLE

dhkl
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w wn
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o
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OBJASNIENIE

Ilo$¢ substancji zaadsorbowanej na adsorbencie w stanie rownowagi adsorpcyjnej
Utamek adsorbatu w uktadzie (roztwor-adsorbent) adsorbowany z szybkoscia ki
Pojemno$¢ monowarstwy adsorpcyjnej

Wzgledne stgzenie rownowagowe

Powierzchnia piku/refleksu dyfrakcyjnego

Rzeczywiste (chwilowe) stezenie substancji rozpuszczonej (adsorbatu)

Stezenie adsorbatu w stanie rownowagi adsorpcyjne;j

Stezenie poczatkowe roztworu adsorbatu

Sredni wymiar $rednicy porow

Hydrauliczna $rednica porow

Odlegtos¢ miedzyptaszczyznowa sieci

Srednica poréw okreslona z maksimum adsorpcyjnej funkcji rozktadu objetosci porow
Stata Faradaya

Wspbdltczynnik rowny utamkowi catkowitej ilosci zaadsorbowanego adsorbatu
z szybkoscia k;

Sita jonowa

Stata rownowagi

Stata szybkosci (i = 1,2..n)

Masa czasteczkowa

Parametry heterogenicznosci okreslajace ksztalt i szerokos$¢ rozktadu energii adsorpcji
Stosunek masy do tadunku zjonizowanych czasteczek/atomow

Rzad dyfrakcji

Cisnienie wzgledne

Punkt zerowego tadunku elektrycznego

Ladunek powierzchniowy

Powierzchnia wlasciwa odpowiadajgca modelowi adsorpcji Brunauera-Emmetta-Tellera
Nachylenie RMS (falisto$¢ powierzchni)

Powierzchnia zewngtrzna

Kurtoza powierzchni

Chropowato$¢ powierzchni RMS

Sko$no$¢ powierzchni

Temperatura bezwzgledna pomiaru

Czas potowkowy

Objetos¢ roztworu

Objetos¢ mezoporow

Objetos¢ mikroporéw

Catkowita objetos¢ porow

Masa adsorbentu

Zredukowana izoterma standardowa

Kat odbtlysku

Dlugosé¢ fali

Liczba moli jonéw na 1 gram materiatu

Suma wartoéci dodatniej i bezwzglednej wartosci ujemnej maksymalnej amplitudy
odchylen profilu chropowato$ci powierzchni
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STRESZCZENIE

Niniejsza rozprawa doktorka pt. ,,Adsorpcja biatek na powierzchni mezoporowatej
krzemionki: analiza fizykochemiczna, strukturalna i morfologiczna biokompozytu” stanowi cykl
czterech spojnie powigzanych tematycznie oryginalnych prac badawczych opublikowanych
w czasopismach naukowych z listy A MNiSW [D1-D4].

Tematyka cyklu pracy doktorskiej obejmuje analiz¢ procesu adsorpcji modelowych biatek
tj. surowicza albumina wotowa (BSA), owoalbumina biatka jaja kurzego (OVA) oraz lizozym
wyizolowany z biatka jaja kurzego (LYS) na uporzadkowanych mezoporowatych materiatach
krzemionkowych typu mezostrukturalna pianka komérkowa (MCF) oraz jako$ciowsg i ilosciowa
charakterystyke powierzchni kompozytu biatko/porowaty adsorbent w aspekcie uzyskania
modelowych uktadow biologicznych oraz nowych biofunkcjonalnych kompozytéw medycznych.

W cyklu prac przedstawiono analiz¢ rownowagi i kinetyki procesu adsorpcji BSA, OVA
i LYS z wodnych roztwordéw soli fizjologicznej buforowanej fosforanem (PBS) w warunkach
fizjologicznych (pH =7,4) na serii mezoporowatych no$nikow MCF 0 zréznicowanej
powierzchni wlasciwej (250 m?/g — 720 m?/g) i $rednicy poréw (6 nm — 30 nm) otrzymanych na
bazie kopolimerow trojblokowych typu Pluronic, jako czynnikow porotworczych. W celu
okreslenia wptywu wiasciwosci badanych uktadéow adsorpcyjnych na wielkos¢ (pojemnos¢)
i szybko$¢ procesu adsorpcji enzymow na porowatym adsorbencie MCF wyznaczono izotermy
adsorpcji rownowagowej albumin oraz przenalizowano zalezno$ci Kinetyczne: stezenie ~ czas
i adsorpcja ~ czas, jako kluczowe parametry decydujace 0 potencjalnych zastosowaniach danego
adsorbentu. Zaobserwowano, ze proces adsorpcji biomolekut na no$niku MCF jest kontrolowany
szybkoscig dyfuzji do wewngtrznej przestrzeni struktury porowatej adsorbentu i wykazuje silny
zwiazek z wielkoscig poréw nosnika. Dodatkowo, wykazano zwiazek pomiedzy rozmiarem
czasteczki albumin a kinetyka jego adsorpcji.

Otrzymane materialy MCF oraz biokompozyty biatko/porowata krzemionka przebadano
przy zastosowaniu réznych metod badawczych w celu okresSlenia ich wlasciwosci
fizykochemicznych, strukturalnych, powierzchniowych i morfologicznych. Charakter
kwasowo- zasadowy materiatow krzemionkowych MCF pokrytych warstwa adsorpcyjng biatek
oraz natur¢ oddziatywan adsorbatu z powierzchnig adsorbentu okreSlono za pomoca
miareczkowania potencjometrycznego. Dowiedziono, ze osadzenie fazy biatkowej na materiale
MCF zmienia jego wlasciwosci kwasowo-zasadowe oraz gesto$¢ tadunku powierzchniowego.
Ujawniono, ze powierzchnie krzemionkowe z warstwa bialek posiadaja charakter amfifilowy,
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STRESZCZENIE

a dominujaca rola w procesie immobilizacji biopolimeréow odgrywaja oddzialywania
elektrostatyczne.

Wiasciwoscei strukturalno-geometryczne otrzymanych materiatow krzemionkowych MCF
oraz biokompozytow biatko/MCF okreslono za pomoca niskotemperaturowej adsorpcji/desorpcji
azotu i dyfrakcji rentgenowskiej (XRD). Stwierdzono, ze unieruchomienie warstw biatkowych
na adsorbencie MCF zmienia jego parametry teksturalne (wartosci powierzchni wilasciwe;j,
objetosci i srednicy porow malejg wraz ze stopniem pokrycia powierzchni biatkiem) natomiast
nie wptywa na stopien ich uporzadkowania.

Roéznice we wlasciwosciach fizykochemicznych i powierzchniowych (identyfikacja
wigzan chemicznych, grup funkcyjnych, sktad chemiczny) wynikajace z oddzialywan
enzym/porowaty no$nik scharakteryzowano za pomoca spektrofotometrii rozproszonego odbicia
(UV-Vis DRS), spektroskopii ostabionego catkowitego wewngtrznego odbicia w podczerwieni
z transformatg Fouriera (ATR FT-IR) oraz rentgenowskiej spektroskopii fotoelektronéw (XPS).
Badania spektroskopowe (UV-Vis DRS, ATR FT-IR, XPS) ujawnity inny charakter chemiczny
powierzchni uktadu biatko/porowaty adsorbent oraz specyficzne interakcje migdzy albuming
i krzemionka (ostabienie wigzan wodorowych w strukturze drugorz¢dowej a-helisy biatka; nowe
wigzania 1 grupy funkcyjne charakterystyczne dla czasteczek biatek: O=C-O, O=C-N,
HN-C(O)O/N-C=C, C-N, C-C, C-H, C=0, NH-CHR-CO, C-NH, —C(=0)-NHy)).

Przeprowadzono takze charakterystyke morfologii (odwzorowanie i wizualizacja struktur
powierzchniowych w uktadzie dwu- i tréjwymiarowym w skali nano i mikro) oraz analize
parametréw powierzchni (mikro- nanochropowatosci, falisto$¢, asymetria, Kurtoza) warstw
biatkowych unieruchomionych na no$niku porowatym w oparciu o profilometrie optyczng (OP)
i mikroskopi¢ sit atomowych (AFM). Komplementarng analize topografii powierzchni oraz
jakosciowy 1 ilosciowy sklad chemiczny materiatu MCF przed i po adsorpcji biatek
scharakteryzowano za pomocg analizy elementarnej (CHN), skaningowej i transmisyjnej
mikroskopii elektronowej (SEM, TEM) z mikroanalizg rentgenowska z dyspersja energii (EDX).
Analiza morfologii, topografii i mikro- nanostruktury za pomoca metod mikroskopowych
i profilometrii optycznej (AFM, TEM, SEM, OP) wykazala ze powierzchnia podtoza
z unieruchomionym biatkiem jest mniej chropowata, falista i heterogeniczna a tym samym
bardziej gtadka, ptaska i jednorodna w stosunku do materiatu niemodyfikowanego czasteczkami
protein. Dodatkowo, przeprowadzona analiza powierzchniowa i objgtosciowa (TEM/EDX,
SEM/EDS) oraz charakterystyka dyfrakcyjna (XRD) w zakresie niskich wartosci kata dyfrakcji
materiatu MCF i biokompozytu biatkowo-krzemionkowego potwierdzita nie tylko jednorodne
pokrycie powierzchni biatkiem (homogeniczny rozktad pierwiastkow C, O, N, S na powierzchni
kompozytu biatko/krzemionka), ale takze uporzadkowang struktur¢ materiatu MCF oraz
obecno$¢ biomolekut wewnatrz poréw nosnika MCF.

Wtasciwosci termiczne (stabilno$¢ termiczna i kinetyka rozktadu) i mechanizm interakcji
biatko/porowaty nosnik (trwato$¢ wigzania molekuly z powierzchnig) wraz z jakoSciowa
identyfikacja czasteczek protein (sktad uwolnionych produktow gazowych) w badanym
biokompozycie zweryfikowano za pomocg metod termoanalitycznych: termograwimetria (TG),
réznicowa kalorymetria skaningowa (DSC), termograwimetria TG sprzezona ze spektrometrig
mas (TG/MS) i spektroskopia w podczerwieni z transformacja Fouriera, (TG/FTIR).
Stwierdzono, ze termiczna degradacja kompozytéw biatko/krzemionka jest procesem
dwuetapowym przebiegajacym W zakresie temperatur 165-420-830 °C i zalezy od denaturacji
protein, zmian konformacyjnych w strukturze biopolimeru oraz od interakcji biomolekut albumin
z powierzchnig porowatych struktur.
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STRESZCZENIE

Zaprezentowane w cyklu pracy doktorskiej badania adsorpcyjne, fizykochemiczne,
strukturalne i powierzchniowe porowatego adsorbentu MCF oraz kompozytu biatko/porowaty
adsorbent sa niezbedne zaréwno z fizykochemicznego punktu widzenia, jak rowniez
z perspektywy wytwarzania modelowych systemow biofizycznych i nowych biofunkcjonalnych
kompozytow medycznych, gdzie projektowanie i modyfikacja wiasciwosci powierzchni
i kontrolowana adsorpcja ma kluczowe znaczenie.

Stowa kluczowe: mezostrukturalna pianka krzemionkowa; biatka; kinetyka i réwnowaga

adsorpcji; biokompozyt biatko/krzemionka; mikro- nanostruktura; morfologia powierzchni;
analiza termiczna.
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ABSTRACT

This doctoral dissertation entitled "Protein adsorption on the surface of mesoporous silica:
physicochemical, structural and morphological analysis of a biocomposite" is a series of four
coherently related original research papers published in scientific journals from the A list of the
Ministry of Science and Higher Education [D1-D4].

The subject of the doctoral dissertation cycle includes the analysis of the adsorption
process of model proteins, i.e. bovine serum albumin (BSA), ovalbumin (OVA), and lysozyme
isolated from chicken egg white (LYS) on ordered mesoporous silica materials such as
mesocellular silica foam (MCF) and qualitative and quantitative characteristics of the surface
structure of the protein/porous adsorbent composite in terms of obtaining model biological
systems and new biofunctional medical composites.

The series of works presents the analysis of the equilibrium and kinetics of the adsorption
process of BSA, OVA, and LYS from aqueous solutions of phosphate buffered saline (PBS) under
physiological conditions (pH = 7.4) on a series of mesoporous MCF carriers with different
specific surface area (250 m?/g — 720 m?/g) and pore diameter (6 nm — 30 nm) obtained based on
Pluronic triblock copolymers as pore-creating agents. To determine the effect of the properties of
the studied adsorption systems on the size (capacity) and rate of the enzyme adsorption process
on the porous MCF adsorbent, equilibrium albumin adsorption isotherms were determined and
the kinetic relationships: concentration ~ time and adsorption ~ time were analyzed as key
parameters determining the potential applications of a given adsorbent. It was observed that the
process of adsorption of biomolecules on the MCF support is controlled by the rate of diffusion
into the inner space of the adsorbent porous structure and shows a strong relationship with the
pore size of the carrier. Additionally, a relationship was demonstrated between the albumin
molecule size and its adsorption kinetics.

The obtained MCF materials and protein/porous silica biocomposites were studied using
various research methods in order to determine their physicochemical, structural, surface, and
morphological properties. The acid-base nature of MCF silica materials coated with the protein
adsorption layer and the nature of the adsorbate's interaction with the adsorbent surface were
determined by potentiometric titration. It has been proved that the deposition of the protein phase
on MCF material changes its acid-base properties and surface charge density. It has been revealed
that the siliceous surfaces with the protein layer have an amphiphilic character, and electrostatic
interactions play the dominant role in the process of immobilization of biopolymers.
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ABSTRACT

The structural and geometric properties of the obtained MCF silica materials and
protein/MCF biocomposites were determined by low-temperature nitrogen adsorption/desorption
and X-ray diffraction (XRD). It was found that the immobilization of protein layers on the MCF
adsorbent changes its textural parameters (the values of specific surface area, volume, and pore
diameter decrease with the degree of surface coverage with protein), but does not affect the degree
of their order.

Differences in physicochemical and surface properties (identification of chemical bonds,
functional groups, chemical composition) resulting from the enzyme/porous support interactions
were characterized by using diffuse UV- visible reflectance spectroscopy (UV-Vis DRS), as well
as attenuated total internal reflection (ATR) with Fourier transform infrared spectroscopy (FT-IR)
and X-ray photoelectron spectroscopy (XPS). Spectroscopic studies (UV-Vis DRS, ATR FT-IR,
XPS) revealed a different chemical nature of the surface of the protein/porous adsorbent system
and specific interactions between albumin and silica (weakening of hydrogen bonds in the
secondary structure of the protein a-helix; new bonds and functional groups characteristic
for protein  molecules: O=C-O, 0O=C-N, HN-C(O)O/N-C=C, C-N, C-C, C-H, C=0,
NH-CHR-CO, C—NH,, —-C(=0)-NHy)).

Moreover, the morphology characterization (mapping and visualization of surface
structures in a two- and three-dimensional system in the nano and micro scale) and analysis of
surface parameters (micro-nanoroughness, waviness, asymmetry, kurtosis) of protein layers
immobilized on porous support was carried out by optical profilometry (OP) and atomic force
microscopy (AFM). Complementary surface topography analysis, as well as qualitative and
quantitative chemical composition of MCF material before and after protein adsorption, were
characterized by elemental analysis (CHN), scanning, and transmission electron microscopy
(SEM, TEM) with energy dispersive X-ray microanalysis (EDX). Analysis of morphology,
topography, and micro-nanostructure using microscopic methods and optical profilometry
(AFM, TEM, SEM, OP) showed that the surface of the substrate with the immobilized protein is
less rough, wavy, and heterogeneous, and thus more smooth, flat, and homogeneous compared to
material unmodified with protein particles. Likewise, the conducted surface and volume analysis
(TEM/EDX, SEM/EDS) and the diffraction characteristics (XRD) of the MCF material and the
protein/silica biocomposite confirmed not only homogeneous surface coverage with protein
(homogeneous distribution of C, O, N, S on the surface of the protein/silica composite), but also
the ordered structure of the MCF material and the presence of biomolecules inside the pores of the
MCEF support.

The thermal properties (thermal stability, decomposition kinetics) and the mechanism
of protein/porous support interaction (stability of the molecule bonding to the surface) along with
the qualitative identification of protein molecules (composition of the emitted gaseous products)
in the tested biocomposite were verified by thermoanalytical methods: thermogravimetry (TG),
differential scanning calorimetry (DSC), TG thermogravimetry coupled with mass spectrometry
(TG/MS) and Fourier transform infrared spectroscopy (TG/FTIR). It was found that thermal
degradation of protein/silica composites is a two-stage process taking place in the temperature
range 165-420-830 °C and depends on protein denaturation, conformational changes in the
biopolymer structure, and interaction of albumin biomolecules with the surface of porous
structures. The adsorption, physicochemical, structural and surface studies of the porous MCF
adsorbent and the composite of protein/porous adsorbent presented in the doctoral dissertation
cycle are necessary both from the physicochemical point of view, as well as from the perspective
of producing model biophysical systems and new biofunctional medical composites, where the
design and modification of surface properties and controlled adsorption are essential.

Keywords: mesocellular silica foam; proteins; adsorption equilibria and kinetics;
protein/silica composite; micro- nanostructure; surface morphology; thermal analysis.
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LISTA PUBLIKACII

4.1. Wykaz publikacji naukowych stanowiacych podstawe

postepowania doktorskiego

Cykl powigzanych tematycznie 4 artykuléw naukowych wchodzacych w sktad rozprawy
doktorskiej, opublikowanych w latach 2019-2020 w recenzowanych czasopismach naukowych,
znajdujacych si¢ w aktualnym wykazie czasopism sporzadzonym zgodnie z przepisami
wydanymi na podstawie art. 267 ust. 2 pkt 2 Ustawy z dnia 20 lipca 2018 roku — Prawo
0 szkolnictwie wyzszym i nauce (Dz.U.2018 poz. 1668 z pdzn. zm.) 0znaczono numerami
D1, D2, D3, D4. Natomiast symbolami SD1, SD3, SD4 oznaczono material uzupehiajacy
(ang. Supplementary Material) do oryginalnych artykutow naukowych. Dodatkowo umieszczono
informacje naukometryczne: wskaznik wptywu (ang. Impact Factor, IF) publikacji zgodnie
z rokiem opublikowania i na przestrzeni ostatnich pieciu lat (IFs.emi) Oraz punktacje wg. MNiSW
(MIN). Prowadzenie korespondencji z Redakcja Czasopisma oznaczono symbolem ,,59”.

Dysertacja ma formg zbioru spojnie powigzanych tematycznie nastgpujacych oryginalnych
artykutow naukowych:

[D1] “‘Derylo-Marczewska, A.; Chrzanowska, A.; Marczewski, A.W. Morphological,
structural and physicochemical characteristics of the surface of mesocellular silica foam
with the adsorbed OVA and BSA proteins. Microporous and Mesoporous Materials 2020,
293, 109769.

|F2020/|F5.|etni3 5,455/4,862
MIN: 100 pkt

Moj wktad w powstanie tej pracy polegal na tworzeniu koncepcji artykutu, zaplanowaniu
i realizacji  badan, analizie i interpretacji  wynikéw, wizualizacji — danych
eksperymentalnych, napisaniu oryginalnego maszynopisu pracy, opracowaniu i edycji
wersji - manuskryptu uwzgledniajgcej uwagi recenzentéow oraz wspolredagowaniu
odpowiedzi na recenzje pracy.

Moy udziat procentowy szacuje na 70%.
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(D]

[D3]

[D4]

LISTA PUBLIKACII

“/Chrzanowska, A.; Derylo-Marczewska, A. Mesoporous silica/protein biocomposites:
Surface, topography, thermal properties. International Journal of Biological
Macromolecules 2019, 139, 531-542.

IF2010/ IFs-ietni: 5,162/6,737
MIN: 100 pkt

Moj wktad w powstanie tej pracy polegal na tworzeniu koncepcji pracy naukowej,
zaplanowaniu i realizacji badan, analizie i interpretacji wynikéw, wizualizacji danych
eksperymentalnych, tworzeniu koncepcji artykutu, napisaniu oryginalnego maszynopisu
pracy, opracowaniu i edycji wersji manuskryptu uwzgledniajqcej uwagi recenzentéow oraz
wspotredagowaniu odpowiedzi na recenzje pracy.

Moy udziat procentowy szacuje na 80%.

*Chrzanowska, A.; Derylo-Marczewska, A.; Wasilewska, M. Mesocellular Silica Foams
(MCFs) with Tunable Pore Size as a Support for Lysozyme Immobilization: Adsorption
Equilibrium and Kinetics, Biocomposite Properties. International Journal of Molecular
Sciences 2020, 21, 5479.

|F2020/|F5.|emi1 5,923/6,132
MIN: 140 pkt

Moj wktad w powstanie tej pracy polegal na tworzeniu koncepcji badan naukowych,
zaplanowaniu i realizacji badan, analizie i interpretacji wynikéw, wizualizacji danych
eksperymentalnych, tworzeniu koncepcji artykutu, napisaniu oryginalnego maszynopisu
pracy, opracowaniu i edycji wersji manuskryptu uwzgledniajqcej uwagi recenzentéow oraz
wspotredagowaniu odpowiedzi na recenzje pracy.

Moj udziat procentowy szacuje na 70%.

“Chrzanowska, A.; Derylo-Marczewska, A.; Borowski, P. Comprehensive
characterization of biocomposite surface based on the mesoporous silica and lysozyme
molecules: Chemistry, morphology, topography, texture and micro-nanostructure. Applied
Surface Science 2020, 525, 146512.

|F2020/|F5.|emi1 6,707/5,905
MIN: 140 pkt

Moj wkiad w powstanie tej pracy polegal na tworzeniu koncepcji badan, zaplanowaniu
i realizacji  badan, analizie i interpretacji  wynikow, wizualizacji  danych
eksperymentalnych, tworzeniu koncepcji artykufu, napisaniu oryginalnego maszynopisu
pracy, opracowaniu i edycji wersji manuskryptu uwzgledniajqcej uwagi recenzentow oraz
wspotredagowaniu odpowiedzi na recenzje pracy.

Moj udziat procentowy szacuje na 70%.

Sumaryczna liczba punktéw przypisanych czasopismom przez MNiSW (MIN): 480
Sumaryczna wartos$¢ wskaznika IF/IFs i prac w cyklu: 23,247/23,636
Sredni udzial 72,5%
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KOMENTARZ DO ROZPRAWY

DOKTORSKIEJ

Przedstawiona rozprawa doktorska zatytulowana ,,ddsorpcja biatek na powierzchni
mezoporowatej  krzemionki: analiza fizykochemiczna, strukturalna i morfologiczna
biokompozytu” obejmuje cykl czterech spojnie powigzanych tematycznie oryginalnych prac
naukowych [D1-D4]. Niniejszy manuskrypt nie zawiera petnego opisu i interpretacji wszystkich
uzyskanych wynikow, a jedynie krotkie wprowadzenie do tematyki badawczej, celu naukowego,
metodyki eksperymentalnej oraz zwiezla analiz¢ przeprowadzonych badan naukowych
opublikowanych w pracach [D1-D4]. Oryginalne publikacje wraz z materiatami uzupetniajagcymi
[SD1,SD3,SD4] zamieszczono na stronie 54 autoreferatu.

5.1. Wprowadzenie

Proces adsorpcji, immobilizacji i interakcji biomolekut aktywnych biologicznie, zwtaszcza
enzymow — biatek, na réznych granicach migdzyfazowych i powierzchniach no$nikow statych
jest nie tylko ciekawym zjawiskiem w kontek$cie badan podstawowych nad biomateriatami, ale
rowniez odgrywa kluczowa rolg w wielu procesach biochemicznych i technologicznych.
Znaczenie filméw biatkowych na powierzchni no$nikow statych, zwigzane jest z intensywnym
rozwojem inzynierii medycznej oraz metod bioanalitycznych. Obejmuje szereg zastosowan
w obszarze implantologii, bio- nanotechnologii oraz inzynierii nowoczesnych materiatow m.in.
jest podstawg prawidtowego dziatania implantow biomedycznych, sztucznych narzadow, tkanek,
biochipow, biosensorow, bioreaktorow, testow diagnostycznych i immunologicznych, no$niki
lekow, a takze mikro- nanourzadzen terapeutycznych.'®* Z uwagi na ogromne zainteresowanie
wykorzystaniem biatek w wielu dziedzinach nauki oraz praktycznym zastosowaniem materialow
modyfikowanych biologicznie (ang. Biological Surface Science, BioSS)**®poczawszy od
farmaceutykéw az po biomateriaty, biokompozyty i biosensory, pojawila si¢ potrzeba analizy
mechanizmu immobilizacji protein na réznorodnych powierzchniach ciata statego, jak rowniez
zrozumienie i poznanie natury odziatywan biomolekul z powierzchnig materiatu.

Zjawisko adsorpcji biatek w uktadach cialo state-ciecz jest zjawiskiem powszechnym,
jednakze bardzo skomplikowanym. Efektywnos$¢, szybko$¢ i wielkos¢ adsorpcji albumin zalezy
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w duzej mierze od wiasciwosci samych biatek (rozmiar, ksztatt, budowa czasteczek enzymu,
stabilno$¢ biatka, konformacja, rozmieszczenie tadunkow i aminokwasow na powierzchni, punkt
izoelektryczny, stopien hydratacji i wspotczynnik dyfuzji), warunkéw sSrodowiskowych
(pH, temperatura, sita jonowa, rodzaj buforu, polarno$¢) i wiasciwosci fizykochemicznych
powierzchni adsorpcyjnej (sklad chemiczny, elektryczny tadunek powierzchniowy,
hydrofilowy/hydrofobowy charakter powierzchni).® ” Kluczowym parametrem wptywajacym na
adhezje i stabilno$¢ warstwy adsorpcyjnej biatka na powierzchni materiatu jest rowniez
morfologia (mikro- nanochropowato$¢, falistos¢, niejednorodnos¢) i struktura (geometria,
tekstura — ksztatt, rozmiar i objeto$é pordow, powierzchnia wlasciwa) nosnika statego.® Aby
zwigkszy¢ efektywno$¢ i selektywno$¢ adsorpcji oraz powinowactwo materiatu do
adsorbowanych biopolimerow istotna jest odpowiednia optymalizacja i kontrola powierzchni
nosnika statego na poziomie mikro- i nanoskali. W zwiazku z duzym znaczeniem tych procesow,
nastgpit intensywny rozwdj nanotechnologii i inzynierii powierzchni materiatow majacy na celu
wytwarzanie nowych funkcjonalnych materiatow o $cisle okreslonych wlasciwosciach
fizykochemicznych, adsorpcyjnych i powierzchniowych do konkretnych zastosowan
w innowacyjnych nanotechnologiach, zarowno w dziedzinie biofizyki i biologii molekularnej
oraz w obszarze wspotczesnej biochemii.

Wazng grupa nowoczesnych mezoporowatych materiatow wykazujacych zdolnosci
sorpcyjne w stosunku do réznych bioczgsteczek adsorbatu sg wysokouporzgdkowane
mezoporowate materialy krzemionkowe (ang. Large-Pore Mesoporous Structures lub
ang. Ordered Mesoporous Silicas, OMS). Obejmuja one szeroka grupe nieorganicznych
materiatdbw porowatych opartych na krzemionce, ktore ro6znig si¢ wlasciwosciami
powierzchniowymi, uporzadkowaniem struktury porowatej oraz wymiarem i ksztatltem poréw
m.in. MCM-41, MCM- 48 (ang. Mobil Composition of Matter No. 41, 48),>° FSM-16
(ang. Folded Sheet Silica No. 16)'1? i SBA-15, SBA-16 (ang. Santa Barbara Amorphous
No. 15, 16).1% 14 Innymi obszernie badanymi grupami mezoporowatych sit krzemionkowych s3:
MSU (ang. Michigan State University),> MMS (ang. Mesoporous Molecular Sieves),'* FDU
(ang. Fudan University Material),'” HMS (ang. Hexagonal Mesoporous Silica)®® oraz KIT-1
(ang. Korea Advanced Institute of Science and Technology No. 1),'° roznigce si¢ strukturg
i uporzadkowaniem sieci mezoporéw. Adsorbenty OMS, ze wzgledu na duzag powierzchnig
wlasciwa, uporzadkowang strukture poréw o SciSle okreslonych rozmiarach i objetosciach,
atakze szeroki zakres zmienno$ci parametrow teksturalno-geometrycznych mozliwy do
osiggniecia na drodze ukierunkowanej syntezy, sprawia, ze spetniajg one wymagania stawiane
materiatom, ktore mogg by¢ potencjalnie wykorzystane w procesach immobilizacji biomolekut
(enymy — biatka; kwasy nukleinowe — DNA, RNA; polisacharydy — chitozan; lipidy — kwasy
thuszczowe), adsorpcji/separacji roznych zwigzkéw chemicznych i zanieczyszczen organicznych
wody (farmaceutyki, hormony, przeciwutleniacze, pestycydy, fenole, weglowodory), wymiany
jonowej (wypeienia chromatograficzne) oraz nanotechnologii (no$niki medyczne, analityczne,
katalityczne).

Oprocz wyzej wymienionych porowatych struktur, na szczegolng uwage zastuguja
mezoporowate materialy krzemionkowe o piankowej strukturze komoérkowej (ang. Mesocellular
Silica Foam lub ang. Mesostructured Cellular Foams, MCF). Mezostrukturalne pianki
krzemionkowe, MCF, charakteryzuja si¢ dobrze rozwinig¢ta i uporzadkowana nanostruktura
wewnetrzng, posiadaja sferyczne duze kuliste komoérki o jednolitym rozmiarze, potaczone
kanatami, stanowigce ciagly trojwymiarowy periodycznie powtarzajacy si¢ System porow
(ang. three-dimensional, 3D). Dzi¢ki dobrze rozwinictej powierzchni wlasciwej (~1000 m?/g),
duzej objetosci (~2 cm®/g) i $rednicy poréw (~50 nm) stanowig bardzo atrakcyjna grupe
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adsorbentow, ktore mogag by¢ wykorzystywane w procesach z udziatem biomolekut aktywnych
biologicznie o duzych rozmiarach czasteczkowych. Ponadto, dzigki swoim unikalnym
wlasciwosciom fizykochemicznym i adsorpcyjnym (duza pojemno$é sorpeyjna, dobra stabilno$é
i wytrzymato$¢, wysoka selektywnos$¢, aktywnos¢ biologiczna, biofunkcjonalnos¢
i biokompatybilno§¢ chemiczna do bioorganizméw) oraz duzej elastycznosci modyfikacji
warunkow prowadzenia procesu syntezy, jak rowniez funkcjonalizacji powierzchni na etapie ich
wytwarzania, umozliwia zaprojektowanie struktury nosnika MCF 0 zréznicowanej chemii
powierzchni w mikro- nanoskali do otrzymywania nowych, perspektywicznych materiatow
biomedycznych dedykowanych do okreslonego celu.?% 2

Adsorpcji biatlek na powierzchniach struktur porowatych poswigcono wiele prac
eksperymentalnych i teoretycznych, lecz nadal brakuje kompleksowych i elementarnych badan
wyjasniajacych mechanizm immobilizacji i1 interakcji biatka z powierzchnia porowatego
adsorbentu, orientacji czasteczki biatka na powierzchni, szybkosci i efektywnos$ci procesu ich
adsorpcji czy tez wptywu porowatosci i morfologii powierzchni na trwalsze wigzanie molekuty
z powierzchnig. W literaturze naukowej istnieje wiele prac badawczych, w ktérych
przedstawiono szeroki zakres metod syntezy i modyfikacji powierzchni uporzadkowanych
mezoporowatych sit molekularnych (MMS) oraz mezoporowatych nanoczastek krzemionki
(ang. Mesoporous Silica Nanoparticles, MSN) aby dostosowac¢ strukturg i teksture powierzchni
materialu do konkretnych zastosowan w obszarze nauk medycznych, biologicznych oraz
technicznych.?2 W celu lepszej kontroli procesu adsorpcji wiele prac naukowych dotyczyto
wykorzystania najpopularniejszych materiatbow MMS (MCM-41, SBA-15, MCM-48, MCM-21,
MSE, FSM) jako skutecznych adsorbentow do immobilizacji r6znych enzymow (cytochrom C,
lizozym, albumina surowicy wotowej, owoalbumina jaja kurzego, mioglobina, hemoglobina,
trypsyna, lipaza, chloroperoksydaza); m.in. skupiono si¢ na znalezieniu optymalnej zaleznosci
miedzy rozmiarem mezoporéow a wymiarem molekularnym bioczasteczki. Analiza danych
literaturowych wykazata, ze istnieje zaledwie kilka doniesien naukowych dotyczacych adsorpcji
lizozymu, surowicy albuminy wotowej, owoalbuminy, mioglobiny, chloroperoksydazy, trypsyny,
a-amylazy i glukoamylazy na mezokomérkowej pianie krzemionkowej MCF.?” Na przyktad
Russo i wspotpracownicy badali wptyw funkcjonalizacji powierzchni na zdolnosé¢ adsorpcji BSA
i LYS na krzemionce MCF o érednicy porow 31,5 nm.?® W innej pracy? wykazano, ze adsorpcja
mioglobiny na uporzadkowanych mezoporowatych sitach molekularnych (ang. Well-ordered
Mesoporous Molecular Sieves, MMS) o réznych porowato$ciach byta relatywnie wyzsza dla
materiatu MCF (rozmiar porow 14 nm) i SBA-15 (rozmiar poréw 6,2 nm) w poréwnaniu z innymi
krzemionkami: MCM-41 (rozmiar poréw 3,1 nm), MSE (6,0 nm), CNS (14,7 nm). Z kolei Han
i wsp.® zaobserwowali, ze aktywno$¢ katalityczna enzymu chloroperoksydazy na nosniku MCF
(rozmiar poréw 15 nm) jest wigksza niz na materiale MCM-48 (rozmiar poréw 3,2 nm) i SBA-15
(rozmiar poréw 4,2 nm i 7 nm).

Z naukowego punktu widzenia, nadal brakuje wnikliwej analizy relacji wymiar
poréw-wielkos¢ adsorpeji, W szerokim zakresie $rednicy poréw, niezbednej do opracowania
optymalnych no$nikow dla biomolekut. Brak réwniez szczegoélowej analizy mikro-
nanostruktury, jakosci i morfologii powierzchni, jak rowniez oceny charakteru chemicznego
powierzchni i stabilno$ci termicznej podtoza nanoporowatych struktur przed/po immobilizacji
enzymow W Kierunku okreslenia i zrozumienia mechanizmu oddziatywan bioadsorbat/adsorbent.
W przedstawionych pracach badawczych [D1-D4], zagadnienie to zostato zrealizowane poprzez
dokonanie wnikliwej analizy sorpcyjnej, fizykochemicznej, strukturalnej i morfologicznej
otrzymanych porowatych materiatow krzemionkowych (zréznicowane wtasciwosci teksturalne
powierzchni) oraz modyfikowanych warstwg adsorpcyjng enzyméw biatkowych (rézna natura
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chemiczna). Przeprowadzone badania stanowia podstaw¢ do opracowania procedury
wytwarzania nowych funkcjonalnych biokompozytow o $cisle zdefiniowanej porowato$ci
i morfologii powierzchni, stanowigcych uktad mezoporowatych struktur krzemionkowych
0 piankowej strukturze komorkowej oraz czasteczek protein.

W pracach [D1] i [D3] waznym aspektem prowadzonych badan naukowych byt wybor
optymalnego uktadu adsorpcyjnego biatko/porowata krzemionka oraz okreslenie warunkéw
przebiegu procesu sorpcyjnego  wykorzystujac  wielkos¢  maksymalnej  adsorpcji
z rownowagowych danych doswiadczalnych oraz kinetyke, jako kluczowe parametry decydujace
o potencjalnych zastosowaniach danego adsorbentu porowatego, jako nosnika substancji
aktywnych biologicznie. W szczegolnosci w przypadku biatek o duzych rozmiarach
czasteczkowych szybkos¢ przebiegu procesu adsorpcji w konkretnych warunkach ma decydujace
Znaczenie. Utrudniona dyfuzja do wewngtrznej przestrzeni poréw moze stanowi¢ czynnik
ograniczajacy stosowalno$¢ danego materialu przy konieczno$ci zapewnienia okreslonej
szybkosci procesu adsorpcji. Czynnik ten jest bardzo istotny w przypadku materiatow, w ktorych
strukturze wystepuja pory o relatywnie matych wymiarach w pordwnaniu z wymiarami
czasteczek substancji adsorbowanych (adsorpcja adsorbatu na zewnetrznej powierzchni sorbentu
powoduje stabsze i niestabilne oddziatywania adsorbat-adsorbent). Trwalsze wigzanie molekuty
z powierzchnig nosnika mozna osiagnaé w przypadku materiatow, w ktoérych wystepuja pory
0 $rednicy wigkszej od rozmiaru adsorbowanej molekuly (zachodzi mozliwos¢ penetracji
bioczgsteczek do kanatdéw mezoporow).3! 32

Oprocz porowato$ci materiatu (powierzchnia wiasciwa, rozmiar i objetos¢ porow) innym
istotnym parametrem wptywajacym na efektywnos¢ i stabilno$¢ adsorpcji biatka na powierzchni
mezostrukturalnych pianek komorkowych jest charakter powierzchni no$nika (tekstura,
morfologia, topografia, chropowatos$¢, falistos¢) [D1-D4], ktore determinuje nature i mechanizm
oddzialywan miedzy biomolekuta a powierzchnig materialu. Aby lepiej zrozumie¢ mechanizm
interakcji biatko/nosnik, zaproponowana w moich pracach badawczych [D1-D4] analiza
adsorpcyjna, fizykochemiczna, morfologiczna i mikro- nanostrukturalna modelowego uktadu
biatko/porowaty nos$nik za pomocg roznych technik spektrofotometrycznych, spektroskopowych,
mikroskopowych, optycznych, rentgenograficznych i termograwimetrycznych, pozwolita
okresli¢ nie tylko charakter fizykochemiczny powierzchni otrzymanych biouktadow na poziomie
molekularnym, ale réwniez scharakteryzowac¢ ich strukture atomowa, elektronows oraz ilosciowy
i jako$ciowy sktad chemiczny.

Przeprowadzona analiza powierzchni porowatego materiatu MCF z zaadsorbowana
warstwg albumin za pomoca réznych metod i komplementarnych technik badawczych jest
niezbedna zaréwno z fizykochemicznego punktu widzenia, a takze z perspektywy potencjalnych
zastosowan danego biomaterialu w biomedycynie oraz biofizyce (projektowanie/modyfikacja
wlasciwosci powierzchni no$nika do okreslonych zastosowan, np. wytwarzanie modelowych
systemow biofizycznych i nowych biofunkcjonalnych kompozytow medycznych).

5.2. Cel i zakres pracy badawczej

Wciagz podstawowym i bardzo popularnym kierunkiem badan we wspodtczesnej biochemii,
nanotechnologii oraz bioinzynierii materialowej jest projektowanie i wytwarzanie nowej
generacji  biono$nikow  staltych o  zréznicowanych  wilasciwosciach  strukturalno-
powierzchniowych przeznaczonych do konkretnych zastosowan w dziedzinie badan

14 |Strona



KOMENTARZ DO ROZPRAWY DOKTORSKIEJ — cel i zakres pracy badawczej

analityczno-medycznych oraz biofizyczno-technologicznych. W zaleznosci od obszaru
zastosowan, immobilizacja protein na nosnikach statych jest zjawiskiem pozadanym (biosensory;
systemy dostarczania lekow; inicjatory adhezji — molekul, przeciwciatl, bakterii, komorek;
medyczne testy diagnostyczne — jakosciowa/ilosciowa identyfikacja bialek pozwalajaca
prognozowaé potencjalne choroby lub rozpoznaé stopien zaawansowania choroby istniejace;j)
oraz niepozadanym (blokowanie bioreaktorow; redukcja uzytecznosci uktadow filtracji
membranowej; implanty syntetyczne, sztuczne organy — adsorpcja biatek i komoérek moze
powodowa¢ tworzenie si¢ zakrzepow, stanow zapalnych i infekcji)***°. W celu wyprodukowania
urzadzen, ktoére moga oddziatywaé¢ z ludzkim organizmem/ciatem lub innymi systemami
biologicznymi bez niekorzystnych efektow, newralgiczna jest wiedza naukowa o sposobach
kontrolowania immobilizacji biatek na réznorodnych (homo- heterogenicznych) powierzchniach
materialéw, a takze zrozumienie wzajemnych korelacji adsorbent-adsorbat. Ponadto, tworzenie
nowoczesnych powierzchni materialbw o pozadanych wtasciwosciach do konkretnych
zastosowan, wigze si¢ nie tylko z doborem odpowiednich materialow, a takze opracowaniem
metody ich wytwarzania, okreslenia natury oddziatywan bioczasteczek z powierzchnia no$nika
oraz monitorowanie (nieuniknionej) adsorpcji protein na roéznych materiatach. De facto,
weryfikacja i kontrola czynnikow wptywajacych na wiasciwosci adsorpcyjne danego biouktadu
jest waznym zagadnieniem z punktu widzenia projektowania biozgodnych powierzchni no$nikow
gdzie zatezanie, eliminacja lub zredukowanie adsorpcji albumin wptywa na ulepszenie ich
dziatania oraz uzyteczno$¢ stosowanych urzadzen analityczno-medycznych i biofizycznych.

Glownym celem naukowym rozwazanego cyklu prac [D1-D4] stanowigcych podstawe
postepowania  doktorskiego  byta analiza procesu adsorpcji  wybranych  bialek
(surowicza albumina wotowa, owoalbumina, lizozym) na serii mezostrukturalnych nosnikach
krzemionkowych typu mezokomoérkowa pianka (MCF) o0 r6znej porowatosci.

Istotnym elementem pracy badawczej byta rowniez szczegdtowa charakterystyka mikro-
nanostruktury, topografii, morfologii i charakteru chemicznego powierzchni uktadu
biatko/mezoporowaty no$nik w aspekcie uzyskania modelowych uktadéow biologicznych oraz
nowych biofunkcjonalnych kompozytéw medycznych.

Podczas realizacji tak obszernego tematu naukowego, badania prowadzono w sposob
kompleksowy, tak aby uzyska¢ jak najwigcej informacji na temat: wptywu struktury, porowatosci
i morfologii powierzchni mezostrukturalnych pian komoérkowych na pojemno$é i szybko$¢
procesu adsorpcji albumin, mechanizmu interakcji protein z powierzchnia nos$nika
(trwatos$¢ i stabilno$¢ wigzania molekuly z powierzchnig), whasciwosci struktur biatkowych
uformowanych w sieci mezoporow.

Prace wykonane w ramach realizacji niniejszego zagadnienia mozZna przestawié
nastepujaco:

i.  Synteza mezostrukturalnych pian komérkowych MCF 0 zréznicowanych wtasciwosciach
strukturalnych i powierzchniowych poprzez dobdr i modyfikacje odpowiednich
parametroéw ich syntezy.

ii.  Ocena wptywu parametrow strukturalnych mezokomorkowych pianek krzemionkowych
MCEF (tj. powierzchnia wiasciwa, powierzchnia mezoporéw, objeto$¢ i srednica porow,
funkcje rozkladu objgtosci porow wzgledem ich $rednic itp.) na pojemnos¢ sorpcyjng
wobec biomolekut za pomocg niskotemperaturowych izoterm adsorpcji/desorpcji azotu.

iii.  Zbadanie mechanizmu adsorpcji makroczgsteczek oraz okreslenie optymalnych
warunkéw immobilizacji protein na powierzchni krzemionki: badania réwnowagi
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i kinetyki adsorpcji obejmujace okreslenie wptywu wiasciwosci badanych uktadow
adsorpcyjnych na wielkos$¢ adsorpcji (pojemno$¢ adsorpcyjna) oraz kinetyki (szybkosc¢)
procesu sorpcji biatka w funkcji czasu (wyznaczenie profili: stezenie ~ czas
i adsorpcja ~ czas) za pomoca spektroskopii absorpcyjnej w zakresie Swiatta widzialnego
(UV) oraz bliskiego ultrafioletu (Vis); matematyczny opis procesu adsorpcji wybranych
bioukladow z zastosowaniem modelowych izoterm adsorpcji uwzgledniajacych
energetyczng niejednorodnos¢ uktadu adsorpcyjnego; analiza profili kinetycznych
badanych biokompozytéw (zmiany stezenia bioadsorbatu w czasie) z wykorzystaniem
najwazniejszych obecnie stosowanych modeli i réwnan kinetycznych. W efekcie
koncowym pozwolito to na analize zaleznos$ci pomigdzy wielkoscia poréw nosnika
a pojemnos$cig adsorpcji molekuly oraz szybkosciag przebiegu procesu adsorpcji
adsorbatu.

iv.  Okreslenie charakteru chemicznego (identyfikacja grup funkcyjnych) oraz kwasowo-
zasadowego (wyznaczenie tadunku powierzchniowego) powierzchni otrzymanych
materiatow MCF przed i po adsorpcji albumin za pomoca metod spektroskopowych oraz
miareczkowania potencjometrycznego. Otrzymane wyniki dostarczyly szczegétowych
informacji na temat mechanizmu i wzajemnych odzialywan mig¢dzy powierzchnig
adsorbentu a substancja adsorbowana.

V.  Dokonanie szczegdtowej charakterystyki powierzchni (strukturalna, chemiczna,
molekularna, elektronowa) oraz komplementarnej analizy jako$ci powierzchni
(morfologia, = mikro/nanochropowato$¢,  topografia,  tekstura)  otrzymanych
biokompozytow za pomocg roznych metod badawczych (mikroskopia elektronowa,
mikroskopia sit atomowych, spektroskopia elektronowa i oscylacyjna, badania
dyfraktometryczne, profilometria optyczna). Takie interdyscyplinarne podej$cie do
badan nie tylko dostarcza informacji na temat fizykochemicznego charakteru
powierzchni w skali atomowej, obrazuje ich mikro/nanostrukture powierzchniowa
w uktadzie dwu- i trojwymiarowym, ale rowniez charakteryzuje mechanizm interakcji
biatka z powierzchnia nosnika oraz wyjasnia wpltyw wilasciwosci morfologii
i chropowatos$ci powierzchni na stopien pokrycia powierzchni biatkiem.

vi.  Przeprowadzenie szczegdtowej identyfikacji (powierzchniowej i objetosciowej)
pierwiastkow chemicznych wchodzacych w sktad badanego biomaterialu za pomoca
analizy elementarnej i spektroskopii XPS oraz uzyskanie informacji na temat
jakosciowego rozktadu przestrzennego bioczasteczek w badanym biokompozycie
w oparciu 0 mikroanalize rentgenowska (mapy EDX rozktadu pierwiastkow).

vii.  Zbadanie wiasciwosci termicznych biouktadow (stabilno$¢ termiczna i Kinetyka
rozktadu), okreslenie mechanizmu interakcji biatko/nosnik (trwato$¢ wigzania molekuty
z powierzchnig) oraz dokonanie analizy jakosciowej biomolekut (sktad uwolnionych
produktow gazowych) w badanym kompozycie biatkowo-krzemionkowym za pomoca
metod termoanalitycznych sprzezonych ze spektrometria mas i spektroskopia
w podczerwieni z transformacja Fouriera.

Proponowane badania modelowego ukladu MCF/biatko skupiajace si¢ na
komplementarnej analizie warstw proteinowych zaadsorbowanych na porowatym nos$niku
krzemionkowym, maja na celu poszerzenie wiedzy na temat sposobu wytwarzania
mezostrukturalnych pian komodrkowych 0 okreslonych wlasciwosciach teksturalnych
i fizykochemicznych, wptywu uktadu adsorpcyjnego (biatko/ciato state) na efektywnosc
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i szybko$¢ procesu adsorpcji warstw biatkowych oraz zrozumienia interakcji biomolekut
Z porowatym cialem statym.

5.3. Material badawczy i metodyka pomiarow

5.3.1. Stosowany material

Do badan procesu adsorpcji substancji biologicznie aktywnych, jako adsorbat wybrano trzy
modelowe enzymy biatkowe: lizozym wyizolowany z biatka jajka kurzego (ang. Lysozyme, LYS)
[D3,D4], owoalbuming biatka jaja kurzego (ang. Ovalbumin, OVA) oraz surowiczg albuming
wotowa pochodzaca z surowicy krwi wotowej (ang. Bovine Serum Albumin, BSA) [D1,D2].
Mezoporowate adsorbenty krzemionkowe o piankowej strukturze komorkowej rézniace sig
porowato$cig powierzchni i rozmiarem poréw wykorzystano jak nos$niki ciata stalego do
immobilizacji czgsteczek biatek [D1-D4]. Enzymy biatkowe roznigce si¢ wiasciwosciami
fizykochemicznymi i biologicznymi zakupiono w firmie Sigma-Aldrich (Oakville, ON, Canada).
W celu przyblizenia charakterystyki badanych bialek w tabeli 3 zestawiono ich podstawowe
parametry fizykochemiczne i funkcje biologiczne.

Tabela 3. Parametry i wlasciwosci fizykochemiczne biatek (LYS, OVA, BSA).

Wiasciwosci fizykochemiczne

Biatko LYS OVA BSA

Liczba aminokwasow 129 385 583

Masa czasteczkowa [kDa] 14,3 45,0 66,4

Srednica hydrodynamiczna [nm] ~4,0 ~5,9 ~7,3

Wymiar [nm] 45x3x3 7x45x5 4x4x141lub8x8x3
Forma wydtuzona sferoida wydtuzona elipsoida ~ wydiuzona elipsoida lub ksztatt serca
Punkt izoelektryczny ~10,5-11 ~4,6-4,7 ~4,7-5,1

Wiasciwosci biologiczne — zastosowanie

Lizozym: Naturalny bakteriobdjczy enzym hydrolityczny, wykazujacy dzialanie destrukcyjne na $ciang komoérkowa bakterii
Gram- dodatnie (rozklada wigzania glikozydowe pomiedzy czasteczkami kwasu N-acetyloglukozaming i N-acetylomuraminowym
wewnatrz polisacharydéw budujacych $ciany komorkowe bakterii). Wykazuje aktywno$¢ przeciwgrzybicza (wobec szczepéw Candida
albicans),® przeciwzapalng, przeciwwirusowa i antyseptyczna oraz zwieksza skutecznos$¢ dziatania antybiotykow B-laktamowych. Nalezy
do uktadu nieswoistej, humoralnej odpowiedzi immunologicznej (ochrona organizmu przez patogenami).3’” Znalazt zastosowanie
w medycynie, przemy$le farmaceutycznym i spozywczym (leczenie zakazen drobnoustrojami patogennymi blony $luzowej jamy ustnej,
gardla, oczu i skory; preparaty przeciwbolowe; §rodki wspomagajace antybiotykoterapig oraz dziatanie antyseptykow, kortykosteroidow;
konserwacja zywnosci). Powszechnie wystepuje w tkankach ludzkich, zwierzgcych i ro§linnych. Mozna je znalez¢ takze w ziarnisto§ciach
dojrzatych granulocytow, monocytow i makrofagéw, jak rowniez w osoczu krwi, izach, §linie oraz wydzielinach §luzowo-surowiczych
drég oddechowych. Najcenniejszym zrédiem enzymu jest biatko jaj kurzego, zawierajace okoto 3,5% lizozymu.%®

Owoalbumina: Wysokowarto$ciowe biatko o duzej zawarto$ci aminokwasow egzogennych (izoleucyny, treoniny, lizyny, metioniny).
Stanowi 60-65% frakcji biatka w catkowitej biatkowej czgscei jaja kurzego. Z technologicznego punktu widzenia tatwe w otrzymywaniu
i przetwarzaniu stad jest czestym surowcem stuzacym do pozyskiwania enzymu na skale przesytowa. W suplementacji sportowej wchodzi
w sktad wielosktadnikowych preparatow proteinowych i hydrolizatow biatkowych — uzupehienie diety w wysokowarto$ciowe biatko,
Wwspiera rozrost beztluszczowej masy migsniowej oraz regeneracje po treningowa. Ma zastosowanie w réznych obszarach badan, w tym:
ogolne badania struktury i wlasciwosci biatek (dostgpna w duzych ilosciach); proteomika (marker masy czasteczkowej do kalibracji zeli
do elektroforezy); immunologia (stymulowanie reakcji alergicznej).

Albumina surowicy wolowej: Neutralne, niereaktywne, stabilne biatko globularne pochodzace z surowicy krwi wotowej syntetyzowane
w watrobie zwierzat rzeznych. Stanowi ponad 50% wszystkich biatek osocza. Albumina surowicy krwi wotowej petni kluczowa rolg
w regulowaniu cisnienia onkotycznego (zapobiega obrzgkom — kontrola stosunku ilosci wody we krwi do ilo$ci wody w ptynach
tkankowych). Bierze udziat w transporcie zwiazkow egzogennych i endogennych: hormonow, lekow (antybiotyki, barbiturany), kwasow
thuszczowych, lipidéw i barwnikéw zotciowych (bilirubina). W badaniach naukowych, biochemicznych i diagnostycznych stosowane jest
jako: modelowe biatko kontrolne do identyfikacji i ilosciowego oznaczania biatka w badanym materiale (krzywa kalibracyjne, metoda
Bradforda, test immunoenzymatyczny ELISA); bloker w immunohistochemii (wzmacnianie oddziatywan niespecyficznych w reakcjach
z przeciwcialami); sktadnik odzywczy w hodowlach komoérkowych (rozmnazanie drobnoustrojow); stabilizator pracy enzymow
restrykcyjnych (trawienie DNA) oraz w tancuchowej reakcji polimerazy (amplifikacja fragmentu DNA); srodek stabilizujacy w buforach
do przechowywania enzymow, szablon do syntezy nanostruktur; izolator przywierania enzymu do naczyn laboratoryjnych.
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5.3.2. Synteza mezoporowatych materialow krzemionkowych

Szereg mezokomorkowych pianek krzemionkowych typu MCF o regularnej
uporzadkowanej strukturze wewnetrznej mezoporow 0raz zrdznicowanej porowatosci
powierzchni, wielko$ci i objetosci porow otrzymano metoda zol-zel (hydrotermalng)
w $rodowisku kwasowym (kwas solny, HCL) w wyniku hydrolizy-kondensacji organicznego
prekursora krzemionkowego tetraetyloortokrzemianu (TEOS, Si(OC:Hs)s), przy uzyciu
zmodyfikowanej metody opisanej w pracy'**. Jako matryce porotworcza wykorzystano
niejonowe $rodki powierzchniowo czynne, trojblokowe kopolimery, sktadajace si¢ z poli(tlenku
etylenu)x — poli(tlenku propylenu), — poli(tlenku etylenu),, (PEO)x — (PPO)y — (PEO)x
0 nazwie handlowej Pluronic: P123 — (EQ)20(PO)7(EO)20, PE9400 — (EQ)21(PO)47(EO)21
i PE10500 — (EO)36(PO)s6(EO)36, rOznigce si¢ masg czasteczkowg (Mpizs = 5,800 g/mol;
Mpggaoo = 4,600 g/mol; Mpgiosoo = 6,500 g/mol) i budowag chemiczng (rézna ilos¢ segmentow
hydrofilowych EO do ilosci segmentéw hydrofobowych PO). Do powigkszania rozmiaru
i Srednicy porow (ang. expander) wykorzystano 1,2,5-trimetylobenzen (TMB). Proces kalcynacji
uktadu kopolimer/krzemionka pozwolit na otrzymanie adsorbentu o czysto mezoporowatej
strukturze krzemionkowej [D1,D3]. Poprzez ukierunkowang modyfikacj¢ i dobor odpowiednich
parametrow syntezy (temperatura, rodzaj polimeru, stosunek masowy: polimer/TMB;
polimer/TEOS) zeli krzemionkowych MCF otrzymano adsorbenty porowate o zrdéznicowanej
$rednicy poréw (6 nm — 30 nm), objetosci porow (0,12 cm®/g — 1,98 cm®/g) i powierzchniami
wiasciwej (250 m?/g — 720 m?/g). Szczegbltowy opis preparatyki mezokomoérkowych pianek
krzemionkowych MCF opisano w pracach [D1,D3].

5.3.3. Analiza wlasciwosci adsorpcyjnych

W celu poznania mechanizmu adsorpcji oraz okreslenia optymalnych warunkéw
immobilizacji badanych albumin na powierzchni porowatej krzemionki, przeprowadzono badania
rownowag adsorpcyjnych rozwazanych biomolekut, obejmujace okreslenie wptywu wlasciwosci
badanych uktadow adsorpcyjnych na wielko$¢ adsorpcji (pojemno$é adsorpeyjna), jak rowniez
badania kinetyki procesu adsorpcji biatek w funkcji czasu (wyznaczenie profili: stezenie ~ czas
i adsorpcja ~ czas) za pomocg metod spektrofotometrycznych UV-Vis (ang. Ultraviolet-Visible
Spectroscopy) i UV-Vis z celkg przepltywowa.

Réwnowaga adsorpcji: Immobilizacje biatek z wodnych roztworéw soli fizjologicznej
buforowanej fosforanem (ang. Phosphate Buffered Saline, PBS, pH = 7,4) o stezeniu 1, 2, 3, 4,
5 mg/ml wykonano w uktadzie statycznym. Proces adsorpcji prowadzono w temperaturze
T =25 °C ze stalg szybkoscig wytrzasania (110 obr/min, rmp) przez 24 godziny w inkubatorze
(New Brunswick Scientific Innova 40R Model, Eppendorf AG, Hamburg, Niemcy).
Rownowagowe stezenie adsorbatu po adsorpcji wyznaczono za pomoca Spektrofotometru
UV- Vis Cary 100 (Varian Inc., Melbourne, Australia) przy charakterystycznej dtugosci fali
(4 =279 nmi 280 nm). Wielko$¢ adsorpcji wzglgdnej (przeliczonej na mase adsorbatu) obliczono
z r6znicy stezen przed i po adsorpcji na podstawie bilansu materialowego zgodnie z rownaniem
[D1,D3]:

8, = o
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gdzie: ae; — ilos¢ substancji zaadsorbowanej na adsorbencie krzemionkowym w stanie
robwnowagi, Co — stgzenie poczatkowe roztworu adsorbatu, Ceq — stezenie adsorbatu w stanie
roéwnowagi adsorpcyjnej, V — objeto$¢ roztworu, W — masa adsorbentu.

Uzyskane dane rownowagowe adsorpcji bioenzymow na materiale MCF przeanalizowano
za pomoca uogolnionej izotermy Langmuira (ang. General Langmuir, GL) opisujacej adsorpcje
na energetycznie niejednorodnych ciatach statych [D3]:

m m/n
% = —( KCeq ) )
a 1+(Kc,)"

m

gdzie: am — pojemno$¢ adsorpcji (maksymalna adsorpcja), m i n — parametry niejednorodnosci
(0 <m, n< 1) charakteryzujace ksztalt (szerokos¢ i asymetri¢) funkcji rozktadu energii adsorpcji,
K — stala rownowagi opisujaca potozenie funkcji rozkladu na osi energii. Dla okreslonych
warto$ci parametrow heterogenicznosci (m i n) rownanie GL upraszcza si¢ do uog6lnionej
izotermy Langmuira (L) (GL: m = n = 1), Freundlicha (GF) (GL: n =1, 0 < m < 1),
Langmuira- Freundlicha (LF) (GL: 0<m=n<1)i Tétha (T) (GL: m=1,0<n<1).

Kinetyka adsorpcji: Pomiary kinetyczne monitorowano przy wykorzystaniu metody ciaglej
rejestracji widma za pomoca spektrofotometru UV-Vis Cary 100 (Varian Inc., Melbourne,
Australia) z komorg przeptywowa potaczong teflonowa rurkg z naczyniem, w ktérym zachodzit
proces adsorpcji. Badany uktad adsorpcyjny, mieszano za pomocg sterowanego cyfrowo
mieszadla mechanicznego (IKA, Polska) z szybkoscia 110 obr/min (rpm). Do analizy
otrzymanych profili stgzeniowych zastosowano rownanie multi-ekspotencjalne (m-exp) [D1,D3]:

c=(c, —ceq)z f.exp(-k;t) +c,, gdzie f, _A i z f=1 ©)

gdzie: ¢ — rzeczywiste (chwilowe) stezenie substancji rozpuszczonej (adsorbatu); Co — stezenie
poczatkowe adsorbatu, Ceq — stezenie roOwnowagowe adsorbatu, ki — wspoOtczynnik szybko$ci
adsorpcji (i = 1,2.n), fi — wspdlczynnik odpowiadajacy utamkowi catkowitej ilosci
zaadsorbowanej z szybkoscig ki, Ai parametr odpowiadajacy utamkowi adsorbatu w uktadzie
(roztwor-adsorbent) adsorbowany z szybkoscia ki, Ao — wzgledne stgzenie rownowagowe.

Do  analizy  doswiadczalnych  danych  kinetycznych  oprécz  rownania
multi-exponencjalnego wykorzystano rowniez proste rownania Kinetyki adsorpcji: 1 rzedu
(ang. First-order Equation, FOE), II rzedu (ang. Second-order Equation, SOE), mieszane | i Il
rzedu (ang. Mixed-order Equation, MOE) oraz modele uwzgledniajace efekty dyfuzyjne: model
dyfuzji wewnatrzziarnowej Cranka (ang. Intraparticle Diffusion Model, IDM) i model dyfuzji
w porach (ang. Pore Diffusion Model, PDM) McKay [D1,SD1,D3,SD3].

5.3.4. Analiza wlasciwosci kwasowo-zasadowych

Wiasciwosci  kwasowo-zasadowe powierzchni  mezoporowatych — struktur  MCF
i kompozytow  biatkowo-krzemionkowych  okre§lono za  pomoca  miareczkowania
potencjometrycznego [D1,D3].

Miareczkowanie potencjometryczne: Gestos¢ tadunku powierzchniowego oraz punkt zerowego
tadunku elektrycznego (ang: point of zero charge, pzc) zréoznicowanych teksturalnie krzemionek
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MCF i biokompozytow bialko/MCF wyznaczono za pomoca miareczkowania
potencjometrycznego. Pomiar wykonano przy uzyciu automatycznej biurety (Dosimat 765,
Metrohm, Herisau, Szwajcaria) potagczonej z precyzyjnym pehametrem (PHM 240, Radiometer,
Kopenhaga, Dania). Szczegély pomiarow miareczkowania potencjometrycznego dla
wyjsciowych adsorbentéw MCF przedstawiajg si¢ nastepujaco: 30 ml roztworu elektrolitu NaCl
o stezeniu 0,1 mol/dm® zakwaszono roztworem kwasu solnego (HCI) o stezeniu 0,5 mol/dm®
i umieszczono w termostatowanym naczynku kwarcowym; po stabilizowaniu si¢ temperatury
roztworu i pH (T = 25 °C, pH = 2,5) wprowadzano odwazk¢ badanego materiatu
krzemionkowego; zawiesing miareczkowano roztworem NaOH o stezeniu 0,2 mol/dm?
i rejestrowano zmiany pH. W celu wyeliminowania bledow pomiarowych zwigzanych
Z obecnoscig CO; w uktadzie pomiarowym, pomiar prowadzono w atmosferze ochronnej azotu.

Pomiary dla adsorbentow MCF ze zwigzang fazg bialek przeprowadzono nastepujaco:
nawazke materiatu MCF dodano do naczynia termostatycznego zawierajacego 30 ml roztworu
biatka o stezeniu 5 mg/ml w roztworze elektrolitu NaCl o sile jonowej | = 0,1 mol/dm?; uktad
zakwaszono roztworem HCI (0,5 mol/dm?); adsorpcje prowadzono w T = 25 °C przez 24 godziny;
zawiesing biatko/adsorbent miareczkowano przy uzyciu roztworu NaOH (2 mol/dmd).

Uzyskane wyniki przedstawiono za pomocg wykreséw zmian pH w funkcji ilo$ci dodanej
mocnej zasady. Z réznicy ilosci jonow wodorowych (wodorotlenowych) potrzebnych do
doprowadzenia obu ukladow do tej samej wartosci pH obliczono gesto$¢ tadunku
powierzchniowego za pomocg rownania [D1,D3]:

F-An .
W

S (4)

9

BET
gdzie: g, —tadunek powierzchniowy, An,,+—liczba moli jonéw przypadajaca na 1 gram materiatu,

F — stata Faradaya, Sger — powierzchnia wlasciwa.

5.3.5. Analiza strukturalno-teksturalna

Do oceny porowatosci i uporzadkowania struktury zsyntezowanego materiatu
mezoporowatego oraz materiatu ze zwigzang faza biatek wykorzystano niskotemperaturowe
pomiary izoterm adsorpcji/desorpcji azotu oraz dyfrakcji rentgenowskiej.

Niskotemperaturowe izotermy adsorpcji/desorpcji azotu: Wtasciwosci i parametry teksturalne
materialow krzemionkowych przed i po adsorpcji biatek okreslono przy uzyciu analizatora
powierzchni i porowatosci typu ASAP 2020 (Accelerated Surface Area and Porosimetry) firmy
Micromeritics Instrument Corp. (Norcross, GA, USA). lzotermy adsorpcji wyznaczono
w temperaturze -196 °C w szerokim zakresie ci$nien wzglednych (10~ 0,99). Przed pomiarami
adsorpcyjnymi probki odgazowano w temperaturze 150 °C i 30 °C, odpowiednio dla materiatu
wyjsciowego MCF i biokompozytu biatko/MCF przez 24 godziny przy cisnieniu 4 pmHg
[D1,D3].

Z otrzymanych niskotemperaturowych izoterm sorpcji azotu wyznaczono podstawowe
parametry strukturalne badanych noénikow krzemionkowych i biomateriatu:
e powierzchni¢ wiasciwe (Sger) z liniowej zaleznosci rownania Brunauer-Emmett-Teller
(BET),
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e powierzchnie zewnetrzng (Sex) i objetos¢ mezopordw (Vmes) oszacowano metodg os.*°
Metoda o5 polega na poréwnaniu izotermy adsorpcji azotu na badanym materiale
porowatym z izotermag adsorpcji na nieporowatym standardzie o tym samym charakterze
chemicznym. Jako material odniesienia zastosowano makroporowata (praktycznie
nieporowata) krzemionke typu LiChrospher Si-1000.** Zredukowang izoterme
standardowg o, zdefiniowano jako stosunek wielkosci adsorpcji odpowiadajacej danemu
ci$nieniu  wzglednemu p/p, oraz wielkosci adsorpcji przy cisnieniu p/p,=0,4
(p —ci$nienie rownowagowe gazu, Po— ci$nienie nasycone; warto$¢ cisnienia
wzglednego 0,4 odpowiada poczatkowi petli histerezy dla adsorpcji azotu),

e oObjetos¢ mikroporéow (Vmic) obliczono metodg t-plot*? (izoterma standardowa
i doswiadczalna sg znormalizowane w odniesieniu do $redniej grubosci warstwy
zaadsorbowanej okreslonej dla pewnej klasy nieporowatych adsorbentow),

e calkowita objetos¢ poréw (Vi) 0szacowano z wielkosci adsorpcji przy cisnieniu
wzglednym p/p, = 0,99,

o funkcje rozktadu objetosci porow wzglgdem ich promienia (ang. Pore Size Distribution,
PSD) wyznaczono z danych izoterm adsorpcji i desorpcji azotu przy zastosowaniu
metody Barretta-Joynera-Halendy (BJH). Srednice poréw okreslono z maksimow
rozktadow PSD (Do) oraz warto$ci sredniej PSD (Day),

e $redni hydrauliczny rozmiar poréw wyznaczono z zalezno$ci: Dn = 4Vy/Sger.

Dyfrakcja rentgenowska: Wiasciwosci strukturalne badanych materiatbw MCF  oraz
biokompozytow biatko/krzemionka scharakteryzowano za pomoca dyfrakcji rentgenowskiej
(ang. X-ray Diffraction, XRD) stosujac dyfraktometr rentgenowski Empyrean (PANalytical,
Holandia, 2012) wyposazony w lampg¢ rentgenowska z anodg miedziang CuKo emitujgca
promieniowanie o dtugosci fali A = 1.5418 A. Pomiary przeprowadzono w zakresie niskich katow
dyfrakcji 26 (0.13° — 5.0°) z krokiem pomiaru 0.01° [D2,D4]. Dyfrakcja polega na spojnym
(sprezystym, koherentnym) rozpraszaniu promieni rentgenowskich padajgcych na badang probke
oraz mozliwosci interferencji promieniowania emitowanego przez poszczegélne atomy.
Zjawisko dyfrakcji zachodzi wowczas, gdy badany materiat charakteryzuje si¢ strukturg
0 dalekim zasiegu uporzadkowania. Refleksy dyfrakcyjne obserwujemy, gdy kat odbtysku 6
spetnia prawo Wulfa-Braggow:

nA=2d, -sind (5)

gdzie: dwa — odlegtos¢ migdzyptaszczyznowa sieci; 4 — dlugosé rozproszenia fali, n — rzad
dyfrakcji.

5.3.6. Analiza mikroskopowa

Morfologie, mikro- nanostrukture oraz szorstko$¢ powierzchni badanych uktadow
scharakteryzowano za pomoca mikroskopu sit atomowych (ang. Atomic Force Microscopy,
AFM) oraz profilometru optycznego (ang. Optical Profilometry, OP). Komplementarng analize
jakosci powierzchni (topografia, sktad chemiczny, mapy pierwiastkowe) badanego no$nika MCF
oraz warstw biatkowych naniesionych na powierzchnig¢ krzemionki przeprowadzono za pomoca
skaningowego (agn. Scanning Electron Microscopy, SEM) i transmisyjnego mikroskopu
elektronowego (ang. Transmission Electron Microscopy, TEM) z mikroanaliza rentgenowska
(ang. Energy Dispersive X-ray Spectrometer, EDX).
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Mikroskop sit atomowych i profilometr optyczny: Nanostrukture oraz chropowatos¢ powierzchni
w nanoskali okreslono za pomoca Mikroskopu Sit Atomowych AFM firmy Bruker-Veeco
(NanoScope V Controller System, USA). Pomiary prowadzono w trybie poétkontaktowym
(ang. tapping mode) za pomoca oscylacyjnego ruchu igly skanujacej przesuwajacej si¢ nad
probka (promien koncowki iglty < 8 nm, czgstos¢ rezonansowa 280 kHz). Rozmiar skanowanej
powierzchni wynosit 1 pm x 1 um przy rozdzielczo$ci skanowania 256 X 256 punktow
pomiarowych [D1,D4].

Analize mikrostruktury (chropowatosci, falisto§¢/nachylenie powierzchni) oraz oceng
topografii powierzchni okreslono za pomoca profilometru optycznego firmy Bruker-Veeco
(Contour GT, USA) wykorzystujac zjawisko interferencji $wiatlta biatego. Badania zostaly
przeprowadzone w trybie pracy urzadzenia VSI (ang. Vertical Scanning Interferometry).
Zastosowano obiektyw o powigkszeniu 20x majac pole widzenia glowicy FOV 2x
(ang. Field of View, FOV) przy rozdzielczosci skanowania 640 x 480 punktow, co odpowiada
rozmiarowi piksela 0.24 pm i powierzchni 156 um x 117 um [D1,D4]. Podstawowe parametry
morfologii powierzchni uzyskane z obrazéw AFM i OP (Sa—érednia chropowato$é,
Sq — chropowatos¢ powierzchni RMS, Sy¢g — nachylenie RMS (falisto§¢ powierzchni),
Ssk — skosno$¢ powierzchni, Sk, — Kurtoza powierzchni) obliczono za pomoca programu Scanning
Probe Image Processor (SPIP) v. 5.1.4 (Image Metrology A/S, Dania). Szczegétowy opis
parametréw chropowato$ci powierzchni opisano w materiatach uzupetniajacych [SD1,SD4] do
prac naukowych [D1,D2].

Skaningowy mikroskop elektronowy z mikroanalizq reaganowskq SEM/EDX: Badania morfologii
powierzchni w mikroskali oraz sktadu chemiczny (C, N, O, S, Si) badanych materiatow MCF
i biokompozytow przeprowadzono za pomoca mikroskopu skaningowego (SEM) wykorzystujac
mikroskop skaningowy FEI Quanta 250 FEG wyposazony w system analizy sktadu chemicznego
oparty na dyspersji energii promieniowania rentgenowskiego — EDS firmy EDAX [D2-D4].

Transmisyjny mikroskop elektronowy z mikroanalizq regnowskq TEM/EDX: Do zobrazowania
nanostruktury i topografii powierzchni badanych materiatéw krzemionkowych i kompozytow
biatkowo-krzemionkowych  wykorzystano  wysokorozdzielczy elektronowy  mikroskop
transmisyjny S/TEM Titan3 G2 60-300 firmy FEI. Mikroskop wyposazony jest w uktad trzech
wspotosiowych detektorow do trybu generowania obrazow S/TEM w jasnym i ciemnym polu:
centralny detektor pola jasnego (ang. Bright Field, BF), niskokatowy pierscieniowy detektor pola
ciemnego (ang. Dark Field, DF) oraz wysokorozdzielczy szerokokatowy pierscieniowy detektor
pola ciemnego (HAADF). Identyfikacj¢ (powierzchniowa i objgtosciowa) pierwiastkow
chemicznych (C, N, O, S, Si) wchodzacych w sktad badanego materiatu oraz tworzenie map
pierwiastkowych obrazujacych rozmieszczenie pierwiastkow na badanym obszarze no$nika
wykorzystano spektrometr rentgenowski z dyspersja energii (EDX) [D1,D3,D4,SD4].

5.3.7. Analiza spektroskopowa i elementarna

Charakter ~ chemiczny = powierzchni  ukladu  biatko/mezoporowaty = nosnik
scharakteryzowano za pomoca roznych technik spektroskopowych: spektroskopia ostabionego
catkowitego wewngtrznego odbicia w podczerwieni z transformata Fouriera (ang. Attenuated
Total Reflection-Fourier Transform Infrared Spectroscopy, ATR FT-IR), spektroskopia
rozproszonego odbicia w zakresie UV/Vis (ang. UV- visible diffuse reflectance spectroscopy,
UV-Vis DRS) oraz rentgenowska spektroskopia fotoelektronow (ang. X-ray photoelectron
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spectroscopy, XPS). Sktad chemiczny mezoporowatej krzemionki, natywnego biatka
globularnego i biokompozytéw biatko/MCF potwierdzono za pomocg analizy elementarne;j.

Spektroskopia ATR FT-IR: Do okreslenia rodzaju grup funkcyjnych wyjSciowego
mezoporowatego adsorbentu krzemionkowego oraz uktadu biatko/MCF wykorzystano
spektroskopi¢ ATR FT-IR z zastosowaniem spektrometru FTIR Tensor 27 wyposazonego
w przystawke do pomiaréw ostabionego catkowitego odbicia ATR firmy Brucker (Niemcy)
z monolitycznym krysztatem diamentowym. Widma ATR FT-IR rejestrowano w zakresie liczb
falowych 4000 cm™ — 400 cm™ z rozdzielczoscig 4 cm™. Pomiary wykonywano w temperaturze
pokojowej bezposrednio na powierzchni probki [D2,D4].

Spektroskopia UV-Vis DRS: Wiasciwosci fizykochemiczne materialu MCF przed i po
immobilizacji albumin okreslono za pomoca spektroskopii rozproszonego odbicia UV-Vis DRS.
Widma DRS rejestrowano w zakresie dtugosci fali od 200 nm do 600 nm z szybkoscia
przemiatania 5 nm-s™ za pomocg spektrofotometru UV-Vis (Carry 4000, Varian Inc., Australia)
wyposazonego W przystawke do ciala statego z integralng sferg catkujgcg rozproszonego odbicia
$wiatta, ktora umozliwia pomiar proszkow i powierzchni chropowatych réznych materiatow.
Widma odbiciowe DRS generowane sg w wyniku zebrania przez uktad optyczny o odpowiedniej
geometrii promieniowania rozproszonego na probce. Na widmie absorpcji uktadu biatko/MCF
zaobserwowano bardzo intensywne pasmo w zakresie ~230 nm-—300nm z maksimum
zlokalizowanym przy dlugosci fali ~279 nm, 282 nm i ~230 nm, 240 nm, co zwigzane jest
Z bezposrednig detekcja BSA, OVA, LYS na powierzchni porowatej krzemionki [D1,DA4].

Spektroskopia XPS: Interakcje chemiczng biatka z powierzchnig no$nika (identyfikacja grup
funkcyjnych) oraz jakosciowa i ilosciowa analize sktadu chemicznego powierzchni
mezoporowatego materialu krzemionkowego oraz materialu z zaadsorbowang warstwa biatka
scharakteryzowano za pomocg rentgenowskiej spektroskopii fotoelektronéw (XPS). W badaniach
XPS probke umieszczono w wielokomorowym systemie analitycznym w ultrawysokiej prozni
UHV (ang. Ultra High Vacuum, UHV, p =10® mbar) firmy Prevac (Polska) wyposazonym
W monochromatyzowane zrodto promieniowania AlKa (hv =1486,6 e€V) generowane przez
Scienta MX 650 X-Ray Source Monochromator oraz poétkulisty analizator energii elektronow
0 wysokiej rozdzielczo$ci VG Scienta R4000 (U =12 kV, le = 300 mA). W celu wykrycia sktadu
pierwiastkowego na powierzchni badanego materiatu zarejestrowano widma zbiorcze
(ang. survey scan) z energia przejscia 200 eV (z krokiem energii 0,5 eV). Widma szczegdtowe
(ang. detail scans) o wysokiej rozdzielczo$ci poziomow rdzenia wegla (C 1s), tlenu (O 1s), azotu
(N 1s) i siarki (S 2p) zebrano przy energii przejscia 50 eV (0,1 eV/krok) w celu okreslenia roznych
konfiguracji elektronowej elektronow w atomach struktury kazdego pierwiastka. Energie
wigzania poziomu rdzenia skalibrowano na podstawie potozenia linii wegla C 1s przy 284,8 eV.
Analize¢ przetwarzania danych i dopasowywanie krzywych (ksztalt linii: kombinacja funkcji
Gaussa-Lorenza) przeprowadzono za pomocg oprogramowania CasaXPS (wersja 2.3.17)
[D2,D4].

Analiza CHN: Procentowa zawarto$¢ zwiazkéw organicznych (wegla, wodoru i azotu)
w wyjsciowym materiale MCF, biatku i biokompozycie 0znaczono za pomocg analizatora CHN
2400 firmy Perkin-Elmer. W rurze kwarcowej w obecnosci katalizatorow w temperaturze
T =950 °C przeprowadzono proces spalania. Nastepnie powstate w procesie spalania tlenki azotu
zredukowano w rurze redukcyjnej w temperaturze T =650 °C. Produkty spalania (woda,
dwutlenek wegla i azot) wprowadzono do komory mieszania, rozdzielano chromatograficznie
I 0znaczano przy pomocy elektronicznego detektora gazow [D4].
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5.3.8. Analiza termiczna sprzezona z analiza MS i FTIR

Wiasciwosci termiczne badanych materiatow, mechanizm interakcji biatko/nosnik
(trwalo$¢ wigzania molekuty z powierzchnig) oraz jakosciowa identyfikacje biomolekut (sktad
uwolnionych produktow gazowych) w badanym biokompozycie okreslono za pomocg metod
termoanalitycznych: termograwimetria (ang. Thermogravimetric, TG), pochodna krzywej
termograwimetrycznej (ang. Derivative Thermogravimetric, DTG), réznicowa kalorymetria
skaningowa (ang. Differential Scanning Calorimetry, DSC) oraz termograwimetria TG sprzezona
ze spektrometrig mas (ang. Mass Spectrometry, MS) (TG/MS) i spektroskopig w podczerwieni
z transformacja Fouriera, (ang. Fourier Transform Infrared Spectroscopy, FTIR) (TG/FTIR).

TG-DTG/DSC/MS/FTIR: Whasciwosci fizykochemiczne badanych materiatdéw krzemionkowych
oraz biokompozytéw pod wptywem zmian temperatury zanalizowano przy uzyciu aparatu STA
449 Jupiter F1 (Netzsch, Niemcy). Aparat STA wykorzystuje réwnolegle dwie techniki:
termograwimetri¢ (TG — pomiar zmiany masy probki podczas jej ogrzewania/chtodzenia) oraz
skaningowg kalorymetri¢ réznicowg (DSC — pomiar zmiany roznicy strumienia cieplnego
powstajacego miedzy probka badang i referencyjng w trakcie przemiany termicznej). Pomiary
prowadzono w atmosferze syntetycznego powietrza (50 ml/min) w szerokim zakresie
temperaturowym (30 °C — 950 °C) z szybkoscig nagrzewania 10 °C/min. Produkty gazowane
emitowane podczas dekompozycji termicznej badanego materialu analizowano za pomoca
kwadrupolowego spektrometru mas QMS 403C Aéolos firmy Netzsch (Niemcy) oraz
spektrofotometru FTIR Tensor 27 firmy Brucker (Niemcy) sprzezonego z aparatem STA. W celu
analizy in situ gazowych produktow rozkltadu badanych no$nikéw 1 kompozytow
biatkowo-krzemionkowych rejestrowano widma MS (stosunek masy do tadunku (m/z)
zjonizowanych czgstek lub atoméw) w zakresie od 10 amu do 300 amu oraz widma FTIR
w zakresie 600 cm™ — 4000 cm™ [D2,D3].

5.4. Omowienie prac wchodzacych w sklad rozprawy
doktorskiej

W pracach [D1-D4] opisano analiz¢ procesu adsorpcji modelowych enzymow biatkowych
na uporzadkowanych mezoporowatych no$nikach krzemionkowych typu mezostrukturalna
pianka komoérkowa o zréznicowanej geometrii struktury porowatej i morfologii powierzchni.
Przeprowadzono rowniez szczegétowa charakterystyke wiasciwosci fizykochemicznych,
strukturalnych i morfologicznych filméw biatkowych naniesionych na powierzchni¢ nosnika
statego.

Jako modelowe enzymy, roznigce si¢ wiasciwosciami fizykochemicznymi i budowa
czagsteczkowg, wybrano albumine surowicy krwi wotfowej (BSA — masa czasteczkowa: 66,4 kDa;
$rednica hydrodynamiczna: 7,3 nm; wymiar: 4 nm x 4 nm x 14 nm lub 8 nm x 8 nm x 3 nm;
punkt izoelektryczny: ~4,7 — 5,1), owoalbumine biatka jaja kurzego (OVA — masa czasteczkowa:
45 kDa; $rednica hydrodynamiczna: 5,9 nm; wymiar: 7 nmx45nmx5nm; punkt
izoelektryczny: ~4,6 —4,7) oraz lizozym z biatka jaja kurzego (LYS — masa czasteczkowa:
14,3 kDa; s$rednica hydrodynamiczna: 4 nm, wymiar: 4,5nmx3nmx 3nm; punkt
izoelektryczny: ~10,5 — 11).
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Istotng czgscig pracy naukowej [D1] i [D3] byto otrzymanie serii mezokomorkowych
pianek MCF o pozadanych wtasciwosciach strukturalnych, powierzchniowych i morfologicznych
poprzez dobor odpowiednich parametrow ich syntezy (rodzaj matrycy organicznej — Pluronic
PE9400, PE10500, P123; sktad mieszaniny reakcyjnej — stosunek masowy: polimer/TMB;
polimer/TEQS; warunki syntezy — czas, temperatura). Adsorbenty krzemionkowe MCF rdznigce
si¢ parametrami strukturalnymi: powierzchnia wiasciwa (250 m?g— 720 m?/g), powierzchnia
zewngtrzna (30 m?/g — 260 m?/g), $rednica porow (6 nm —30 nm) i calkowita objeto$¢ porow
(0,12 -1,98 cm®g) wykorzystano jako noséniki ciata statego do immobilizacji wybranych
enzymow biatkowych.

Waznym aspektem prowadzonych badan naukowych w rozwazanych pracach [D1-D4]
byta rowniez szczegétowa charakterystyka powierzchni (strukturalna, chemiczna, molekularna,
elektronowa) oraz komplementarna analiza jako$ci powierzchni (morfologia — mikro-
nanochropowato$¢, falisto$¢; topografia — obrazowanie mikro- nanostruktur powierzchniowych;
tekstura — porowatos$¢, sktad chemiczny — mapy rozktadu stezenia pierwiastkow) otrzymanych
materiatbw MCF oraz biokompozytow biatko/porowaty no$nik przy zastosowaniu roznych metod
badawczych i technik pomiarowych: miareczkowanie potencjometryczne [D1,D3,SD3], analiza
elementarna (CHN) [D4,SD4], termograwimetria (TG, DTG, DSC) sprz¢zona ze spektrometrig
mas (QMS) [D2,D3], niskotemperaturowa adsorpcja azotu [D1,SD1,D3,SD3], spektrofotometria
(UV-Vis, UV-Vis DRS) [D1,SD1,D4,SD4] spektroskopia (XPS, ATR FT-IR) [D2,D4], dyfrakcja
promieni rentgenowskich (XRD) [D2,D4], profilometria optyczna (OP), mikroskopia sit
atomowych (AFM) [D1,D4], skaningowa i transmisyjna mikroskopia elektronowa (SEM, TEM)
z mikroanalizg rentgenowska z dyspersja energii (EDX) [D1-D4,SD4].

W pracach [D1-D4] do weryfikacji struktury i porowatosci powierzchni oraz stopnia
uporzadkowania otrzymanych nanoporowatych ciat statych wykorzystano podstawowe techniki
eksperymentalne: niskotemperaturowa sorpcja azotu, dyfrakcja rentgenowska (XRD) oraz
wysokorozdzielcza transmisyjna mikroskopia elektronowa (HRTEM).

W oparciu o zarejestrowane izotermy adsorpcji/desorpcji azotu (izoterma typu IV wedhug
klasyfikacji Brunauer’a z petla histerezy typu H1) dla wszystkich otrzymanych materiatéw MCF,
zawarte w pracy [D1,SD1,D3,SD3], wykazaty porowata strukture nosnika, obecnos¢ mezopordéw
w ich strukturze wewnetrznej oraz butelkowa budowe poréw z duzymi komorami potaczonymi
waskimi porami transportowymi. Badane mezostrukturalne pianki krzemionkowe charakteryzuja
si¢ zroznicowang porowato$cia, objetoscig i rozmiarem poréw oraz powierzchnig wiasciwa:
MCF-d10 (Vi = 1,32 cm®/g, Dny = 10 nm, Sger = 525 m?/g) i MCF-d16 (Vi = 1,98 cm®/g,
Dhny =16 nm, Sger = 495 m?g) [D1] oraz MCF-6,4 (Vi = 1,15 cm®(g, Dn = 6,4 nm,
Sger = 716 m?/g); MCF-7,4 (Vi = 1,26 cm®/g, Dny = 7,4 nm, Sger = 685 m?/g); MCF-8,7
(Vi=1,14 cm®g, Dny = 8,7 nm, Sger = 522 m?/g); MCF-10,1(V: = 1,32 cm®/g, Dyy = 10,1 nm,
Sger = 533 m?/g); MCF-12,4 (Vi = 1,76 cm®g, Dny = 12,4 nm, Sger = 569 m?/g); MCF-14,5
(V:=1,98 cm®/g, Dny = 14,5 nm, Sger = 547 m?/g); MCF-15,5 (V: = 1,91 cm®/g, Dry = 15,5 nm,
Sget = 494 m?/g); MCF-20,3 (Vi = 2,21 cm®/g, Dny = 20,3 nm, Sger = 435 m?/g); MCF-25,8
(Vi=1,94 cm®/g, Dny = 25,8 nm, Sger = 301 m?/g); MCF-27,7 (V: = 1,85 cm®/g, Dny = 27,7 nm,
Sger = 267 m?/g); MCF-30,1 (Vi = 1,88 cm®/g, Dny = 30,1 nm, Sger = 275 m?g) [D3].

Badania metoda XRD przeprowadzone dla dwoch reprezentatywnych materiatow
MCF-d16 [D2] i MCF-14,5 [D4] wykazaty obecno$¢ trzech charakterystycznych refleksow
Bragg’a na dyfraktogramie XRD w zakresie niskich warto$ci kata dyfrakcji 26 (jeden intensywny
refleks przy 26 = 0,5° oraz dwa szerokie refleksy o zmniejszonej intensywno$ci 26 = 0,86°1 1,22°
oraz 0,93° i 1,36° odpowiednio dla materiatu MCF-d16 i MCF-14,5) potwierdzajac
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uporzadkowany charakter struktury porow analizowanych no$nikoéw krzemionkowych MCF
[D2,D4].

Charakterystyke nanostrukturalng i topograficzng uksztattowania powierzchni wybranych
materiatdéw MCF: MCF-d16 [D1,D2] i MCF-6,4; MCF-14,5; MCF-30,1 wzbogacono o pomiary
metoda wysokorozdzielczej transmisyjnej mikroskopii elektronowej (HRTEM) oraz skaningowej
mikroskopii elektronowej (SEM) [D3,D4].

(A) EE=TH  (Gauiaiy (B) S Lv5/MCF14,5

Rysunek 1. Mikrografie HRTEM obrazujace strukture powierzchni mezostrukturalnej pianki krzemionkowej
MCF-d16 (A) oraz biokompozytow (B) BSA/IMCF-d16, (C) OVA/MCF-d16 i (D) LYS-MCF-14,5 [D1, D4].

Otrzymane wysokorozdzielcze mikrografie TEM ujawnity porowatg struktur¢ nosnikow
z dobrze rozbudowang i uporzgdkowang nanostrukturg wewnetrzng porow o $rednicy ~13 nm dla
no$nika MCF-d16, ~7 nm (MCF-6,4), ~15 nm (MCF-14,5) i ~31 nm (MCF-30,1), co dobrze
koreluje z wynikami sorpcji azotu [D1,D3,D4]. Na uwage zashuguje fakt, ze pomiary HRTEM
doktadnie zobrazowaly topografi¢ i nanostrukture porowatego nosnika Krzemionkowego (na
mikrografii TEM widoczne duze kuliste komorkami potaczone regularnie utozonymi kanatami,
stanowigca ciggly trojwymiarowy (3D) periodycznie powtarzajacy sie¢ system poréw — ciemne
obszary reprezentuja $ciany, a biate rzeczywiste pory; rysunek 1A). W celach poréwnawczych
dla rozwazanych krzemionek przeprowadzono badania topografii powierzchni mikroskopia
SEM. Analiza SEM rowniez potwierdzita porowata strukture badanych adsorbentow (MCF-d16,
MCF- 6,4, MCF-14,5, MCF-30,1) oraz heterogeniczng topografi¢ podioza o0 charakterze
drobnoziarnistym [D2,D3,D4].

Aby okreslic wptyw porowatosci powierzchni i wielkosci poréw mezostrukturalnych
pianek krzemionkowych na wiasciwosci adsorpcyjne wzgledem BSA, OVA, LYS dla wszystkich
syntezowanych materiatow MCF przeprowadzono badania rownowagi adsorpcji biopolimerow
(pomiar izoterm adsorpcji z roztworéw wodnych biatek o stezeniu ¢, =1-5 mg/ml w PBS
opH=7,4) [D1,D3]. Badania kinetyki adsorpcji biatek (wyznaczenie profili kinetycznych:
c(t) — stezenie adsorbatu ~ czas; a(t) — adsorpcja ~ czas) wykonano dla pieciu reprezentatywnych
adsorbentow MCF o zroznicowanych cechach strukturalnych: MCF-d10, MCF-d16
[D1] oraz MCF-6,4, MCF-14,5 i MCF-30,1 [D3]. W pracy [D3] do optymalizacji
rownowagowych izoterm adsorpcji w uktadzie LY S/porowaty noénik zastosowano uogélnione
rownanie Langmuira (GL), Langmuira-Freundlicha (FL) i Langmuira (L), ktore najlepiej opisaty
proces adsorpcji matej czgsteczki lizozymu na adsorbentach krzemionkowych MCF-6,4,
MCF-14,5 i MCF-30,1 (wspotczynnik identerminacji R? w granicach od 0,997 do 0,985;
natomiast odchylenia standardowe SD (c/co) w zakresie od 0,004% do 0,008%). Otrzymane
zaleznosci kinetyczne (profile stgzeniowe — zmiany stezenia biatka w czasie) dla ukladow
BSA/MCF-d10, OVA/MCF-d10, BSA/MCF-d16, OVA/MCF-d16 [D1] oraz LYS/MCF-6,4,
LYS/MCF-14,5 i LYS/MCF-30,1 [D3] przeanalizowano za pomoca prostych rownan
kinetycznych (m-exp, FOE, SOE, MOE) i modeli dyfuzyjnych (IDM, PDM). Najlepsza jakos¢
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dopasowania dla badanych uktadoéw biatko/MCF otrzymano w przypadku réwnania multi-
eksponencjalnego (wspotczynnik indeterminacji 1-R?* w granicach od 9,4-10* do 2,31-107%
wzgledne odchylenie standardowe 0,259% — 0,723%). Oszacowano réwniez czasy potowkowe
ty2 (czas potrzebny do uzyskania zmiany st¢zenia biatka 0 50% w stosunku do jego stgzenia
poczatkowego) z rownania multi-eksponencjalnego (m-exp).

Analiza porownawcza adsorpcji BSA i OVA zawarta w pracy [D1] wykazata, ze adsorpcja
obu biatek (ilos¢ zaadsorbowana a.q = 0,214 g/g dla BSA i 0,205 g/g dla OVA) zachodzi
efektywniej na no$niku MCF-d16 o wigkszym rozmiarze poréw ($redni hydrauliczny rozmiar
poréw: Dny=16nm) niz w przypadku materialu o mniejszej $rednicy porow MCF-d10
(Dny =10 nm). Na podstawie analizy oszacowanych czasow polowkowych stwierdzono, ze
szybkos¢ adsorpcji BSA (tiz = 13149 min i 1201 min odpowiednio dla MCF-d10 i MCF-d16)
i OVA (tiz = 7827 min i 5979 min odpowiednio dla MCF-d10 i MCF-d16) na porowatej
krzemionce wzrasta wraz ze wzrostem S$rednicy poréw wedlug nastepujacego porzadku
adsorbentéw: MCF-d10 < MCF-d16. Warto w tym miejscu zaznaczy¢, ze w przypadku wigkszej
molekuty biatka BSA calkowita szybkos¢ adsorpcji na adsorbencie MCF-d16 z wigkszymi
porami jest wicksza niz dla adsorpcji mniejszej owoalbuminy. Odwrotny efekt zaobserwowano
w przypadku materiatu MCF-d10 z mniejszymi porami (pojemnos¢ i szybkos¢ adsorpcji BSA jest
mniejsza w poroéwnaniu do owoalbuminy). Uzyskany efekt mozna wytlumaczy¢ innym
mechanizmem immobilizacji biomolekut zachodzacym na nosniku porowatym zwigzanym
z r6zna budowa czasteczkowag protein (szybkos¢ dyfuzji bioczasteczek adsorbatu uwarunkowana
ich masg czgsteczkowa, wymiarem i ksztaltem geometrycznym molekuly) oraz zmiang
konformacji lub reorientacji albuminy surowiczej krwi wotowej na powierzchni krzemionki
(zmiana ksztattu z wydtuzonej elipsoidy o wymiarach 4 x4 x 14 nm® w pH = 7,4 na ksztalt serca
o wymiarach 8 x 8 x 3 nm® w roztworze o pH ~ 8).

Badania przedstawione w artykule [D1] byty inspiracja do dalszej pracy naukowo-
badawczej nad analizg adsorpcji matego, sztywnego biatka — lizozymu, nalezacego do
Ltwardych” protein, ktore wykazuje stabg tendencje do zmian konformacji na skutek
immobilizacji.** Opublikowane wyniki badan w pracy [D3], po$wigconej adsorpcji lizozymu
(masa czgsteczkowa: ~3-krotnie i ~5-krotnie mniejsza w stosunku do OVA i BSA; promien
hydrodynamiczny: ~1,5 i ~1,8 razy mniejszy wzgledem OVA i BSA) na mezokomorkowych
piankach krzemionkowych, rozszerzyty tematyke badawczg na duzg grupe materialow
porowatych MCF w szerokim zakresem zmiennosci srednicy poréw (6 nm— 30 nm) i powierzchni
wiasciwej (250 m?/g — 720 m?/g). W rozwazanej pracy [D3] przeanalizowano wplyw
zroznicowania wiasciwoséci  teksturalnych i strukturalnych — wszystkich — otrzymanych
mezokomorkowych pianek krzemionkowych MCF na wielkos¢ adsorpcji lizozymu.
Przeprowadzono réwniez analiz¢ kinetyki adsorpcji LYS dla trzech reprezentatywnych
materiatbow MCF (MCF-6,4, MCF-14,5 i MCF-30,1). Najwigksza adsorpcje lizozymu
(2eq = 0,55 g/g) odnotowano na materiale MCF-14,5 o $rednim wymiarze porow (Dny = 14,5 nm).
Zachowanie takie moze wskazywaé na istnienie optymalnej zaleznosci pomiedzy rozmiarem
czasteczki lizozymu a $rednica porow nosnika, odpowiedzialnej w tym przypadku za wzrost sit
adsorpcji. Z kolei dla materiatow MCF odznaczajacych si¢ najmniejsza i najwigksza $rednica
poréw (MCF-6.4 — rozmiar porow 6,4 nm i MCF-30,1 — wymiar poréw 30,1 nm), ilos¢
zaadsorbowanego biatka uleglta zmniejszeniu w przyblizeniu proporcjonalnie do stosunku
pomiedzy srednicg porow i Srednicg biatka (ilo$¢ zaadsorbowana przez LYS: aeq = 0,29 g/g dla
MCF-6,4 iaeq=0,27 g/g dla MCF-30,1). W przypadku innych materialéw krzemionkowych
0 porownywalnych powierzchniach wilasciwych, jednakze z r6znymi rozmiarami poréw (pory
mniejsze i wigksze niz 14,5 nm) zaobserwowano stabszg zdolnos¢ adsorpcji enzymu co moze by¢
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skorelowane z wartosciag powierzchni wlasciwej i wymiarem poréw badanych adsorbentow.
Przeprowadzone pomiary kinetyki adsorpcji dla uktadu lizozym/MCF wykazaty zroznicowany
przebieg procesu adsorpcji na badanych adsorbentach. Biorgc pod uwage przebieg profili
stezeniowych i adsorpcyjnych dla uktadow LYS/MCF stwierdzono, ze najszybciej lizozym
adsorbuje si¢ w poczatkowym etapie trwania procesu adsorpcji (tatwiejszy dostep do
niezapelnionych poréw adsorbentu). Analizujagc poldwkowe czasy adsorpcji zauwazono, ze
proces formowania warstwy lizozymu przebiegat najszybciej na adsorbencie MCF-30,1
z najwicksza $rednicag porow (ti. = 0,5 min), co utatwiato dyfuzje i adsorpcje biatka w porach.
Zdecydowanie najwolniejszy przebieg adsorpcji odnotowano dla materialtu MCF-6,4
0 najmniejszej $rednicy poréw (tyz = 358 min) z powodu spowolnionej i utrudnionej dyfuzji
czasteczek lizozymu w mezoporach krzemionki. W przypadku materialu MCF-14,5
(tu2 = 1,7 min) proces adsorpcji lizozymu przebiegat stosunkowo wolniej w poréwnaniu
z adsorbentem MCF-30,1, jednakze rozmiar poréw tego materialu znaczaco nie ograniczat
dyfuzji biomolekut do wewnetrznej przestrzeni struktury porowatej nosnika.

Aby zweryfikowa¢ zmiany charakteru struktury porowatej nosnika zachodzace w wyniku
adsorpcji BSA, OVA, LYS w pracach [D1,D3] dokonano analizy powierzchni wlasciwej
i parametrow teksturalnych badanych biokompozytow BSA/MCF-d16 i OVA/MCF-d16 [D1]
oraz LYS/MCF-6,4, LYS/MCF-14,5, LYS/MCF-30,1 [D3,SD3] opierajac si¢ na
zarejestrowanych izotermach sorpcji azotu w temperaturze ciektego azotu — 77 K. Badania
sorpcyjne azotu [D1] dowiodty, ze adsorpcja surowiczej albuminy wotowej oraz owoalbuminy
na powierzchni materialu MCF-d16 powoduje znaczne obnizZenie warto$ci parametrow
geometrycznych powierzchni w stosunku do materiatu wyjsciowego (redukcja Sget | Vi, Vinez
odpowiednio 0 ~30% i ~53% w przypadku kompozytu OVA/MCF-d16 oraz ~40% i ~60% dla
BSA/MCF-d16). Krzywe rozktadu wielko$ci poréw wzgledem ich $rednicy (PSD) obliczone
metoda BJH dowiodly zmniejszenia s$rednicy poréw po adsorpcji obu biatek (rozktady
przesuniete w kierunku nizszych wartosci Srednicy porow). De facto, BSA o wigkszej masie
czasteczkowej (66,4 kDa) zmienia porowato$¢ powierzchni materiatu MCF-d16 w wigkszym
stopniu niz albumina jaja kurzego o mniejszej masie czasteczkowej (45 kDa). Zjawisko to
zwigzane jest z silniejsza adsorpcja czasteczek BSA z roztworu buforowego PBS o pH = 7,4
wynikajace ze zmiany konformacyjnej lub reorientacji czasteczek biatek na powierzchni no$nika
(ekspozycja roznych czesci molekut 0 odmiennych wiasnosciach hydrofobowych/hydrofilowych,
polarnych/niepolarnych,  natadowanych/elektrycznie  obojetnych)*  oraz  silniejszym
oddziatywaniem biatko-cialo stale. Z kolei w pracy [D3] dotyczacej analizy adsorpcyjnej
i fizykochemicznej badanego uktadu lizozym/porowata krzemionka réwniez wykazano znacza
redukcje wartosci parametrow strukturalnych (Sger, Vi, Vmez, Dny) adekwatnie do iloSci
zaadsorbowanego biatka na nosniku MCF. Najwigkszy spadek powierzchni wlasciwej Sger
(~93%) i catkowitej objetosci porow Vi (~94%) w stosunku do materiatu MCF bez osadzonej
warstwy biatka odnotowano dla biouktadu LYS/MCF-14,5 potwierdzajac najwigksza adsorpcje
enzymu. Dla kompozytow LYS/MCF-6,4 i LYS/MCF-30,1 warto$¢ Sger i Vi zmniejszyly sig¢
odpowiednio 0 ~52% i 57% dla MCF-6,4 i ~54% i 73% dla LYS/MCF-30.1. Ponadto, funkcje
rozktadu poréw PSD wykazaly zmniejszenie poréow po adsorpcji lizozymu we wszystkich
badanych biokompozytach lizozym/porowaty no$nik (rozktady przesunigte w kierunku nizszych
wartosci Srednicy poréw) oraz wykazaty silny spadek wysokosci piku w porownaniu z materiatem
bez warstwy biatkowej (~96% dla MCF-14,5, ~26% dla MCF-6,4, ~61% dla MCF-30,1).

Podsumowujgc te czeS¢ pracy Stwierdzono, ze czgsteczki albumin mogg by¢
unieruchomione wewnatrz mezoporéw materiatu, jak rowniez zaadsorbowane na powierzchniach
zewnetrznych no$nika, co znajduje swoje odzwierciedlenie w zredukowanych wielkosciach
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parametrow struktury geometrycznej powierzchni (powierzchni wiasciwej, objetosci i wielkosci
porow) materiatu MCF po immobilizacji filmu biatkowego.

Zarejestrowane dyfraktogramy XRD w zakresie niskich katow dyfrakcji 260 dla materiatow
ze zwigzang faza biatek zamieszczone w pracach [D2] i [D4] rowniez potwierdzaja obecno$é
czasteczek protein wewnatrz struktury porowatej adsorbentu MCF. W przypadku badanych
biokompozytow (BSA/MCF-d16, OVA/MCF-d16 [D2] i LYS/MCF-145 [D4]) na
dyfraktogramie XRD odnotowano znaczny spadek intensywnosci zarejestrowanych trzech
reflekséw Bragg’a (redukcja wysoko$ci pierwszego, dobrze wyksztalconego refleksu Bragg’a
odpowiednio 0 ~39%, ~37% i ~33% wzgledem kompozytu BSA/MCF-d16, OVA/MCF-d16
i LYS/MCF-14,5), catkowitej zintegrowanej powierzchni refleksu XRD (Apeak) oraz odleglosci
mi¢dzyptaszczyznowej (d) w stosunku do materiatu niemodyfikowanego warstwa enzymu,
sugerujac lokowanie si¢ biomolekut wewnatrz porow nosnika. Ponadto, zaobserwowany spadek
intensywnosci refleksow dyfrakcyjnych z jednoczesnym ich przesunigciem w kierunku wyzszych
wartos$ci katow dyfrakeji 26, wskazuje na zmniejszenie rozmiaréw komorki (wielko$ci porow)
w strukturze wewngtrznej kompozytu biatko/MCF w porownaniu do no$nika bez warstwy
adsorpcyjnej biatka. Zjawisko to nie jest interpretowane jako zaburzenie uporzagdkowanej
struktury porowatej adsorbentu, ale najprawdopodobniej wynika ze zmniejszenia roznicy gestosci
elektronowej miedzy mezoporami wypelnionymi biomolekutami a $ciankami poréw. Otrzymane
wyniki, stanowig podstawe do dalszych rozwazan dotyczacych wplywu uksztattowania
mikro- nanostruktury i morfologii powierzchni nosnika na proces osadzania czasteczek adsorbatu
na powierzchni ziarna jak i w porach materialu zmierzajace w kierunku zrozumienia mechanizmu
interakcji biatko/no$nik (trwato$¢ wigzania molekuty z powierzchnia).

Oceny morfologii i chropowatosci powierzchni w mikro i nanoskali z jednoczesnym
odwzorowaniem struktur powierzchniowych w uktadzie dwu- (2D) i trojwymiarowym (3D)
badanych materiatow krzemionkowych (MCF-d16 [D1] i MCF-14,5 [D4]) oraz kompozytow
biatko/porowaty adsorbent (BSA/MCF-d16, OVA/MCF-d16 [D1] i LYS/MCF-14,5 [DA4])
dokonano w oparciu o mikroskopi¢ sit atomowych i profilometri¢ optyczng (rysunek 2).
Przeprowadzone badania morfologiczne na poziomie nano- mikroskopowym opisane w pracach
[D1] i [D4] dostarczyly informacji na temat stanu fizycznego powierzchni rozwazanych
mezoporowatych struktur i biouktadéw opierajac si¢ na analizie podstawowych parametrow
mikro- nanochropowatosci i falisto$ci powierzchni: chropowato$é¢ (Sq), falistos¢ — nachylenie
powierzchni (Sqq), asymetria — skosnos¢ powierzchni (Ss), Kurtoza — sptaszezenie powierzchni
(Sku)-

Dowiedziono, ze no$niki MCF-d16 i MCF-14,5 wykazuja zréznicowang morfologi¢
i chropowato$¢ powierzchni ziaren adsorbentu (parametr chropowatosci powierzchni w nano-
i mikroskali wynosit odpowiednio: Sq = 42,7 nm i 5,44 pum dla MCF-d16 oraz Sq = 29,3 nm
16,59 um dla MCF-14,5) oraz heterogeniczne, nieregularne uksztattowanie podloza (mata
czestotliwo$¢ 1 wysoka maksymalna amplituda odchylen profilu nanochropowato$ci powierzchni
Sq0d zerowej linii bazowej w zakresie od -60 nm do 70 nm dla materiatu MCF-14,5 i od -60 nm
do 40 nm dla MCF-d16; rysunek 3A-C).
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Rysunek 2. Wizualizacja i odwzorowanie struktur powierzchniowych i morfologii powierzchni w uktadzie 2D i 3D materiatu
MCEF przed i po adsorpcji aloumin. Mikrografie AFM 2D powierzchni materiatéw MCF i biokompozytéw: (A) MCF-d16;
(B) MCF-14,5; (C) BSA/MCF-d16; (D) OVA/MCF-d16; (E) LYS/MCF-14,5. Obrazy izometryczne 3D uzyskane za pomocg
profilometru optycznego dla powierzchni no$nikow MCF i kompozytéw protein/MCF: (A”) MCF-d16; (B’) MCF-14,5;
(C’) BSA/MCF-d16; (D’) OVA/MCF-d16; (E’) LYS/MCF-14,5 [D1,D4].
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Rysunek 3. Rozktad profilu chropowato$ci powierzchni Sq materiatu (A,B) MCF-d16 i (C) MCF-14,5 (linia czarna —
kropkowana) i biokompozytow (A) BSA/MCF-d16 (linia czerwona — ciagta), (B) OVA/MCF-d16 (linia niebieska —
ciagta) i (C) LYS-MCF-14,5 (linia zielona — ciagta) w zakresie od 0 nm do 1000 nm [D1,D4].

W wyniku adsorpcji biatka na powierzchni materiatu MCF odnotowano istotne zmiany we
wiasciwosciach fizycznych powierzchni w skali nano i mikro (morfologia, topografia, tekstura)
w stosunku do powierzchni czystej krzemionki. Analiza AFM wykazata spadek chropowatosci
powierzchni w skali nanometrycznej o 45% po adsorpcji BSA i 22% po adsorpcji OVA
w stosunku do materiatu MCF-d16 oraz 73% po immobilizacji LYS na nosniku MCF-14,5. Ten
sam efekt zaobserwowano opierajac si¢ na analizie chropowatosci powierzchni w skali
mikrometrycznej za pomoca profilometru optycznego (redukcja Sq 0 29,4% po immobilizacji
BSA i 28% po immobilizacji OVA na materiale MCF-d16 oraz 73% po adsorpcji LYS na
MCF-14,5). Poréwnujac czestotliwos¢ i oscylacje amplitudy profilu nanochropowato$ci
powierzchni dla uktadow z warstwg adsorpcyjng protein W przedziale od 0 nm do 1000 nm
(rysunek 3A-C) odnotowano nastgpujace zroznicowania: (i) Suma wartosci dodatniej
i bezwzglednej wartosci ujemnej maksymalnej amplitudy odchylen profilu chropowatosci
powierzchni (Ah) w nanoskali jest ~2,5- i ~1,4-krotnie mniejsza w wyniku adsorpcji BSA i OVA
na nosniku MCF-d16 oraz ~10-krotnie dla kompozytu lizozym/MCF-14,5 (w mikroskali — Ah
zmniejsza si¢ ~2,4- i ~2-krotnie po adsorpcji BSA i OVA na no$niku MCF-d16 oraz ~7-krotnie
dla kompozytu lizozym/MCF-14,5); (ii) profil chropowatosci powierzchni dla biokompozytow
charakteryzuje sie¢ regularnym przebiegiem w stosunku o do materiatu referencyjnego MCF;
(iii) rozktad czgstotliwosci oscylacji na powierzchni krzemionki w wyniku osadzenia czasteczek
protein jest znacznie wickszy (mniejsze odstgpy) w poréwnaniu z materiatem MCEF.
Zaobserwowano rowniez, ze histogram funkcji rozktadu wysokosci chropowatosci powierzchni
dla kompozytow biatko/krzemionka ulega zawezeniu wzgledem materiatu MCF nie pokrytego
warstwg biatka co wskazuje na leptokurtyczny charakter powierzchni o mniejszej izotropowosci
(Sku> 3 1 Ssk> 0) po immobilizacji enzymu [D1,D4]. Efekt ten wzrasta wedlug nastgpujacego
porzadku biokompozytéw: OVA/MCF-d16 < BSA/MCF-d16 < LYS/MCF-14,5 co jest zgodne
zilo$cia zaadsorbowang enzymoéw bialkowych okreSlong z
adsorpcyjnych.

rownowagowych danych

Podsumowujac t¢ cze¢sé pracy, analiza wptywu morfologii i uksztalttowania powierzchni
geometrycznej struktury porowatej i nano- mikrochropowatosci powierzchni badanego materiatu
MCEF na stopien pokrycia powierzchni biatkiem potwierdzita nie tylko adsorpcje bioadsorbatu na
powierzchni nosnika i w porach adsorbentu, ale réwniez ujawnita nastepujace zaleznosci:
(i) immobilizacja protein na porowatym no$niku krzemionkowym tworzy inng strukturg
morfologiczng powierzchni materiatu (bioczasteczki enzymu W wyniku adsorpcji fizycznej
tworza cigglg i upakowang warstwe filmu biatkowego na powierzchni no$nika — leptokurtyczny
charakter powierzchni); (ii) biokompozyty charakteryzuja si¢ gtadsza i mniej falistg struktura
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powierzchni (redukcja parametrow Sq i1 S¢q — adsorpcja adsorbatu na powierzchni);
(iii) powierzchnia z warstwa biatka jest bardziej homogeniczna a struktura powierzchni ze
wzgledu na uksztaltowanie staje si¢ bardziej regularna (obnizona amplituda i zwickszona
czestotliwo$¢ profili chropowato$ci powierzchni — adsorpcja biatka w strukturze mezoporow i na
powierzchni nosnika MCF). Generalnie najwicksze zmiany w morfologii i mikro-
nanochropowatosci powierzchni zaobserwowano w przypadku materiatu MCF z porami 14,5 nm
(MCF-14,5) w wyniku adsorpcji lizozymu — matego i modelowego sztywnego biatka (ang. hard
model protein), ktore wykazuje stabg tendencje do zmian konformacyjnych na skutek adsorpcji
[D4]. W przypadku materiatu krzemionkowego z wigkszymi porami 16 nm (MCF-d16) [D1]
zmiana parametrow morfologii powierzchni w wyniku adsorpcji wigkszej makromolekuty biatka
(BSA, najwicksze powinowactwo do zmian konformacyjnych w wyniku immobilizacji) byta
wigksza W poréwnaniu do zmian wywotanych immobilizacjg mniejszej owoalbuminy. W oparciu
0 wyniki badan zaprezentowane w pracach [D1-D4] stwierdzono, ze mechanizm interakcji
biatko/porowaty nosnik w procesie adsorpcji bioadsorbatu (ré6znorodna budowa, rozmiar
i stabilno$¢ struktury protein) zarowno na powierzchni materiatu (zréznicowana morfologia
i geometria struktury powiedzeni no$nika MCF) jak i w uporzadkowanej architekturze sieci
mezoporow (rézny wymiar i objetos¢ porow adsorbentu) zalezy od wiasciwosci powierzchni
podtoza materiatu oraz od charakteru fizykochemicznego czasteczek biatek. Te wzajemne relacje
majg bardzo duze znaczenie w odniesieniu do adsorpcji bioczasteczek (gestos¢ filmu biatkowego)
na powierzchni ciata stalego, poniewaz pozwalaja na dostosowanie i kontrolg struktury
powierzchni materiatu oraz parametrow morfologii i chropowatosci podtoza nanoporowatych
struktur krzemionkowych na poziomie mikro- nanometrycznym pod katem projektowania
i wytwarzania nowych, funkcjonalnych no$nikow biomedycznych/biofizycznych dedykowanych
do okreslonych zastosowan w analityce medycznej, farmakologii i inzynierii nowoczesnych
materiatow.

Na tym etapie rozwazan, warto zaznaczy¢, ze szczegdtowa charakterystyka budowy
powierzchni oraz komplementarna analiza jako$ci powierzchni (powierzchniowa i objeto$ciowa)
badanych krzemionkowych pianek mezokomoérkowych z/bez warstwy adsorpcyjnej protein maja
decydujace znaczenie w procesie immobilizacji i interakcji biomolekut aktywnych biologicznie
na powierzchni ciata statego. W zwiazku z powyzszym w pracach [D1,D2,D4] poza analizga
topografii i struktury powierzchni na poziomie atomowym badanych no$nikow (MCF-d16
i MCF-14,5) i biouktadow (BSA/MCF-d16, OVA/MCF-d16 i LYS/MCF-4,5) dokonano rowniez
analizy chemicznej powierzchni stosujgc mikroskopi¢ elektronowg TEM i SEM z mikroanaliza
rentgenowska EDX [D1,D2,D4,SD4], spektroskopie fotoelektronow (XPS) [D2,D4] oraz analize
elementarnag CHN [D4,SD4]. Badania mikroskopowe jednoznacznie potwierdzity i zobrazowaty
obecnos¢ fragmentu materiatu biatkowego na powierzchni krzemionki (widoczne spiralne formy
biopolimeru na mikrografii HRTEM; rysunek 1B-D). Ponadto, spektroskopia EDX i XPS, a takze
analiza elementarna dowiodta, ze immobilizacja albumin na powierzchni MCF znaczaco zmienia
jakosciowy i ilosciowy sklad chemiczny pierwiastkow pochodzacych z aminokwaséw
budujacych biato (C — wegiel; N — azot; O —tlen; S — siarka; H — wodér) w badanym uktadzie.
W dodatku, stosunek atomowy i masowy procentowej zawartosci atomow azotu do wegla N/C
(tzw. marker wykrywania bialek)* oszacowany na podstawie analizy jako$ciowe;j i iloSciowej
TEM/EDX, SEM/EDS i XPS [D1,D2,D4,SD4] dla uktadéw BSA/MCF-d16, OVA/MCF-d16
i LYS/MCF-14,5 potwierdzit obecnos$¢ biatka na powierzchni ciata statego (analiza SEM/EDS
i XPS wykazata odpowiednio at.% N/C: OVA/MCF-d16 = 0,08 i 0,21; BSA/MCF-d16 = 0,088
10,26 [D2] oraz LYS/MCF-14,5 = 0,24 i 0,24 [D4]. Jednoczesnie, mikroanaliza EDX sprzg¢zona
z obrazem mikroskopowym TEM umozliwita wygenerowane map rozkladu stezenia
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poszczegolnych  sktadowych  pierwiastkow w  badanym obszarze  biokompozytu
(protein/MCF-16, i protein/MCF-14,5) [D1,D4] potwierdzajac homogeniczne pokrycie
powierzchni biatkiem (rownomierny rozktad pierwiastkow C, O, N, S wchodzacych w sktad
badanego biouktadu w analizowanym obszarze).

Przedmiotem czgsci prac badawczych zaprezentowanych w artykutach [D1-D4] byla takze
ocena charakteru wzajemnych odzialywan pomigdzy adsorbentem a substancja adsorbowang. Na
tym etapic badan wazne bylo uwzgl¢dnienie i doktadne poznanie kwasowo-zasadowego
charakteru powierzchni niemodyfikowanej krzemionki MCF oraz modyfikowanej warstwa
adsorpcyjna polimerow biatkowych, opierajac si¢ na pomiarach miareczkowania
potencjometrycznego. Z drugiej strony, istotna byla rowniez wnikliwa i kompleksowa
charakterystyka spektroskopowa (UV-Vis DRS, ATR FT-IR, XPS), ktora pozwolita okresli¢
wilasciwosci chemiczne powierzchni (identyfikacja wigzan chemicznych i grup funkcyjnych)
rozwazanych uktadéw biatko/mezoporowaty no$nik.

W zwigzku z powyzszym, w celu okreslenia roznic we wlasciwosciach powierzchniowych
badanych mezostrukturalnych pianek krzemionkowych po adsorpcji enzyméw biatkowych,
w pracach [D1,D3,SD3], przeanalizowano ich wiasciwosci kwasowo-zasadowe oraz wyznaczono
gesto§¢ ladunku powierzchniowego za pomoca miareczkowania potencjometrycznego.
Generalnie zaobserwowano odmienny charakter kwasowo-zasadowy powierzchni czystej
krzemionki w poréwnaniu do powierzchni pokrytej warstwa adsorpcyjng biatek. Wartos¢ punktu
zerowego tadunku elektrycznego pHp.c dla reprezentatywnych krzemionek (MCF-d16; MCF-6,4;
MCF-14,5; MCF-30,1) odnotowano w zakresie od 4,02 do 5,62 co oznacza, ze w warunkach
pomiarowych (pH = 7,4) adsorbenty posiadaty staby tadunek ujemny. Natomiast, po adsorpcji
czasteczek protein badane materiaty krzemionkowe ujawnity amfifilowy charakter powierzchni
z jednoczesnym przesunieciem pHp,c W strone wyzszych wartosci pH (pHpzc~6,5 po adsorpcji
BSA i OVA na no$niku MCF ze $rednicg porow 16 nm oraz pHp.~4,88, ~4,64 i ~4,70 po
adsorpcji LYS odpowiednio na materiatach krzemionkowych z porami o rozmiarze 6,4 nm,
14,5 nm i 30,1 nm). Nalezy zaznaczy¢, ze w procesie immobilizacji lizozymu przy pH = 7,4
istotng role odgrywaly oddziatywania elektrostatyczne (przyciagajace) pomiedzy dodatnio
natadowanym lizozymem a Ujemnie natadowang krzemionka.

W kolejnych badaniach [D1,SD1] i [D4,SD4] poswieconych tym razem charakterystyce
fizykochemicznej powierzchni porowatego materiatu MCF pokrytego warstwa adsorpcyjng
enzymow biatkowych za pomoca UV-Vis DRS, wykazaly inng strukture chemiczng powierzchni
materialu oraz ujawnily nowe typy wigzan pomigdzy bioczasteczka biatka a powierzchnia
krzemionki. W przypadku powierzchni MCF nie pokrytych warstwa biatlek (MCF-d16
i MCF-14,5) na widmie UV-Vis DRS nie odnotowano zadnych dominujacych pasm
absorpcyjnych. W wyniku immobilizacji enzymoéw biatkowych (BSA, OVA, LYS) na
powierzchni adsorbentu (MCF-d16 i MCF-14,5) zarejestrowano dwa charakterystyczne pasma
absorpcyjne na widmie UV-Vis DRS: (i) waskie pasmo o maksymalnej absorbancji przy dlugosci
fali okoto ~229 nm i~240 nm — odpowiadajgce przejSciom elektronowym typu m — =n*
pochodzace od aromatycznych aminokwasow: tryptofanu, tyrozyny i cysteiny; (ii) szerokie
pasmo przy ~ 279 nm i ~ 282 nm — zwigzane z przejsciom typu n — ©* grupy karboksylowej
W wigzaniu peptydowym odpowiednio dla kompozytu biatko/MCF-d16 oraz biatko/MCF-14,5.46

Roéznice we  wlasciwosciach  powierzchniowych  wynikajace z  oddziatywan
enzym/porowaty nosnik okre§lono za pomocg spektroskopii ostabionego catkowitego
wewnetrznego odbicia w podczerwieni z transformatg Fouriera ATR FT-IR oraz rentgenowskiej
spektroskopii fotoelektronow XPS [D2,D4]. Zarejestrowane widma ATR-FTIR przed i po
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adsorpcji biomolekul na powierzchni materialu krzemionkowego jednoznacznie wykazaty
zmiang¢ budowy chemicznej no$nika, a takze potwierdzily obecno$¢ biatka oraz transformacje
jego struktury na powierzchni porowatego ciata statego. W przypadku zarejestrowanych widm
ATR FT-IR dla wyjsciowego materiatu MCF-d16 i MCF-14,5 (rysunek 4A,B) odnotowano
typowe pasma ugrupowan Si-O-Si w strukturze MCF: pasmo w zakresie od 1065 cm™ do
1067 cm™ — asymetryczne drgania rozciagajgce Si—-O-Si w sieci przestrzennej krzemianow
[SiO4]*; pasmo przy 965 cm™ — 976 cm™ — drgania rozciggajace grup silanolowych potaczonych
wigzaniem wodorowym Si-OH; pasmo przy 808 cm™ — symetryczne drgania rozciggajace
Si—O-Si w tetraedrach [SiO4]*; pasmo przy 450 cm? — drgania zginajace ugrupowan Si—O-Si
(rysunek 4A,B).

W wyniku immobilizacji protein w widmie absorpcyjnym odnotowano charakterystyczne
pasma biatkowe (tzw. pasma amidowe) oraz nowe typy wiazan pomigdzy czasteczka enzymu
a powierzchnig krzemionki: (i) pasmo amidowe | — pochodzace od drgan rozciagajacych wigzania
C=0 szkieletu peptydowego w zakresie od 1600cm?® do 1700cm? (~1658cm? dla
BSA/MCF-d16, ~1657 cm™ dla OVA/MCF-d16, ~1653 cm™ dla LYS/MCF-14,5); (ii) pasmo
amidowe Il — odpowiadajace sprz¢zonym drganiom zginajacym wigzania N—H i rozciagajacym
wigzania C-N grup peptydowych w zakresie od 1500 cm™ do 1600 cm? (~1532 cm™ dla
BSA/MCF-d16, ~1532 cm™ dla OVA/MCF-d16 i ~1531 cm™ dla LYS/MCF-14,5); (iii) pasmo
amidowe A — pochodzace od drgan rozciagajacych grupy N-H zwigzanych wigzaniem
wodorowym przy 2800 — 3300cm? (~3291cm? dla BSA/MCF-d16, ~3297 cm? dla
OVA/MCF-d16 i ~3287 cm™ dla LYS/MCF-14,5). Warto w tym miejscu zaznaczy¢, ze po
unieruchomienu filmu biatkowego na powierzchni no$nika stalego analiza spektroskopowa
ATR FT-IR ujawnita inng struktur¢ chemiczng zaadsorbowanego biatka — przesuniecie pasm
amidowych | (~15cm?, ~25cm?, ~10 cm?), amidowych Il (~11cm?, ~5c¢m?, ~13 cm?)
i amidowych A (~11cm?, ~17cm?, ~8cm?) w widmie ATR FT-IR odpowiednio dla
kompozytow BSA/MCF-d16, OVA/MCF-d16 i LYS/MCF-14,5 w kierunku wyzszych warto$ci
liczb falowych w stosunku do pasm amidowych zarejestrowanych dla czystych form natywnych
biatek. Zjawisko to najpawdopodobniej moze by¢ konsekwencja interakcji miedzy bioczasteczka
albuminy a porowata powierzchnig krzemionki w wyniku ostabienia migdzyczasteczkowych
wigzan wodorowych C=0O:--‘H-N miedzy tancuchami biatka i/lub wewnatrzczasteczkowych
wigzan wodorowych tancucha tworzacego strukture drugorzedows biatka (a-helise).
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Rysunek 4. Widma ART FT-IR zarejestrowane dla albumin oraz materialu MCF przed i po adsorpcji czasteczek biatek
[D2,D4].

Chemiczng nature oddziatywan biatka z powierzchnig porowatego nosnika wzbogacono
0 pomiary spektroskopowe XPS, ktore umozliwity charakterystyke chemiczng poziomoéw
energetycznych elektronéw rdzenia atomowego danych pierwiastkow tworzgcych strukture
materiatu krzemionkowego (MCF-d16 i MCF-14,5) i bioadsorbatu (BSA, OVA i LYS)
unieruchomionego na jej powierzchni poprzez uzyskanie informacji z warstwy powierzchniowej
badanego uktadu. W celu potwierdzenia odziatywan adsorbat-adsorbent wykonano analize
chemiczng stanu atomoéw pierwiastkow i sktadu powierzchniowego badanego biomaterialu
definiujgc powstate wigzania chemiczne i grupy funkcyjne w badanym kompozycie. W wyniku
unieruchomienia biatka na powierzchni adsorbentu MCF dla badanych uktadow BSA/MCF-d16,
OVA/MCF-d16 [D2] i LYS/MCF-14,5 [D4] na widmach przegladowych XPS oprocz sygnatow
fotoemisyjnych typowych dla podtoza krzemionkowego MCF (tlen — O 1s zlokalizowany przy
energii wigzania ~532,5 eV; wegiel — C 1s przy ~284 eV i krzem — Si 2p przy ~103,5 eV) pojawity
sie charakterystyczne dla aminokwasdéw wystepujacych w biatku, linie spektralne fotoelektronow
zwigzane z pasmami przejs¢ atomow: N 1s (~ 400 eV); C 1s (~285 eV); O 1s (~532eV) i S 2p
(~164 eV). Roznice we wiasciwosciach chemicznych powierzchni w badanym kompozycie
(BSA/MCF-d16, OVA/MCF-d16 i LYS/MCF14,5) scharakteryzowano przy uzyciu procedury
dekonwolucji/rozplotu (dopasowanie linii do ksztaltu piku) widm szczegotowych
poszczegdlnych pierwiastkow zarejestrowanych z duzg rozdzielczo$cia. Po przeprowadzeniu
procedury dekonwolucji pikow na widmie XPS zaobserwowano nastepujace pasma przejsé
elektronowych: pasmo N 1s — wystepowanie azotu w dwoch stanach chemicznych przy energii
wigzania ~ 400 eV i ~402 eV odpowiadajace grupie aminowej C—-NH. i amidowej —C(=0)-NH,)
w czgsteczee biatka;*” pasmo O 1s — wykazuje dwa rodzaje potgczen tlenowych przy energii
~531 eV i ~533 eV pochodzace od grup O=C-O, O=C-N (tlen wchodzacy w sktad ugrupowania
peptydowego w biatku) i wigzania C-OH;*® pasmo C 1s — zdefiniowanie wegla w trzech stanach
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chemicznych przy energii wigzania ~285 eV, ~286 eV i 288 eV przypisane wigzaniom C—C/C—H,
NH-CHR-CO (atom wegla w szkielecie czgsci biatkowej w tancuchu polipeptydowym)
i C(—~O)-NH: (atom wegiel w wigzaniu peptydowym proteiny);® ¢ pasmo S 2p — podwojny dublet
S 2puzoraz S 2psiz przy energii wigzania ~ 164 eV i ~165 eV pochodzace od grup —SH i wigzan
dwusiarczkowych pomigdzy fancuchami bocznymi aminokwasu siarkowego — cysteiny).>

Interesujacych informacji odno$nie witasciwosci fizykochemicznych i termicznych
(stabilno$¢ materiatu, kinetyka rozktadu, interakcja biatko/porowaty nosnik, trwatlos¢ wigzania
molekuty z powierzchnia, sktad uwolnionych produktéw gazowych) badanych materiatow
(MCF-d16 i MCF-14,5) i biokompozytow (BSA/MCF-d16, OVA/MCF-d16 i LYS/MCF-14,5)
pod wpltywem zmian temperatury dostarczyta analiza termiczna TG/DSC wraz z analizg in Situ
gazowych produktow rozktadu emitowanych podczas dekompozycji termicznej badanego uktadu
(sprz¢zone analizy TG/FTIR i TG/MS) [D2,D3]. Jednoczesna analiza TG/DSC/FTIR/MS
ujawnila zupetnie inne wiasciwosci termiczne porowatego materiatu krzemionkowego po
adsorpcji biatek. Rozwazane biokompozyty BSA/MCF-d16 i OVA/MCF-d16 [D2] oraz
LYS/MCF-14,5 [D3] wykazywaty stabilno$¢ termiczng w zakresie temperatur od 30 °C do
165 °C, natomiast powyzej 165 °C rozktad termiczny zachodzit w dwoch gtéwnych etapach
w przedziale temperatur 165°C-420°C i 420°C-900°C. W przypadku badanych
biokompozytow niewielki ubytek masy (od 0,7% do 2%) zwigzany z usuwaniem fizycznie
zaadsorbowanej wody zarowno z powierzchni biatka jak i wody pochodzacej z kondensacji grup
silanolowych odnotowano w poczatkowym etapie termicznej degradacji (proces endotermiczny)
w zakresie od 30 °C do 165 °C (rysunek 5A,D,C,F). Desorpcj¢ czasteczek wody potwierdza
rowniez jednoczesna analiza FTIR 1 MS gazowych produktow rozktadu emitowanych w trakcie
analizy TG (obecno$¢ pasm adsorpcyjnych na widmach TG/FTIR przy ~3736 ¢cm™, ~3503 cm?,
~1760 cm? — odpowiadajgce drganiom rozciagajacym O-H w czasteczce wody; obecno$é
sygnatu na widmie MS przy m/z = 18 dla H,0) [D2,D3]. Wraz ze wzrostem temperatury na
krzywej TG i DTG (rysunek 5A,B,D,E) odnotowano drugi etap procesu dekompozycji badanych
biomaterialtow w przedziale temperaturowym 165 °C — 420 °C (wyrazne minimum piku na
krzywej DTG w zakresie temperatur 296 °C — 327 °C; ubytek masy w zakresie ~9% — ~17%)
odpowiadajacy termicznej degradacji enzymu — uUSUwanie stabo zwigzanej albuminy
z powierzchni materiatu MCF (sity van der Waalsa). Kolejny proces termiczny (egzotermiczny)
zaobserwowano w przedziale temperatur 420 °C —830 °C (minimum piku na krzywej DTG
w zakresie temperatur 450 °C — 520 °C; ubytek masy ~4% —~11%) zwigzany z kontynuacja
procesu degradacji pozostalosci enzymu biatkowego — usuwanie czasteczek biatek silnie
zwigzanych z powierzchnig materiatu krzemionkowego (oddziatywania elektrostatyczne).

Analiza gazowych produktow degradacji (identyfikacja jakosciowa 1 iloSciowa
biomolekul) badanych kompozytow BSA/MCF-d16, OVA/MCF-d16, LYS/MCF-14,5
sprzgzonymi technikami pomiarowymi TG/MS i TG/FTIR dostarczyla informacji na temat
mechanizmu rozktadu termicznego badanych biomateriatéw [D2,D3]. Gléwne produkty gazowe
uwalniane podczas dekompozycji termicznej badanych uktadow biatko/MCF-d16
i biatlko/MCF-14,5 charakterystyczne dla biopolimerdéw to: (i) CHs — drgania rozciagajace grup
C-H (pasmo absorpcyjne na widmie FTIR przy 2896 cm™— 2972 cm™; sygnal przy m/z = 15 na
widmie MS); (ii) NHs — symetryczne i asymetryczne drgania zginajace N—H (pasmo przy
965cm*—930 cm? i 1620 cm™ - 1626 cm; m/z = 17); (iii) CO, — asymetryczne drgania
rozciggajgce i symetryczne drgania zginajgce molekuty CO, (pasma przy 2310 cm™ — 2330 cm™?,
2350 cm ! - 2360 cm™ i 669 cm™; m/z = 44); (iv) HCN — drgania zginajace HCN (pasmo przy
714 cm; miz = 27); (v) NO i NO; — drgania rozciggajace wigzania N-O i drgania asymetryczne
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rozciagajace N=0 (pasmo przy 1909 cm™ i 1614 cm™; m/z =30 i 46 ); (vi) SO, — asymetryczne
drgania rozciggajace czasteczki SO, (pasmo przy 1370 cm; m/z = 27) [D2,D3].

Generalnie zaobserwowano, ze wzrost ilo$ci zaadsorbowanych bialek na powierzchni
materiatu MCF powoduje wigkszy ubytek masy probki podczas procesu ogrzewania badanych
biomaterialow, obserwowany na krzywych TG . W przypadku materiatu MCF-d16 (Srednica
porow odpowiednio ~2,1 i ~2,7 razy wieksza od $rednicy hydrodynamicznej BSA i OVA)
odnotowano wigksze zmiany stabilno$ci termicznej materiatu, jak réwniez silniejsze
oddziatywanie adsorbent/adsorbat po adsorpcji wickszej czasteczki BSA (minima pikéw na
krzywych DTG i DSC przesunigte w kierunku wyzszych temperatur; wyzsze warto$ci entalpii
rozktadu) w porownaniu do adsorpcji albuminy jaja kurzego o mniejszej masie czgsteczkowej
(rysunek 5B-F). Analiza termiczna potwierdzita rowniez wigksza ilo§¢ zaadsorbowanego biatka
BSA na powierzchni krzemionki MCF-d16 (6,17% wigkszy catkowity ubytek masy na krzywych
TG; wzrost intensywnosci pasm absorpcji na widmach TG/FTIR i pradu jonowego na widmach
TG/MS gazowych produktéw rozktadu termicznego BSA w pordéwnaniu do kompozytu
OVA/MCF-d16 [D2]. Na uwage zastuguje fakt, iz wicksze wartosci entalpii rozktadu
zaobserwowane dla kompozytu BSA/MCF-d16 (AH =-153,8 J/g) w poréwnaniu do uktadu
OVA/MCF-d16 (AH =-62,39 J/g) moga wskazywa¢ na Korzystniejsze oddziatywania
wewnatrzczasteczkowe w albuminie [D2]. Przy analizie materiatu krzemionkowego (MCF-14,5)
o $rednicy porow 3,6 razy wickszej od $rednicy hydrodynamicznej lizozymu, analiza
termoanalityczna wykazala, ze calkowity ubytek masy po adsorpcji LYS na powierzchni
hydrofilowego adsorbentu zwigkszy? si¢ odpowiednio o ~5,7% i ~9,4% w stosunku do materiatu
MCF-6,4 z najmniejszymi porami (2,5 razy wicksze pory od $rednicy czasteczki lizozymu)
i materiatu z najwiekszymi porami MCF-30,1 (7,5 razy wigksze pory od $rednicy biopolimeru)
[D3]. Roznice w stabilnosci termicznej zaadsorbowanych polimerow (BSA, OVA i LYS) na
mezostrukturalnych pianach krzemionkowych o zmiennych wlasciwosciach strukturalno-
powierzchniowych zwiagzane byly najprawdopodobniej z denaturacja cieplng protein, zmiang
konformacji w strukturze biatek oraz zré6znicowaniem natury oddziatywan biatko/krzemionka.

1
o) 05 f(C) Joc

— LYSMCF-145

9 ——— LYSMCF64

= 100 —.—. LYSMCF30.1 = 'g

e E 2

> 2 "

@ 90 ) E

@

£ 0 3

< o Lysmer145 | &

<. 80 -1.6 —— - LYSIMCF6.4 20 LYSMCF-145

g 20 w— = | YS/MCF-30.1 25 —— — LYSMCF6.4
— e« LYSMCF-30.1

70 : - : 24 e
30 230 430 630 830 30 230 430 630 830 3 230: 4301 e20: 80
Temperatura [-C] Temperatura [C] Temperatura [*C]
100 | 100

o\'? RO o S s e oy . S ,‘n—m

= 90 B oo [ PETRy A7 B

= E A "I.::'. / =

= X \ ’l =

@ g0 S ot v/ E

£ = v Q -

% 5 By B -

= 10 — QVA/MCF-d16 70 b ‘ J s w=  OQVAIMCF-d16

2 —— BSAMCF-d16 lf — — —  BSAMCF-d16 R LT

(D) = (E) H e Mot 1.6 1(F) —— BSAMCF-d16
60 x : 60 18 - - - -
30 230 430 630 830 30 230 430 630 830 30 230 430 630 830
Temperatura ['C] Temperatura ['C] Temperatura [C]

Rysunek 5. Znormalizowane krzywe TG (A,D), DTG (B,E) i DSC (C,F) zarejestrowane dla badanych materiatow
MCF-14,5 po adsorpcji lizozymu i MCF-d16 po adsorpcji surowiczej albuminy wotowej i owoalbuminy [D2,D3].
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Proces immobilizacji albumin na r6znych powierzchniach no$nikoéw statych jest procesem
wielofazowym, ktory zalezy nie tylko od wlasciwosci fizykochemicznych adsorbatu i warunkow
prowadzenia procesu adsorpcji, ale rowniez od wtasciwosci strukturalnych i powierzchniowych
adsorbentu. Kluczowym parametrem wptywajacym na adhezj¢ i stabilno$¢ warstwy adsorpcyjnej
biatka na powierzchni materiatu jest struktura, morfologia, porowato$¢ i chropowato$¢ podtoza
materiatu. Zatem, aby zwigkszy¢ selektywnos$¢ i efektywnos$¢ adsorpcji oraz powinowactwo
nos$nika do adsorbowanych bioczgsteczek istotna jest odpowiednia kontrola i modyfikacja
powierzchni materiatu na poziomie mikro- nanoskali.

Uporzadkowane mezoporowate materiaty krzemionkowe typu piany mezokomorkowe;j
MCF, ze wzgledu na swoje unikatowe wtasciwosci fizykochemiczne i strukturalne (regularna
i uporzagdkowana struktura wewnetrzna poréw o Scisle okreslonych rozmiarach, dobrze
rozwinigta powierzchnia wlasciwa, duza objetos¢ i Srednica porow, duza pojemno$¢ adsorpcyjna)
oraz latwo$¢ modyfikacji i funkcjonalizacji powierzchni na etapie syntezy, wydaja si¢ by¢
interesujgcymi materialami pod katem opracowania no$nikéw biomedycznych o zdefiniowanych
wiasciwosciach teksturalno-powierzchniowych na poziomie mikro- nanoskopowym.

Rozprawa doktorska zatytutowana ,,Adsorpcja bialek na powierzchni mezoporowatej
krzemionki: analiza fizykochemiczna, strukturalna i morfologiczna biokompozytu” obejmuje cykl
czterech spdjnie powigzanych tematycznie artykulow naukowych [D1-D4] poswieconych
interpretacji procesu immobilizacji enzyméw biatkowych: surowicza albumina wotowa,
owoalbumina i lizozym, na uporzadkowanych zr6znicowanych teksturalnie materiatach
krzemionkowych typu piany mezokomoérkowej MCF oraz charakterystyce strukturalno-
powierzchniowej biokompozytu biatko/porowaty nosnik.

Istotna czescig badan byta synteza mezokomorkowych pian MCF (projektowanie struktury
porowatej juz na etapie syntezy) o réoznych wilasciwosciach geometrycznych powierzchni oraz
ocena ich struktury porowatej (powierzchnia wtasciwa, objetos¢ poroéw, srednica poréw) na
podstawie niskotemperaturowej adsorpcji/desorpcji azotu, zmierzajaca do zaprojektowania
i wytworzenia modelowych powierzchni no$nikow porowatych, gdzie zjawisko adsorpcji
bioczasteczek wptywa na uzyteczno$¢ stosowanych urzadzen biomedycznych i biofizycznych.

Waznym aspektem przeprowadzonych badan byta rowniez ocena mechanizmu adsorpcji
biatka oraz okreslenie optymalnych warunkéw immobilizacji biopolimeru na powierzchni
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porowatej krzemionki. Celem wyboru optymalnego uktadu oraz okreslenia warunkoéw przebiegu
procesu adsorpcyjnego wyznaczono wielko§¢ adsorpcji biatek z réwnowagowych danych
doswiadczalnych, oraz przebadano kinetyke procesu ich adsorpc;ji.

Szczegdlng uwage w cyklu publikacji [D1-D4] poswigcono analizie mikro- nanostruktury
porowatej, morfologii, topografii powierzchni oraz ocenie chemicznego charakteru podtoza
biokompozytu bialko/porowaty adsorbent na poziomie molekularnym i atomowym, zmierzajac
do okreslenia mechanizmu i natury odziatywan oraz wzajemnych korelacji miedzy powierzchnia
adsorbentu krzemionki a substancjg adsorbowang. W tym celu otrzymane materialy MCF oraz
biokompozyty biatko/porowata krzemionka przebadano przy zastosowaniu réznych technik
pomiarowych: niskotemperaturowa adsorpcja azotu, spektrofotometria (UV-Vis DRS),
spektroskopia (XPS, ATR FT-IR), dyfrakcja promieni rentgenowskich (XRD), profilometria
optyczna (OP), mikroskopia sit atomowych (AFM), skaningowa i transmisyjna mikroskopia
elektronowa (SEM, TEM) z mikroanaliza rentgenowska z dyspersja energii (EDX),
miareczkowanie potencjometryczne, analiza elementarna (CHN), termograwimetria (TG, DTG,
DSC) sprzezona ze spektrometrig mas (QMS).

Opublikowane prace maja duze znaczenie poznawcze dla rozwoju fizykochemii uktadow
biatkowych ze wzgledu na brak w literaturze naukowo-specjalistycznej kompleksowych danych
doswiadczalnych i analizy dobrze zdefiniowanych uktadow biatko/porowaty adsorbent.
Uzyskane wyniki pozwalajg na pelng charakterystyke uktadu adsorpcyjnego (biatko/ciato state),
oraz analizg wplywu parametrow fizykochemicznych powierzchni (porowato$é, mikro-
nanostruktura, morfologia, topografia, sktad chemiczny, tadunek powierzchniowy, stabilnos¢
termiczna) porowatych ciat stalych na efektywnos$¢ i szybkos¢ procesu adsorpcji duzych
makroczasteczek.

Przedstawione w cyklu publikacji [D1-D4] badania obejmuja nastepujace osiagniecia
naukowe:

i. Otrzymanie serii mezoporowatych krzemionek typu MCF zr6znicowanych ze wzgledu
na érednice poréw, objetosci poréw i powierzchni¢ wlasciwg jako efektywnych
no$nikow dla wybranych biatek [D1,D3].

ii. Optymalizacja warunkow procesu adsorpcji polegajgca na doborze odpowiedniego
adsorbatu i adsorbentu, umozliwiajaca zaprojektowanie biokompozytu biatkowo-
krzemionkowego charakteryzujacego si¢ efektywnoscig dostosowang do konkretnych
zastosowan [D1,D3].

iii. Okreslenie wplywu struktury porowatej mezokomodrkowych pianek krzemionkowych
oraz wlasciwosci biatek na efektywno$¢ i szybkos¢ procesu immobilizacji
bioczasteczek (wyznaczono izotermy adsorpcji i profile kinetyczne). Dokonano analizy
wzajemnych relacji: wielko$¢ porow, wielkos¢ biatka — pojemnos$¢ adsorpcyjna,
szybko$¢ adsorpcji, gestos¢ filmu biatkowego [D1,D3].

iv. Charakterystyka wlasciwosci materiatu MCF oraz ukladu biatko/MCF za pomoca
roznorodnych metod badawczych zmierzajgca do: okreslenia ich parametrow
teksturalnych i geometrycznych (badania niskotemperaturowej adsorpcji/desorpcji
azotu); oceny ich parametrow strukturalnych (badania XRD, TEM, SEM); ustalenia
morfologii czgstek i oceny parametrow powierzchni (badania AFM, TEM, SEM, OP);
wizualizacji i odwzorowania struktur powierzchniowych w ukladzie 2D i 3D
(mikrografie, profilogramy, histogramy AFM i OP); analizy powierzchniowej

39|Strona



PODSUMOWANIE

i objetosciowej (miareczkowanie potencjometryczne, analiza elementarna, badania
XPS, TEM/EDX, SEM/EDS); potwierdzenia wigzan chemicznych i grup funkcyjnych
(badania XPS, UV-Vis DRS, ATR FT-IR); uzyskania informacji na temat jako$ciowego
rozktadu przestrzennego bioczasteczek w badanym biokompozycie (analiza TEM/EDX
— mapy rentgenowskie rozktadu stezenia pierwiastkow C, O, N, S); okreslenia
stabilno$ci termicznej badanych uktadow adsorpcyjnych (badania termoanalityczne
TG/DTG/DSC sprzezone z MS i FTIR) [D1-D4].

Takie interdyscyplinarne podejScie do badan i analizy uktadu biatko/porowaty nosnik
dostarczylo waznych informacji na temat fizykochemicznego charakteru powierzchni,
zobrazowato ich mikro/nanostrukture powierzchniowa w skali atomowej oraz pozwolito okresli¢
mechanizm interakcji biopolimeru z porowatym ciatem statym.

Analiza procesu adsorpcji BSA, OVA i LYS na no$niku MCF o zréznicowanej

strukturze:

Analiza wlasciwosci  adsorpcyjnych  (wyznaczenie maksymalnej adsorpcji
zrownowagowych danych doswiadczalnych) otrzymanych materialtow MCF
w stosunku do adsorbowanych czasteczek bialek wykazata, ze wielko$¢ adsorpcji
biomolekut zalezy od porowatosci materiatu MCF (wielko$ci porow krzemionki) oraz
wiasciwosci fizykochemicznych biatek [D1,D3].

Analiza kinetyki adsorpcji dla uktadow biatko/MCF z zastosowaniem réznorodnych
modeli i réwnan kinetycznych dowiodta zréznicowanego przebiegu procesu
immobilizacji biatek. Stwierdzono, ze proces unieruchomienia enzyméw na
powierzchni porowatego materialu jest stosunkowo powolny, limitowany dyfuzja
biomolekut do wewnetrznej struktury porowatej adsorbentu i wykazuje silny zwigzek
miedzy wielko$cig poro6w materiatu krzemionkowego a budowg czasteczkowsg protein
[D1,D3].

Kompleksowa analiza fizykochemiczno-strukturalna materialu MCF oraz

modelowego ukladu bialko/MCF:

Zsyntezowane materiaty MCF charakteryzuja si¢ duza powierzchniag wiasciwa
(250 m?/g — 720 m?/g), zro6znicowang $rednicg poréw (6 nm — 30 nm) i objetoscig pordw
(0,12 cm®/g — 1,98 cm®/g) z dobrze rozbudowang i uporzadkowang nanostrukturg porow
(badania sorpcji azotu, TEM, XRD) [D1,SD1,D3,SD3,D4].

Adsorpcja warstw biatkowych na adsorbencie MCF zmienia struktur¢ porowata
materiatu — warto$ci parametrow geometrycznych powierzchni Sger, Vi, Vimez, Dny dla
uktadu biatko/MCF malejg wraz ze stopniem pokrycia powierzchni biatkiem (badania
sorpcji azotu) [D1,SD1,D3,SD3].

Immobilizacja enzyméw na powierzchni MCF prowadzi do wyraznych zmian
chemicznego charakteru powierzchni oraz stabilnosci termicznej adsorbentu. W wyniku
immobilizacji protein na powierzchni materialtu  MCF  zaobserwowano:
charakterystyczne pasma biatkowe: Amidowe I, II i A; wigzania chemiczne i grupy
funkcyjnie: O=C-O, 0=C-N, HN-C(O)O/N-C=C, C-N, C-C, C-H, C=0,
NH-CHR-CO, C-NHy, —C(=0)-NH,; pierwiastki chemiczne w réznych stosunkach
masowych i atomowych: O, S, C, N, a takze zwigzki chemiczne powstate wyniku
degradacji termicznej biouktadu: CHs, NH3, CO,, CN, NO, NO;, SO; (badania: ATR
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FT-IR, XPS, UV-Vis DRS, SEM/EDS, HRTEM/EDX, CHN, TG/DTG/DSC sprzezona
z QMS i FTIR) [D1-D4].

e Osadzenie fazy bialkowej na materiale MCF zmienia jego wlasciwosci
kwasowo-zasadowe oraz tadunek powierzchniowy — powierzchnie krzemionkowe
Z warstwa bialek posiadaja charakter amfifilowy; pHpzc przesuwa si¢ w kierunku
wyzszych warto$ci pH; dominujaca role w procesie adsorpcji biopolimerow odgrywaja
oddziatywania elektrostatyczne (badania: miareczkowanie potencjometryczne)
[D1,D3].

Analiza morfologiczna i topograficzna powierzchni na poziomie mikro-
i nanoskopowym materialu krzemionkowego MCF oraz materialu ze zwiazang fazg bialek:

e Osadzenie bialek na porowatym no$niku krzemionkowym zmienia strukturg
morfologiczng powierzchni — czasteczki biatek w wyniku adsorpcji fizycznej tworza
ciggla i upakowang warstwe filmu biatkowego na powierzchni krzemionki (SEM, TEM,
AFM, OP) [D1-D4].

e Biokompozyty charakteryzujg si¢ gladsza i mniej falistg strukturg powierzchni —
adsorpcja adsorbatu na powierzchni no$nika MCF powoduje redukcje parametréw
falistosci i chropowato$ci powierzchni nosnika krzemionkowego (badania AFM
i profilometria optyczna) [D1,D4].

o Powierzchnia z warstwg biatka jest bardziej homogeniczna a struktura powierzchni ze
wzgledu na uksztaltowanie staje si¢ bardziej regularna — immobilizacja biatka na
powierzchni porowatej krzemionki MCF powoduje rownomierny rozktad przestrzenny
pierwiastkow C, O, N, S pochodzacych z aminokwasoéw budujacych biatka na
powierzchni probki (badania TEM, SEM, mapy EDX rozktadu stgzenia pierwiastkow)
[D1-D4].

e  (Czasteczki biatka adsorbuja si¢ zarowno na powierzchni ziarna jak i W uporzadkowane;j
strukturze mezoporéw materiatu MCF czego odzwierciedleniem jest obnizona
amplituda i zwickszona czestotliwo$¢ profili chropowatosci powierzchni na
profilogramie AFM i OP, a takze zawg¢zone funkcje rozktadu wysokosci chropowatosci
powierzchni na histogramie AFM i OP w wyniku unieruchomienia enzymu na materiale
krzemionkowym (badania AFM i profilometria optyczna) [D1,D4].

Przedstawiona w cyklu publikacji [D1-D4] analiza kompozytu biatkowo-
krzemionkowego, skupiajaca si¢ na interdyscyplinarnym podejsciu do badan procesu adsorpcji
réznych filméw proteinowych na zréznicowanych teksturalnie mezokomorkowych piankach
krzemionkowych dowiodta, ze mechanizm interakcji biatka z powierzchnia nosnika MCF w duzej
mierze zalezy od wlasciwosci powierzchniowych i1 morfologicznych podloza materiatu
(elektryczny tadunek powierzchniowy, chemizm powierzchni, porowatos¢, chropowatose,
tekstura, morfologia, topografia), jak rowniez od charakteru fizykochemicznego czasteczek
biatek (budowa i rozmiar molekuty, stabilno$¢ struktury enzymu — zmiany konformacyjne
i reorientacja czasteczki na powierzchni).
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The present work presents studies on the morphology and structure properties of the mesocellular silica foam
(MCF) with the adsorbed proteins, i.e. bovine serum albumin and ovalbumin. The equilibrium and kinetic
measurements of albumin sorption were carried out. Several techniques were applied for investigation of surface,
structural, morphological properties of the MCF material without and with the adsorbed protein (potentiometric
titration, UV-Vis diffuse reflectance spectroscopy, nitrogen adsorption/desorption, atomic force microscopy,
optical profilometer, transmission electron microscopy, and energy dispersive X-ray spectroscopy). Stronger and
quicker adsorption was observed for larger BSA molecules in the case of MCF support with larger pores, which
may be correlated with its conformational change or reorientation. The change of electrochemical properties into
amphiphilic was found after protein adsorption, pHpzc was moved towards higher pH values. The silica surface
after albumin adsorption became less porous and rough, smoother and more homogeneous in comparison to the
pure silica. TEM and UV-Vis DRS techniques confirmed the structure and presence of the adsorbed proteins on

MCF material.

1. Introduction

In the past few years an increased interest in the processes of bio-
molecules adsorption, such as proteins, drugs or enzymes from solu-
tions on solid surfaces is observed. The protein interaction with solid
surfaces is not only a fundamental phenomenon with implications for
nanotechnology, biomaterials, biomedicine, biochemical engineering or
environmental science but it is also a key to several important and novel
applications [1-5]. In the case of biomaterials, protein adsorption is the
first step in the integration of an implanted device or material with tissue
[6,7]. In turn, in nanotechnology, protein-surface interactions are
fundamental for the assembly of interfacial protein constructs, such as
sensors, activators and other functional components at the bio-
logical/electronic junction. For instance in biomedicine, it is important
to understand the adsorption of blood proteins to implants. Therefore, it
is essential to understand mechanisms of adsorption processes of the
compounds showing biological activity at different interface boundaries
[8-15].

Protein adsorption on the high ordered mesoporous silica materials
have great potential applications in many areas such as bioseperations,

* Corresponding author.
E-mail address: annad@hektor.umcs.lublin.pl (A. Deryto-Marczewska).
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biosensors, biocatalysis [16,17]. These materials are widely used for
immobilisation of enzymes and proteins due to their highly ordered
large pores of well defined dimensions, spacious pore volume, high
surface area and tunable surface properties [18-24]. Considering the
importance of mesopore size on protein adsorption/immobilisation,
silica adsorbents like the mesocellular silica foam (MCF) belong to the
most attractive group of materials which can be very useful in the
adsorption processes involving substances with large molecular sizes
including  proteins  [21,25-30]. These materials have a
three-dimensional pore structure of uniform large spherical pore cells
interconnected by narrow window pores (“inkbottled””) which are useful
in the adsorption processes of protein molecules [22,25,31-35]. Many
reports concerned the use of mesocellular silica foams as efficient sor-
bents for ovalbumin, bovine serum albumin, 1-tryptophan and lysozyme
[33,36-38]. For example, Russo et al. [39] studied the effect of surface
functionalization on the adsorption capacity of BSA and lysozyme on
MCF silica. Huang et al. found that adsorption onto modified Fe304-MCF
sorbent is relatively high for BSA in comparison to aspirin [40].
Regarding the applications of support/biomolecule composite materials
the studies of their structural and surface properties are of great

Received 1 May 2019; Received in revised form 23 September 2019; Accepted 26 September 2019

Available online 27 September 2019
1387-1811/© 2019 Elsevier Inc. All rights reserved.


mailto:annad@hektor.umcs.lublin.pl
www.sciencedirect.com/science/journal/13871811
https://http://www.elsevier.com/locate/micromeso
https://doi.org/10.1016/j.micromeso.2019.109769
https://doi.org/10.1016/j.micromeso.2019.109769
https://doi.org/10.1016/j.micromeso.2019.109769
http://crossmark.crossref.org/dialog/?doi=10.1016/j.micromeso.2019.109769&domain=pdf
Agnieszka UMCS
Maszyna do pisania
PUBLIKACJA [D1]


A. Deryto-Marczewska et al.

importance. The proposed investigations of the model system
MCEF/protein focusing on analysis of albumin layers formed by adsorp-
tion allow deeper understanding of surface morphology in micro- and
nanoscale, and interactions with porous solid. Regarding the studies
presented in the literature further research on the adsorption processes
and morphological and structural properties of protein/silica compos-
ites are necessary.

The present work describes the morphological and structural in-
vestigations of the MCF surface with the adsorbed protein molecules
(BSA) and ovalbumin (OVA) in comparison to pure MCF material. BSA is
a large protein (66.4kDa) of dimensions 4 x 4 x 14nm (ellipsoidal/
prolate shape) or 8 x 8 x 3 nm (heart shape) [11,41-43]. In solution the
BSA molecule presents a versatile conformation modified by changes in
pH, ionic strength, presence of ions which influence the protein struc-
ture and properties. It is generally accepted that near the isoelectric
point (pHigp~4.7-5.1) [11,44] the BSA molecule has a triangular or
heart-like shape, whereas at low pH (below pH = 4) the BSA molecule is
in an expanded (E) linear state [45]. In physiological solution at
pH = 7.4 the BSA molecule has prolate shape [41]. The native or normal
(N) conformation exists in solution within pH range 4.5-8 [41,45] and
this heart-like shape is the most compact structure [46]. Ovalbumin
forms a major part of chicken egg white (60-65%), it has molecular
weight 45kDa and isoelectric point 4.6-4.7 [47]. The ovalbumin
molecule has an ellipsoidal shape with dimensions 7 x 4.5 x 5nm
[48-50].

In the paper the albumin adsorption on the synthesized MCF material
was investigated with regard to equilibrium and kinetic of the process.
Studies of structure and surface topography (micro- and nanolevel) of
silica before and after albumin adsorption were performed by means of:
low temperature nitrogen adsorption/desorption, UV-Vis diffuse
reflectance spectroscopy (UV-Vis DRS), atomic force microscopy (AFM),
optical profilometer (OP), transmission electron microscopy (TEM),
energy dispersive X-ray spectroscopy (EDX). In order to study the dif-
ferences in the acid/base properties the potentiometric titration was
carried out. The surface techniques confirm the presence of the adsorbed
proteins on the surface of porous material and indicate strong influence
of porosity and surface morphology on the composite characteristics.

2. Materials and methods
2.1. Materials

In the studies, Pluronic copolymer PE9400-(EO2;P0O47EO2;)
(M,y =4600) and Pluronic PE10500-(EO36POs56EO36) (M,y = 6500)
were obtained from BASF (Poland). Tetraethylorthosilicate (TEOS) and
1,3,5-trimethylbenzene (TMB) were supplied by Sigma-Aldrich. Bovine
serum albumin (BSA, purity > 98%, Cat. No. A7906) and ovalbumin
from chicken egg albumin (OVA, purity > 98% by gel electrophoresis,
Cat. No. A5503) in powder form were purchased from Sigma-Aldrich.
Protein solutions (0.4 and 1, 2, 3, 4 5mg/ml) were prepared in phos-
phate buffered saline pH=7.4 (Sigma-Aldrich, Cat. No. P5368) and
used immediately after preparation. All chemicals were used without
further purification.

2.2. Material preparation

Two MCF materials with differentiated structure properties were
prepared according to the reported procedure [21,25,51] with some
modifications of the method described in the papers [52,53]. The syn-
thesis was conducted in hydrochloric acid solution, using the non-ionic
triblock copolymers Pluronic PE9400 and Pluronic PE10500 as the
structure-directing agents. As a silica source tetraethylorthosilicate
(TEOS) and as a pore expanding agent 1,3,5- trimethylbenzene (TMB)
were applied. The weighed amount of copolymer was dissolved in
180 ml of 1.6 M HCI solution. Then, a known amount of TMB (the mass
proportion of polymer/TMB was always constant and equal to 1:1) was
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added to the mixture which was stirred at 308 K by 45 min. Afterwards,
an established amount of TEOS (polymer/TEOS mass ratios were 2.2
(PE-9400) and 1.8 (PE-10500)) was introduced to the reaction mixture
which was stirred for 20 h at the same temperature. The mixture was
aged at 393 K for 24 h in autoclave. Finally, the synthesized product was
thoroughly washed with distilled water, dried and calcined at 773 K for
6 h. Basing on the pore sizes the obtained materials were denoted as
MCF-d16 (PE-9400 template) and MCF-d10 (PE-10500 template).

2.3. Protein adsorption

The adsorption isotherms were measured by using a static method as

follows: prior to experiment MCF was dried at 423K, then, 0.1 or 0.2 g
samples of adsorbents were introduced to the adsorption vessels con-
taining 25 ml of a protein solution (1, 2, 3, 4, 5mg/ml) in phosphate
buffered saline of pH =7.4. Then, the vessels were placed in the incu-
bator shaker (New Brunswick Scientific Innova 40R Model) and shaken
at 110 rpm speed by 24 h at 298 K. After attaining adsorption equilib-
rium the protein equilibrium concentrations were calculated basing on
the UV-Vis measurements at A =279 nm (Cary 100 UV-Vis apparatus;
Varian Inc., Australia). The adsorbed amount of protein was calculated
from experimental data using mass balance formula:
P ) )V )
where, a4 is the equilibrium adsorbed amount, ¢, and c, are the initial
and equilibrium concentrations, respectively, V is the solution volume,
and w is the weight of the adsorbent.

2.4. Adsorption kinetics

The adsorption kinetic measurements were carried out by using
UV-Vis spectrophotometer Cary 100 (Varian, Australia) with a quartz
flow cell [54]. The protein solution of established initial concentration
(0.4 mg/ml) was conducted with a known amount of silica sample
(0.25 g) in an external vessel, from which at definite time intervals the
solution samples were collected automatically to the flow cell. The
entire UV spectra in the range A = 200-400 nm were recorded and the
solution was returned to the reaction vessel. The solution was stirred
during the experiment by applying a magnetic stirrer. The concentration
vs. time profiles were calculated from the obtained spectra. Various
equations and models were used for analysis of the obtained kinetic
data: multi-exponential (m-exp), first-order (FOE), second-order (SOE),
mixed-order (MOE), fractal first-order (f-FOE), fractal second-order
(f-SOE), fractal mixed-order (f-MOE) equations, and McKay pore diffu-
sion (PDM) and intraparticle diffusion (IDM, Crank) models. In the
calculations the non-linear LSQ optimization was used with regard to
difference between the experimental and fitted protein concentrations.
The best optimization results were obtained by wusing the
multi-exponential equation [54] describing a series of the first order
processes or the follow up processes. It may be presented in the
following forms:

c= (c() — ceq) Zﬁexp(—k,-l) +eoy or

i=1

C=0Cg — Colieq Zf,-[l — exp(—kit)]
=
2)

where: k; — the rate constant (i = 1,2..n), f; — the coefficients determining
a fraction of an adsorbate adsorbed with a rate k;, ueq=1-c.q/co — the
relative change of adsorbate concentration at equilibrium [37].

The other equations and models used in analysis of kinetic data are
described in Supplementary Material. In Table S2 the values of relative
standard deviations SD(c/c,) for m-exp, FOE, SOE, MOE, {-FOE, {-SOE, f-
MOE equations, PDM and IDM models are compared.
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Table 1

The values of parameters characterizing the studied mesoporous silica materials obtained from the nitrogen adsorption/desorption data.
Adsorbent *Sgxr [m?/g] *Sext [m?/g] V, [em®/g] Wines [em®/g] Vinie [em®/g] ‘Davtads) [nm] “Day(des) [nm] "Dy [nm]
MCF-d10 525 73 1.32 1.19 0.015 9.0 8.2 10.1
MCF-d16 495 30 1.98 1.89 0.037 15.6 12.6 16.0

@ Sper, BET specific surface area.

b Sext; the external surface area.

¢ V, the total pore volume.

4 Vines» the mezopore volume.

¢ Vimic, the micropore volume.

f Day(ads), the average BJH adsorption pore diameter.
8 Day(des), the average BJH desorption pore diameter.
h Dp,, the average hydraulic pore diameter.

2.5. UV-visible diffuse reflectance spectroscopy (UV-Vis DRS)

Diffuse reflectance UV-Vis spectra for MCF-d16 and MCF-d16/
protein were measured using UV-Vis spectrophotometer (Carry 4000,
Varian Inc., Australia) equipped with an integration sphere diffuse
reflectance accessory. The DR spectra were measured over the wave-
length region A = 200-400 nm at room temperature. On the absorption
spectrum very intense band in the range 230-300 nm with a maximum
located at near wavelength ~280 nm and ~230 nm can be observed [55,
56].

2.6. Potentiometric titration measurements

The surface charge densities and pHpzc (point-of-zero-charge pH) of
MCF material before and after protein adsorption were determined by
potentiometric titration method using a Dosimat 765 automatic burette
(Metrohm, Herisau, Switzerland) combined with a precision pH-meter
(PHM 240, Radiometer, Copenhagen, Denmark). The measurements
were performed as follows: 30 ml of 0.1 M NaCl solution placed in a
thermostatic quartz vessel was acidified with 0.3 ml of 0.5M HClI solu-
tion; after establishing the temperature (298 K) and solution pH the
material (0.1g) was introduced; the suspension was titrated with 0.2 M
NaOH and the pH changes were recorded. In order to eliminate the er-
rors associated with the presence of CO; in the system, the measure-
ments were carried out under a protective atmosphere of nitrogen. The
titration curves were transformed into the surface charge density curves
[571.

2.7. Nitrogen adsorption/desorption isotherms

The structural properties of MCF-d10, MCF-d16 and MCF-d16/
protein were determined from the low temperature nitrogen adsorp-
tion/desorption isotherms at 77K measured by using the ASAP 2020
sorption analyzer (Accelerated Surface Area and Porosimetry, Micro-
meritics Instrument Corp., USA). Before the experiment the pure silica
material was degassed (5 mm Hg) at 413 K for 24h, while the material
with immobilized protein was outgassed (5 mm Hg) at 313K for 24h.
The BET specific surface area (Sggr), the total pore volume (V;) were
obtained by applying the standard procedures [58]. To estimate the
values of the external surface area (S.x), and the primary mesopore
volume (Vp,) the as-plot was used with the macroporous silica gel
LiChrospher Si-1000 as a nonporous reference adsorbent [59]. The
micropore volume (V) was obtained from the t-plot method [60,61].
The average BJH adsorption and desorption pore diameters (Dgy(ads), Dav
(des)), and the pore size distributions (PSD) were obtained from the
adsorption and desorption branches of nitrogen isotherm using the
Barrett-Joyner-Halenda (BJH) procedure [62] with Halsey-Faas
correction. The mean hydraulic pore diameters (Dy,) were calculated
from the values of BET surface areas and total pore volumes.

2.8. Atomic force microscope (AFM) and optical profilometer (OP)

The morphology and microstructure of MCF-d16 with adsorbed
protein were determined by means of atomic force microscopy (AFM)
and optical profilometer (OP). The nanostructure of the studied samples
were examined using AFM (NanoScope V Controller system Bruker-
Veeco, USA) in tapping mode (tip radius < 8 nm, resonance frequency
280 kHz) with a resolution 256 x 256 pixels and scan area 1pm x 1 pm.
All images were measured in air without filtering [63].

The optical profilometer (Contour GT, Bruker-Veeco, USA) in
veridical scanning interferometry (VSI) mode was used to determine the
surface microroughness (also called the surface waviness or slope error/
surface slope). The objective lens magnification was set to 20 x having
field of view (FOV) 640 x 480 pm? which corresponded to 0.24 pm
sampling pixel size and 156 x 117 ym area. The surface topography
parameters obtained from AFM and OP images (roughness average, S,
RMS surface roughness, Sg, RMS slopes — surface waviness, Sqq, surface
skewness, Sy, surface kurtosis, Sk,) were calculated using the Scanning
Probe Image Processor (SPIP) v. 5.1.4 software (Image Metrology A/S,
Denmark). The analyzed parameters are described in Supplementary
Material (Table S1).

2.9. Transmission electron microscopy (TEM) and energy dispersive X-
ray spectrometer (EDX)

The analysis of surface topography and chemical composition of
investigated samples were conducted by using high resolution trans-
mission electron microscope S/TEM Titan3 G2 60-300 (FEI Company)
with the accelerating voltage of 300 kV, field-emission gun (FEG) in high
resolution bright-field imaging (HRTEM-BF), in TEM mode and high
angle annular dark field detector in scanning mode (HAADF-STEM). To
investigate the local concentrations of elements (Si, C, O, N) the
condensed beam in STEM mode and energy dispersive X-ray spectrom-
eter (EDX) was used. The EDAX detector with energy resolution 134 eV
scanning in HAADF-STEM mode was applied.

3. Results and discussion
3.1. Characterisation of structural properties of materials

The porosity of the synthesized MCF materials has been investigated
basing on the nitrogen adsorption/desorption analysis. The adsorption/
desorption isotherms and pore size distributions for both materials are
presented in Fig. S1 and analyzed in Supplementary Material. The shape
of isotherms is typical for mesoporous solids with a H1 type hysteresis
loop suggesting that the obtained MCF materials have cell-type meso-
pores connected by smaller window pores [21,31,32,64,65]. The pa-
rameters characterizing the porous structure of synthesized MCF
materials, calculated from the nitrogen adsorption/desorption data, are
listed in Table 1. One can find that both materials are characterized by
divergent meso- and total pore volumes, and pore sizes, however, they
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Fig. 1. Comparison of OVA and BSA adsorption isotherms (A), and adsorption values (g/g) on MCF-d10 and MCF-d16 at equilibrium concentration 4 mg/ml (A").
Comparison of concentration profiles for BSA and OVA adsorption on MCF-d10 and MCF-d16 (B).

Table 2
Optimized parameters of m-exp equation.
System fi f2 f3 ti/2 SD(c/c,) 1-R?
logk; logk2 logks [min] [%]
BSA/MCF- 0.026 0.049 0.925 13149.0 0.259 9.410°*
d10 —0.57 —2.28 —4.33
BSA/MCF- 0.118 0.215 0.667 1201.2 0.426 5.8107*
d16 -1.14 —2.12 —3.62
OVA/MCF- 0.034 0.075 0.891 7827.0 0.484 2.31073
d10 —0.001 —-2.14 —4.13
OVA/MCF- 0.048 0.091 0.861 5979.7 0.313 181072
d16 0.021 -1.94 —4.04

have similar specific surface areas (495 and 525 mz/g). The values of
hydraulic pore diameters, as well as the average BJH adsorption and
desorption pore diameters are higher for MCF-d16 in comparison to
MCF-d10. Both materials contain mainly mesopores (95 and above
90%), they are characterized by low values of external surface area and
micropore volume.

3.2. Protein adsorption — equilibrium and kinetics

For both proteins the adsorption isotherms from phosphate buffered
saline were measured for MCF-d16 and MCF-d10. The experimental
isotherms are presented in Fig. 1A. Moreover, the comparison of
adsorption values (g/g) estimated at equilibrium concentration 4 mg/ml
on MCF-d10 and MCF-d16 supports is shown (Fig. 1A’). Comparing
adsorption of BSA and OVA on both materials one can find a strong
effect of adsorbent structural characteristics on protein adsorption. Both
MCFs are characterized by similar values of specific surface areas,
however, they are differentiated with regard to pore sizes. MCF-d16 as
adsorbent with larger pores shows higher adsorption uptakes towards
both proteins which can penetrate its internal structure to a larger
extent. Comparing the adsorption isotherms for BSA and OVA on MCF-

d10 one can observe an adsorption decrease for BSA with larger mole-
cules; such a behavior is expected. However, for MCF-d16 the opposite
tendency is found. OVA with smaller molecules shows weaker adsorp-
tion uptake in comparison to BSA. Such an unexpected behavior may
suggests some conformational changes of BSA or reorientation (from
prolate shapes having dimensions of 4 x 4 x 14 nm® at pH = 7.4 to heart
shape of dimensions 8 x 8 x 3 nm?® in solution of pH~8). Comparing the
adsorption values of both proteins on the same adsorbent one can find
small differences. In Fig. 1B the adsorption kinetic curves are also
compared for BSA and OVA on MCF-d10 and MCF-d16 in various time
ranges. Similarly, as in the case of adsorption isotherms for MCF-d16 the
BSA adsorption is higher in comparison to OVA, however, for MCF-d10
the opposite effect may be found. For analysis of concentration profiles
the multi-exponential equation was used and the fitted lines are drawn
in Fig. 1B (the comparison of fitting results obtained for various kinetic
models and equations is presented in Supplementary Material, S2; in
comparison to m-exp equation they gave worse results). One can find
that this simple equation describes well the experimental data, and the
fitting quality is confirmed by low SD (standard deviation) and 1-R?
(determination coefficient) values. In Table 2 the parameter values of
multi-exponential equation are presented: the logarithm of rate con-
stant, logk;, the coefficient f; determining a fraction of a protein adsorbed
with a rate k;, moreover, the adsorption half-times, t; » (time required to
adsorb half of equilibrium amount), estimated by using best-fitted pa-
rameters of m-exp eq. are also given. Taking into account the half-time
values one can find that the processes of adsorption of both proteins are
quicker for MCF-d16 with larger pores. Comparing the adsorption of
BSA and OVA on MCF-d16 we observe that BSA is adsorbed with higher
rate, however, the opposite effect is found for MCF-d10. These results
are consistent with equilibrium experiment.

3.3. Physicochemical properties of MCF with adsorbed protein

Investigation of surface structures formed by BSA and OVA adsorbed
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MCF-d16 and OVA/MCF-d16 samples. The measurements were carried out by
potentiometric titration for ionic strength I=0.1 mol/L.

on the mesoporous silica material was carried out by UV-Visible diffuse
reflectance spectroscopy (UV-Vis DRS). The obtained spectra are pre-
sented in Fig. S2 in Supplementary Material. One can find that the
spectrum for MCF-d16 modified with proteins exhibits the well-known
absorbance maxima at 279 nm and 229 nm. The maximum at 279 nm
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is due to the n—n* transition of the aromatic amino acids tryptophan
(Trp) and tyrosine (Tyr) and to a small extent, by the absorbance of
cystine (disulfide bonds). On the other hand, the maximum at 229 nm is
attributed to the n—n* transition of the carboxylic group in peptide bond
[66].

To study the differences in acid/base properties of MCF-d16 before
and after BSA and OVA adsorption the potentiometric titration experi-
ments were carried out. Fig. 2 presents the surface charge density curves
as a function of pH for the studied samples. Comparing the results shown
in Fig. 2 one can notice that the acid/base character of pure silica surface
is clearly different than the silica surface with adsorbed proteins. In the
case of pure MCF-d16 the surface density curve has a typical character
for silicas with a very small positive charge for pH values below point of
zero charge (pHpzc~4.93). Upon protein adsorption, the MCF-d16 sur-
face demonstrates different acid/base properties (amphiphilic surface),
its zero-charge point is moved towards higher pH values, and it is
located at pHpyzc~6.5. It indicates that MCF surface is covered by protein
molecules.

3.4. Structural and morphological properties of MCF with the adsorbed
protein

3.4.1. N, adsorption/desorption isotherms

In order to determine semi-qualitatively the character of porosity
changes after protein adsorption the measurements of nitrogen
adsorption/desorption isotherms were carried out. Such studies are not
strictly qualitative because the large protein molecules can block partly
or totally the pore space even for small nitrogen molecules generating an
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Fig. 3. Comparison of N5 sorption isotherms and pore size distributions calculated from adsorption and desorption branches of isotherms for pure MCF-d16 material

and with adsorbed protein layers (OVA, BSA).

Table 3

Parameters characterising porosity of the pure silica and after protein adsorption obtained from the nitrogen adsorption/desorption data.

Adsorbent *Sppr [m*/g] "Sexe [m?/g] V; [em®/g] Vines [em®/g] Vimie [em®/g] ‘Davcads) [nm] #Day(des) [nm] "Dpy [nm]
MCF-d16 495 30 1.98 1.89 0.037 15.6 12.6 16.0
OVA/MCF-d16 350 17 0.93 0.89 - 9.3 7.9 10.6
BSA/MCF-d16 295 14 0.78 0.76 - 9.2 7.7 10.6

® Sper, BET specific surface area.

b Sext; the external surface area.

¢ V, the total pore volume.

d Vinez, the mezopore volume.

€ Vimic, the micropore volume.

f Day(ads), the average BJH adsorption pore diameter.
8 Day(des), the average BJH desorption pore diameter.
h Dy, the average hydraulic pore diameter.
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Fig. 4. 2D AFM micrographs (1pm x 1 pm) of surface morphology and microstructure of: pure MCF-d16 material (A); after OVA adsorption (B) and BSA adsorp-

tion (C).

Fig. 5. 3D AFM topographic images of the scanned surfaces: pure MCF-d16 material (A); MCF-d16 covered by the OVA (B) and BSA molecules (C).

additional error in porosity estimation. However, the analysis of nitro-
gen adsorption for silica with immobilized protein may indicate a gen-
eral trend in adsorption process, e.g. location of adsorbate in the inner or
outer surface of pores.

The comparison of nitrogen adsorption/desorption isotherms and
pore-size distribution functions calculated from adsorption and
desorption branches of isotherms for pure MCF-d16 and after protein
adsorption are shown in Fig. 3. One can find that as a result of protein
adsorption its maximum value is decreased to much lower level, and
hence the pore volumes are also diminished. The PSDs obtained from
adsorption and desorption branches of nitrogen isotherms are shifted
towards lower pore sizes. The pore size distributions are slightly

differentiated for the materials covered with BSA and OVA. In addition,
the peak heights for BSA/MCF-d16 and OVA/MCF-d16 are dropped by
~35% in comparison to the pure material. The obtained results
demonstrate that the adsorbed proteins change distinctly the porosity of
the studied MCF. Moreover, one can state that BSA with a larger mo-
lecular mass (66.4 kDa) changes the surface porosity of the MCF-d16
material to a larger extent than the ovalbumin with a smaller molecu-
lar mass (45 kDa).

The textural parameters of MCF-d16 modified by BSA and OVA
determined from nitrogen adsorption/desorption isotherms are sum-
marized in Table 3. One can find that after adsorption all porosity pa-
rameters (Spet, Sext> Vts Vinic> Viez> Davs Dry) are reduced; some of them to
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Table 4
Parameters characterizing the surface texture of MCF-d16 material before and
after protein adsorption obtained from AFM analysis.

Sample *S, [nm] "Sy [nm] “Sqq [rad] S “Sku
MCF-d16 33.3 42.7 1.17 0.08 3.72
OVA/MCF-d16 25.2 33.3 1.48 0.23 3.93
BSA/MCF-d16 17.2 23.4 1.08 0.93 6.28

# Sg roughness average.

b Sy, surface roughness (root mean square, rms).
¢ Saq> surface waviness (surface slope).

d Ssk, surface skewness.

€ S surface kurtosis.

a large extent. The protein adsorption significantly decreases the MCF-
d16 specific surface area (Spgr), however, in the case of BSA this
reduction is higher which is in accordance with stronger adsorption of
this protein from buffer solution. Similar trends are observed in the case
of total and mesopore volumes. The OVA adsorption leads to decrease of
the total and mesopore volumes of about 53% in comparison to MCF-
d16, however, in the case of BSA it is about 60%. It means that BSA
molecules penetrate deeply the mesopores of MCF-d16 and it is in
accordance with the results of adsorption equilibrium and kinetic
measurements from solutions. Generally, the average BJH adsorption
and desorption pore diameters (Dqy(ads), Dav(des)), and the average hy-
draulic pore diameter (Dpy) are decreased of about 34-40%. It may
suggest that the molecules of both proteins are quit-packed in the
mesopore channels as well as on the MCF-d16 surface [33]. The pre-
sented results markedly confirm that BSA as protein with large molec-
ular dimensions 4 x 4 x 14nm® (ellipsoidal or prolate shape at
pH =7.4) exhibit higher adsorption affinity than smaller ovalbumin
molecules (ellipsoidal shape) of dimensions 7 x 4.5 x 5nm?®, which is in
good agreement with the adsorbed amounts determined from the batch
adsorption experiment. It may be assumed that in the case of BSA
adsorption it can be related to a conformational change of the adsorbed
protein or reorientation on the surface as well as strong protein-solid
interactions.

3.4.2. AFM analysis
AFM studies allowed better insight into the surface morphology,
topography and texture (at nanoscale) of the adsorbed protein on the
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silica surface. The 2D and 3D AFM surface topography (1pm x 1 pm)
images of MCF-d16 with the adsorbed BSA and OVA are presented in
Figs. 4 and 5, respectively. Table 4 summarizes the parameters charac-
terizing the surface texture of MCF-d16 before and after protein
adsorption derived from analysis of AFM micrographs (see Fig. 4A-C).

Analysing the AFM images one can conclude that the morphology
and nanostructure of MCF-d16 surface change distinctly after protein
adsorption. The surfaces of samples with the adsorbed protein molecules
are less porous in comparison to the pure silica. These changes are re-
flected in the values of textural parameters (see Table 4). Let us first
analyze the surface roughness (Sy), as it can be seen it was decreased by
about 45% after the BSA adsorption in comparison to the pure adsor-
bent. Likewise, after OVA adsorption, the value of the surface roughness
(Sg) was reduced by 22%.
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Fig. 7. The distribution function histogram of the surface roughness height
(1000 nm x 1000 nm) for studied materials.
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Fig. 6. Profiles deviations for the surface (taken along the marked white line on the AFM images in Fig. 7) of the MCF-d16 material before and after protein

adsorption (A) OVA and (B) BSA ranging from 0 to 1000 nm.
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Fig. 8. The surface topography of: pure MCF-d16 (A); MCF-d16 material
covered by OVA (B) and BSA molecules (C) as recorded by an optical profil-
ometer. The selected area for these topographies are 29.1 pm x 43.7 pm.

To estimate the smoothing capabilities, the surface roughness profile
of pure MCF-d16 was compared to the surface profile deviations of the
silica covered with albumins (Fig. 6A and B). The profile deviations for
the surface roughness (taken along the marked white line on the AFM
images in Fig. 4) of MCF-d16 before and after protein adsorption show
that the amplitudes of surface profiles in nano-scale after protein
adsorption are reduced in comparison to the silica substrate. The
maximum deviation amplitude (protrusions) from a zero base line for
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Fig. 9. (B) 3D optical profilometer images showing surface texture of the
scanned surface: pure MCF-d16 material (A); MCF-d16 sample with adsorbed
OVA (B) and BSA (Q).

Table 5
Roughness parameters of MCF before and after protein adsorption obtained from
optical profilometer measurements using VSI technique.

Sample Sq (pm) Sy (um) S4q (rad) IS5 Stku
MCF-d16 4.30 5.44 11.8 —-0.54 3.45
OVA/MCF-d16 3.10 3.94 8.53 —0.61 3.73
BSA/MCF-d16 2.93 3.84 7.79 -1.17 5.34

? S, roughness average.

b Sy surface roughness (root mean square, rms).
¢ Saq> surface waviness (slope error).

4 S, surface skewness.

€ Sk, surface kurtosis.

the pure MCF-d16 varies in ranges —60 nm to +40 nm (4h = 100 nm),
whereas, after adsorption of ovalbumin, the amplitude of the pro-
trusions is significantly reduced and evolves in the range —40 to 430 nm
(Ah =70 nm). This effect is stronger in the case of BSA adsorption, and,
hence, the surface roughness profile is characterized by much smaller
oscillation of amplitude + 20 nm (Ah=40nm) and the surface along
section line is characterized by regular course.

As it can be seen from Table 4 also the surface waviness (surface
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Fig. 10. Profile deviations of the surface (taken along the marked white line on the OP images in Fig. 11) for the MCF-d16 material before and after protein

adsorption (A) OVA and (B) BSA ranging from O to 40 pm.
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Fig. 11. The distribution function histogram of the surface roughness height
(29.1 pm x 43.7 pm) for the studied materials.

slope, Sqq) was decreased by about 8% after the BSA adsorption, how-
ever, after OVA adsorption the value of the surface slope (Sqq) was
increased by 26% in comparison to pure MCF-d16 surface. These results
may be explained by the fact that Sgq is affected both by texture
amplitude and spacing (frequency). The surface after OVA adsorption
demonstrate significantly higher frequency (finer spacing) and reduced
amplitude in comparison to silica substrate (Fig. 6A). The higher fre-
quency leads to higher surface slope (S4;) while lower amplitude leads to
reduced value of Sgy. As after OVA adsorption the frequency increases
more significantly than amplitude is reduced, Sq44 value increases for this
biocomposite. On the other hand, for BSA/MCF-d16 (Fig. 6B) we can
observe similar texture spacing (frequency) as for OVA/MCF-d16 com-
posite, while the amplitude is significantly reduced, therefore, Sy
demonstrate the lower value.

As frequency in profile deviations is similar for both biocomposites,
more reduced amplitude for BSA/MCF-d16 strongly suggests that this
protein is able to efficiently adsorb in silica pores as well as on external

surface [67], demonstrating very packed texture with the lowest
roughness. On the other hand, OVA molecules are weaker adsorbed in
the pores and on the outer surface (higher amplitude values than for
BSA/MCF-d16, Fig. 6A and B). Consequently, the adsorbed protein layer
for OVA/MCF-d16 is less densely packed than for BSA/MCF-d16 com-
posite. The differences in amplitude and frequency deviations are re-
flected in the histogram of height distribution (surface roughness)
obtained from 1 x 1 pm scan areas is shown in Fig. 7.

Additionally, MCF-d16 with the adsorbed proteins is characterized
by slightly smaller surface isotropy (higher value of surface asymmetry
and flatness coefficient i.e. skewness Sg>0 and Kkurtosis Sk,>3)
compared to the MCF-d16 surface without proteins (see Table 4). It is
worth noting that the positive values of Sy (this effect is enhanced after
protein adsorption) confirm that the number of vertices (peaks) rather
than the number of valleys (pores) predominates on silica surface. These
results also confirm that albumin adsorption leads to significant change
of surface roughness of silica substrate, the surfaces after adsorption
become less porous and rough. Generally, more pronounced changes in
the morphology, texture and microstructure were observed after
adsorption of large BSA molecules on MCF-d16. This behavior is also
confirmed by N adsorption/desorption analysis.

3.4.3. Optical profilometer analysis

The microscale morphological properties of MCF surface with the
adsorbed proteins were also evaluated using an optical profilometer.
Fig. 8 (A-C) and Fig. 9 (A-C) illustrates the 2D and 3D surface
morphology images (29.1 pm x 43.7 pm) for silica before and after
protein adsorption as recorded by an optical profilometer. The param-
eters of surface topography estimated on the basis of 2D topography
images are presented in Table 5.

As one can find from the data presented in Table 5, the strong
changes in structure, morphology and surface micro-roughness can be
seen after protein adsorption. In the case of BSA adsorption, the surface
roughness and waviness (surface slope) were reduced by 29.4% and
34%, respectively, compared to the pure silica material, meaning that,
the surface after adsorption is smooth and flat (greater brightening effect
of surface). A similar phenomenon was observed for OVA adsorption,
here the surface roughness was decreased of about ~28% and surface
slope of ~27.5% in relation to the initial MCF-d16 surface. A detailed
comparison of the micro-roughness surface profiles for MCF-d16 before
and after protein adsorption is shown in Fig. 10 (taken along the marked
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T

white line on the OP images in Fig. 8). It can be clearly seen that the
amplitude of surface roughness for silica with proteins is about two
times lower. The maximum amplitude deviations varies from +7 pm to
—11 pm (4h = 18 pm) for pure silica, from +2.5 pm to —5 pm (4h = 7.5
pm) for silica with BSA and from +3.8 pm to —5.3 (Ah=9.1 pm) for
silica with OVA.

Fig. 11 shows the distribution function histogram of the surface
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Fig. 12. (A) HRTEM-BF micrographs
showing the surface structure of the pure
MCF-d16 material, (B) HAADF-S/TEM
image of the selected area from which the
X-ray microanalysis (EDX) was performed,
(C-F) EDX elemental mapping images of
silicon (C-green), carbon (D-red), oxygen (E-
yellow) and nitrogen (F-orange) corre-
sponding to the orange square marked area
in (B). (For interpretation of the references
to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 13. (A) HRTEM-BF micrographs
showing the surface structure of the MCF-
d16 material covered by BSA molecules
adsorbed from 5mg/ml solution, (B) image
of the selected area from which the X-ray
microanalysis (EDX) was performed, (C-F)
EDX elemental mapping images of silicon (C-
green), carbon (D-red), oxygen (E-yellow)
and nitrogen (F-orange) corresponding to
the orange square marked area in (B). (For
interpretation of the references to colour in
this figure legend, the reader is referred to
the Web version of this article.)
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roughness height before and after adsorption for both proteins taken
from 29.1 pm x 43.7 pm scan areas. The obtained results indicate that
MCF-d16 covered by the protein is characterized by considerably nar-
rower distribution of height of surface roughness in comparison to the
pure MCF-d16 adsorbent. It is associated with a fairly homogeneous
protein distribution on the silica grain surface.

In accordance with the skewness (Sg<0) and kurtosis values (S, >3),
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Fig. 14. (A) HRTEM-BF and (A’) HAADF-S/
TEM micrographs showing the surface
structure of the MCF-d16 material covered
by OVA molecules adsorbed from 5mg/ml
solution, (B) image of the selected area from
which the X-ray microanalysis (EDX) was
performed, (C-F) EDX elemental mapping
images of silicon (C-green), carbon (D-red),
oxygen (E-yellow) and nitrogen (F-orange)
corresponding to the orange square marked
area in (B). (For interpretation of the refer-
ences to colour in this figure legend, the
reader is referred to the Web version of this
article.)
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Table 6
Element contents for MCF-d16 material before and after protein adsorption from EDX analysis.
Sample Si C o N Si C o N
Atomic% Mass%
MCF-d16 27.46 10.07 54.31 4.53 41.12 6.45 46.33 3.50
OVA/MCF-d16 29.27 11.12 50.83 8.14 43.45 7.06 42.99 6.08
BSA/MCF-d16 26.88 25.28 54.63 8.76 41.60 16.72 48.16 6.48

the surfaces with the adsorbed proteins are relatively less isotropic
(demonstrate non-symmetrical shape for the surface height distribution
in comparison to the substrate that shows isotropic, Gaussian surface
height distribution). The negative Sy values indicate that the surface is
composed of mainly valleys (surface pores) that dominate over the
peaks. This effect is greater for a large BSA molecule.

3.4.4. TEM and EDX anaysis

The high-resolution transmission electron microscopy TEM
(HRTEM) and energy dispersive X-ray spectroscopy (EDX) were used in
order to obtain more detailed information about the surface topography,
micro-nanostructure and chemical composition of mesoporous silica
material before and after protein adsorption. In Figs. 12-14 (A) HRTEM-
BF (Bright Field) micrographs corresponding to the samples: MCF-d16,
BSA/MCF-d16 and OVA/MCF-d16 are shown, respectively. The TEM
images (Fig. 12A) confirmed that MCF-d16 material exhibits a porous
structure with a pore diameter of 13 nm which is close to the values
obtained by N adsorption/desorption parameters. It is also worth
mentioning that TEM images clearly confirm the structure and presence
of the adsorbed proteins on the surface of porous MCF-d16 silica
(Figs. 13,14A).

To evaluate the chemical composition and elemental distribution
(relative proportion) of previously defined elements over the scanned
area (Figs. 12-14 B) of pure MCF-d16 surface and covered by BSA and
OVA molecules the energy dispersive X-ray spectroscopy (EDX) was
applied. The local concentrations of Si, C, O, N (mass% and atomic%)
were detected and presented in Table 6.
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Figs. 12-14(C-F) present maps of the distribution of elements for
pure silica surface and with adsorbed proteins that correspond to the
red-square marked area in Figs. 12-14(B). It is evident from the EDX
mappings, that Si, C,0 and N are nearly homogeneously distributed on
MCF surface with the adsorbed proteins in contrary to the pure surface
of material.

The EDX analysis indicates a significantly higher C content (15.21 at.
%), higher O (0.32 at.%) and higher N content (4.23 at.%) for BSA/MCF-
d16 sample in comparison to pure MCF-d16 material. In the case of
OVA/MCF-d16 sample the surface composition in relation to MCF-d16 is
as follows: ~1.05 at.% more of C, ~3.61 at.% more of N, and ~3.48 at.%
less of O.

TEM/EDX results markedly confirm that the BSA adsorption causes
greater changes of surface topography and local concentration of
chemical elements of MCF-d16 material than ovalbumin adsorption.
These results are in fairly accordance with those obtained by the nitro-
gen sorption analysis, AFM and OP results.

4. Conclusions

The presented study describes the process of protein adsorption on
mesocellular silica foam (MCF) and the changes of its physicochemical,
structural and morphological properties after BSA and OVA adsorption.

e MCF-d16 with larger pores shows higher adsorption uptakes towards
both proteins which can penetrate its internal structure to a larger
extent. For MCF-d10 BSA adsorption is lower than OVA adsorption,
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however, for MCF-d16 the opposite tendency is found. Such a
behavior may be connected with some conformational changes of
BSA or reorientation.

Basing on the half-time adsorption values it may be stated that the
processes of adsorption of both proteins are quicker for the MCF
support with larger pores. In comparison to ovalbumin, BSA is
adsorbed with higher rate on MCF-d16, however, the opposite effect
is observed for MCF-d10. Generally, the adsorption process of both
proteins on mesoporous MCF-d16 material is relatively slow and
limited by diffusion of molecules into internal porous structure. The
fastest adsorption for both albumins occurs in the initial stage of the
adsorption process.

Analysis of porous structure by nitrogen adsorption/desorption for
MCF-d16 before and after protein adsorption shows that as a result of
albumin adsorption all porosity parameters are reduced. The pore
size distributions are shifted towards lower pore sizes. The BSA with
a larger molecular mass changes the surface porosity of MCF-d16
material to a larger extent than the ovalbumin with a smaller mo-
lecular mass. This is in accordance with observed stronger adsorption
of BSA from buffer solution which may be connected with its
conformational change or reorientation. Such conformational
changes may be also responsible for quicker adsorption of BSA in
comparison to OVA. In the case of BSA molecules adsorbed at
pH=7.4 It was postulated that its adsorption behavior may be
related to conformational change of the adsorbed protein or reor-
ientation on the surface as well as strong protein-solid interactions.
After protein adsorption, the MCF-d16 surface changes its acid/base
properties into amphiphilic, pHpzc is moved towards higher pH
values (~6.5) confirming adsorption of protein molecules.

AFM and OP analyses showed that the morphology and microstruc-
ture of the MCF-d16 surface after protein adsorption is less porous,
rough, and, hence more homogenous and more smooth than the
surface of the pure silica. Generally, more pronounced changes in the
morphology and microstructure were observed after the large BSA
molecules adsorption.

TEM and UV-Vis DRS examinations before and after the adsorption
confirmed the structure and presence of the adsorbed protein on the
surface of porous material.

EDX micro-analysis revealed different local concentrations of such
elements as Si, C, O and N on the silica surface with the adsorbed
protein molecules compared to the pure silica adsorbent.
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Atomic force microscope (AFM) and optical profilometer (OP) analyses

The surface topography parameters obtained from AFM and OP images (Sa, Sq, Sdq, Ssk,
Sku) were calculated using the Scanning Probe Image Processor (SPIP) v. 5.1.4 software (Image

Metrology A/S, Denmark). The analyzed parameters are presented in Table S1.

Table S1. List of selected roughness parameters.

Symbol Name Description
Sa Roughness average arithmetic mean of the absolute height value
Sq RMS surface roughness standard deviation of the profile heights values
Sdq RMS slopes —surface waviness RMS value of the surface slope
Ssk Surface skewness height distribution asymmetry
Sku Surface kurtosis height distribution sharpness (peakedness)

The RMS surface roughness (Sq) is the most widely used amplitude roughness parameter

that gives the standard deviation of height and it was calculated according to the formula:

1 M—-1N-1
Sa= N [2(xx, 1]° (S1)
k=0 1=0

where x and y are the coordinates, z is the perpendicular deviation from the ideally smooth

surface, M is the number of points in the x direction and N is the number of points in the y
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direction [E.S. Gadelmawla, M.M. Koura, T.M.A. Maksoud, M. Elewa, H.H. Soliman,
Roughness parameters, J. Mater. Process. Technol., 123 (2002) 133-145].

The surface waviness (Sqq) is the RMS-value of the surface slope within the sampling
area, and is defined as [L. Mummery, “Surface Texture Analysis — The Handbook”,
Hommelwerke, Germany, 1992.]:

<

-1N-1 2 2
_ 1 2(x, Y1) — Z(Xg-1, 1) 2(x, y1) — Z2(Xg, Y1-1)
0= M- DW-D < ox ) ’ < 5y ) ¢

=

=
Il

01

]
=]

Surface skewness (Ssk) describes the asymmetry of the height distribution. If skewness
value is equal to 0 it represents a Gaussian like surface. Negative values of Ss refer to a surface-
porous sample (predominance of holes), while positive skew is seen on surface with peaks.
Values numerically greater than 1.0 may indicate extreme holes or peaks on the surface.

Surface kurtosis (Sku), a measure of the sharpness of the surface height distribution, equals
3.0 for a Gaussian-like surface. Values smaller than 3.0 indicate a broad (heterogeneous) height
distribution (spread distribution surface) whereas values much larger than 3.0 refer to a surface
with almost quantized height values (centrally distribution surface) [E.S. Gadelmawla, M.M.
Koura, T.M.A. Maksoud, M. Elewa, H.H. Soliman, Roughness parameters, J. Mater. Process.
Technol., 123 (2002) 133-145].

Characterisation of mesocellular silica foams (MCFs) from gas adsorption

The porosity of the MCF materials has been investigated by nitrogen sorption analysis.
In Fig. S1 the adsorption/desorption isotherms for both synthesized materials are compared.
The shape of isotherms is typical for mesoporous solids with a sharp increase of adsorption at
the point corresponding to the capillary condensation in mesopores [P. Schmidt- Winkel, W.W.
Lukens Jr., P. Yang, D.I. Margolese, J.S. Lettow and J.Y. Ying, Chem. Mater. 12 (2000) 686-
696, K. S. W. Sing, Adv. Colloid Interface Sci. 76-77 (1998) 3-11]. The nitrogen
adsorption/desorption isotherms exhibit a H1 type hysteresis loop suggesting that the obtained
MCF materials have cell-type mesopores connected by smaller window pores [P. Schmidt-
Winkel, W.W. Lukens Jr., D. Zhao, P. Yang, B.F. Chmelka, G.D. Stucky, J. Am. Chem. Soc.
121 (1999) 254-255, P. Schmidt- Winkel, W.W. Lukens Jr., P. Yang, D.l. Margolese, J.S.
Lettow and J.Y. Ying, Chem. Mater. 12 (2000) 686-696, J.S. Lettow, Y.J. Han, P. Schmidt-
Winkel, P. Yang, D. Zhao, G.D. Stucky, J.Y. Ying, Langmuir 16 (2000) 8291-8295, P. Schmidt



-Winkel, C.J. Glinka, G.D. Stucky, Langmuir 16 (2000) 356-361]. Comparing the presented
isotherms one can find the differentiation in: the adsorption values at high relative pressures
(higher adsorption and pore volume for MCF-d16), the range of capillary condensation (shifted
towards higher pressures for MCF-d16; connected with larger pores), the width of hysteresis
loop (wider for MCF-d10; greater differentiation of pore constrictions/interconnectivities and
cavities). In the range of low relative pressures the nitrogen isotherms for both are similar,
which suggests similar values of specific surface area; moreover, low adsorption values indicate

small amount of micropores in the total porosity.
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Fig. S1. Comparison of N2 adsorption/desorption isotherms for MCF-d16 and MCF-d10
materials, and pore size distributions calculated from adsorption and desorption branches of

isotherms.

The pore size distributions calculated from adsorption and desorption data for both
materials are also presented in Fig. S1. The PSDs obtained from adsorption branches of
isotherms are represented by the peaks situated in the range ~8 — 28 nm, and they are similar
for both materials. However, the PSDs calculated on the basis of desorption data are distinctly
separated for MCF-d16 and MCF-d10. The desorption PSD for MCF-d16 is shifted towards
higher values of pore diameters, meaning that, this material has the wider pore

interconnectivities.
Protein adsorption — kinetics

The first order equation (FOE):

ln(ceq — c) = In(ceq — ¢o) — kyt (S3)



c - the temporary concentration, the "0" and "eq" indices correspond to the initial and
equilibrium values, ki — the adsorption rate coefficient.

The second order equation (SOE):
a = agqlkat/(1 + kat)] (S4)
or linear forms:

t/a = (1/aeq)(1/k2 +t) and a=a.,— (1/k;)(a/t) (S5)

where: ko=k2adeq and koa is the rate coefficient for pseudo-second order Kkinetics [S. Azizian,
,Kinetic models of sorption: a theoretical analysis”, Journal of Colloid and Interface Science,
276 (2004) 47-52; A.W. Marczewski, ,,Kinetics and equilibrium of adsorption of organic
solutes on mesoporous carbons”, Applied Surface Science, 253 (2007) 5818-5826; Y.S. Ho, G.
McKay, ,,Sorption of Dye from Aqueous Solution by Peat”, Chemical Engineering Journal, 70

(1988) 115-124].

The 1,2-mixed-order kinetic equation (MOE) equation is a generalization of the first and

second order kinetics and may be represented as a relative adsorption progress, F, in time:

= _ 1rexp(Ckit) 1-F\ _ _
F=a/ap =122 o In(;=5) = kit (S6)

fo<1 — the normalized share of the second order process in the kinetics. In the special cases, the
MOE equation is reduced to the simple kinetic equations of the first (f»=0) and the second order
(f=1) type [A.W. Marczewski, ,,Application of mixed order rate equations to adsorption of
methylene blue on mesoporous carbons”, Applied Surface Science, 256 (2010) 5145-5152;
A.W. Marczewski, ,,Analysis of kinetic Langmuir model. Part I: Integrated kinetic Langmuir
equation (IKL): a new complete analytical solution of the Langmuir rate equation”, Langmuir,

26 (2010) 15229-15238; A.W. Marczewski, A. Derylo-Marczewska, A. Slota, ,,Adsorption and



desorption kinetics of benzene derivatives on mesoporous carbons”, Adsorption, 19 (2013) 391-

406].

Fractal MOE equation (f-MOE) taking into account the nonideality effects:

_ 1—exp(=k t)P
F= 1—-frexp(—kt)P (87)

p — the fractal coefficient [A.W. Marczewski, M. Seczkowska, A. Deryto-Marczewska, M.
Blachnio, ,,Adsorption equilibrium and kinetics of selected phenoxyacid pesticides on activated
carbon — effect of temperature”, Adsorption, 22 (2016) 777-790; A.W. Marczewski, A. Derylo-
Marczewska, A. Slota, ,,Adsorption and desorption kinetics of benzene derivatives on
mesoporous carbons”, Adsorption, 19 (2013) 391-406, M. Haerifar, S. Azizian, ,,Fractal-like
adsorption kinetics at the solid/solution interface”, The Journal of Physical Chemistry C, 116

(2012) 13111-131191].

The Intraparticle Diffusion Model (IDM) proposed by Crank [A.W. Marczewski, M
Seczkowska, A. Deryto-Marczewska, M. Blachnio, ,,Adsorption equilibrium and kinetics of
selected phenoxyacid pesticides on activated carbon — effect of temperature”, Adsorption, 22

(2016) 777-790, J. Crank, Mathematics of Diffusion. Clarendon Press, Oxford (1975)]:

6 oo 1 —n?n2-Dyt
F=1-—=Yr;exp (r—z) 9)

b
' (1+pKpy-ep)’

r — the radius of adsorbent particle, D — the effective diffusion coefficient: D, =
where: D — the molecular diffusion coefficient, 7, — the dimensionless pore tortuosity factor, p
— the particle density, ¢, — the particle porosity, Ky — the Henry adsorption constant.

When the adsorbate concentration varies, we get:

D

i)

ueq) pn

( ) exp
F=1—-6-(1—u E
A 19 ueq+(1



where: pn — the non-zero roots of the equation: tanp,, = [(3—)]
3+ ——1 pn

ueq

[A.W. Marczewski, M

Seczkowska, A. Deryto-Marczewska, M. Blachnio, ,,Adsorption equilibrium and kinetics of
selected phenoxyacid pesticides on activated carbon — effect of temperature”, Adsorption, 22
(2016) 777-790, J. Crank, Mathematics of Diffusion. Clarendon Press, Oxford (1975)].

The Pore Diffusion Model (PDM) proposed by McKay [A.W. Marczewski, M.
Seczkowska, A. Deryto-Marczewska, M. Blachnio, ,,Adsorption equilibrium and kinetics of
selected phenoxyacid pesticides on activated carbon — effect of temperature”, Adsorption, 22
(2016) 777-790, G. McKay, M. El Geundi, M.M. Nassar, ,,Pore diffusion during the adsorption
of dyes onto bagasse pith”, Process Safety and Environmental Protection, 74B (1996) 277-288]

may be presented as:

dF _ 3(1-ueqF)-(1- F)3 (10)

dtg

1-B-(1- F)3
7s — the undersized model time, ueq — the relative adsorbate loss, the parameter B = 1-1 / Bi,

where Bi=K¢/Dp — the Biot number, Dy — the pore diffusion coefficient, Kr — the external mass

transfer ~ coefficient; and: 7, = G_ieq {(ZB - %) [ x1++;(33 ] +3mn “)16:(( ]} 3ueq .
{arc tan ()2( \/_) — arctan (ZX\/_)} where: x = (1 — F)3 b= (1 eq>1 [A.W. Marczewski,

M. Seczkowska, A. Deryto-Marczewska, M. Blachnio, ,,Adsorption equilibrium and kinetics
of selected phenoxyacid pesticides on activated carbon — effect of temperature”, Adsorption,
22 (2016) 777-790, G. McKay, M. El Geundi, M.M. Nassar, ,,Pore diffusion during the
adsorption of dyes onto bagasse pith”, Process Safety and Environmental Protection, 74B

(1996) 277-288].



Table S2. Relative standard deviations SD(c/c,) for m-exp, FOE, SOE, MOE, f-FOE, f-SOE, f-
MOE, McKay pore diffusion (PDM) and IDM models (Crank).

Systems m-exp FOE SOE MOE fFOE f-SOE fMOE IDM  PDM
[%0] [%0] [%0] [%0] [%0] [%0] [%0] [%0] [%0]

BSA/MCF-d10 0.259 1.268 1.193 1.201 0.748 0.825 0.692 3.44 24.027
BSA/MCF-d16 0.426 3.314 2.151 4.389 0.834 0.640 0.646 1.38 2.994
OVA/MCF-d10  0.484 1.581 1.469 1.479 0.770 0.895 0.843 2.69 0.996
OVA/MCF-d16  0.313 1.673 1.329 1.341 3.846 4.007 0.629 2.95 0.426

Physicochemical properties of MCF adsorbent with adsorbed protein layer

Investigation of surface structures formed by adsorbed BSA and OVA proteins on
mesoporous silica material was carried out by UV-Visible diffuse reflectance spectroscopy

(UV-Vis DRS). The obtained spectra are presented in Fig. S2.
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Fig. S2. Diffuse reflectance UV-Vis spectra for pure MCF-d16 material and after protein
adsorption. Adsorption conditions: co=5 mg/ml (initial concentration of protein solution);
tads=24 h; T=298 K; pH=7.4 (phosphate buffered saline).
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The biocomposite systems based on mesoporous MCF silica support and protein molecules are characterized
with regard to their surface, topographic, thermal properties. Mesoporous silica materials (MCF) covered by
the adsorbed protein molecules (BSA and OVA) were examined and characterized by using various techniques
including X-ray diffraction, the Fourier transform infrared spectroscopy with attenuated total reflectance, X-
ray photoelectron spectroscopy and scanning electron microscopy with microanalysis. The results of study fo-
cused on a detailed analysis of microstructure (topography, texture), and chemistry (chemical bonds, functional
groups, elemental composition) of protein/mesoporous silica biocomposite. Moreover, the thermal properties of
prepared biomaterials were investigated by means of TG/DSC-FTIR-MS-coupled technique. These powerful
methods provided detailed information for understanding protein adsorption on MCF. Significant differentiation
in surface chemistry and topography of MCF material was observed after protein adsorption. Basing on the results
of thermal analysis stronger changes of the surface properties and more stable interactions of biomolecules with
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MCF-d16 support were observed for larger BSA molecules compared to smaller ovalbumin ones.

© 2019 Published by Elsevier B.V.

1. Introduction

With increasing application of biomolecules, especially proteins, in
many different technologies, ranging from pharmaceuticals to biomate-
rials and biosensors, there has appeared a need for detailed analysis of
protein adsorption on solid surfaces and especially interactions with
supports. The protein-surface interactions are intensively investigated
with regard to wide applications of biocomposite materials in the field
of nano-biotechnology and material science. Fundamentally, the
protein-surface interactions are responsible for the biocompatibility of
medical devices (biomedical implants, biosensors, biochips, artificial
organ and tissue, therapeutic nano-devices, etc.) [1-7]. After a contact
of a solid material with a fluid containing the soluble proteins (e.g.
blood, interstitial fluid), the rapid process of albumin adsorption is initi-
ated saturating soon the support surface. The albumin adsorption ca-
pacity and selectivity as well as the protein layer organization on solid
surface is affected by the specific properties of individual proteins, envi-
ronment conditions, and properties of the surfaces. In particular, the
physicochemical, structural and morphological properties of solid sur-
face are important in adsorption process (rate, efficiency and selectivity
of adsorption) of biomolecules as well as in protein-surface interactions
(adhesion, stable interaction adsorbent/adsorbate) [8]. In order to in-
crease the efficiency and selectivity of adsorption, and the affinity of

* Corresponding author.
E-mail address: agnieszka.chrzanowska@poczta.umcs.lublin.pl (A. Chrzanowska).

https://doi.org/10.1016/j.ijpiomac.2019.08.025
0141-8130/© 2019 Published by Elsevier B.V.

the support to adsorbed biopolymers, the proper control and modifica-
tion of the support surface at the micro- and nanolevel is essential. The
key parameters affecting the adhesion and stability of the protein layer
are the micro- nanostructure, surface morphology, texture, chemical
character of the material. Considering the above factors influencing pro-
tein adsorption, the support surface can be designed for specific pro-
teins in order to control the interactions between the biomolecules
and the material. Depending on the requirements, it is possible to de-
sign a protein-repulsive surface that prevents cell adhesion (e.g. for
blood-contacting devices), or promote adhesion and cell differentiation
(e.g. for skin and bone substitutes) [9]. At the same time, the important
features of functional solid supports for biomedical applications are:
their biotolerance, inertness and chemical stability with respect to the
biopolymers tested. Mesoporous silica materials like mesocellular silica
foams (MCF) due to their desirable and unique properties as well as
possibility of functionalization and differentiation of the surface proper-
ties (physicochemical character, chemical composition, functional
groups, acid/base features), structure (geometry, specific surface area,
pore sizes and shapes, pore volumes,) and morphology (texture, rough-
ness, porosity) in synthesis process, are very attractive group of adsor-
bents which can be useful as carriers for the compounds showing
biological activity. Due to a large specific surface area and pore volume,
these materials represent “nano-tools” for obtaining the new functional
biomedical materials with strictly defined structural and surface prop-
erties which can be used as specific carriers for the analysis and charac-
terization of model biological systems and biomedical materials.
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The present study aims to investigate the influence of adsorption of
bovine serum albumin (BSA, molecular mass: 66.5 kDa, dimensions:
4 nm x 4 nm x 14 nm (prolate ellipsoidal shape) or 8 nm x 8 nm
x 3 nm (heart shape), hydrodynamic diameter: 7.3 nm, isoelectric
point IEP: 4.7) [10-13] and ovalbumin from chicken egg albumin
(OVA, molecular mass: 45 kDa, dimension: 7 x 4.5 x 5 nm (ellipsoidal
shape), hydrodynamic diameter: 5.9 nm, isoelectric point IEP: 4.6)
[14-17] on the characteristics of mesoporous silica support. The quanti-
tative and qualitative studies of structure and surface properties of
biocomposite systems consisting of mesoporous MCF silica support
and protein molecules were performed by various physicochemical
techniques such as XRD, ATR-FTIR, XPS, SEM/EDS and TG/DTG-DSC
and TG/FTR, TG/DSC-MS. The structural properties of the protein/silica
supports were determined by the X-ray diffraction patterns (XRD).
The changes in bonding character and conformation changes caused
by adsorption of protein molecules on the mesoporous support, and
physical interactions between the protein molecules and silica surface
were monitored by using ATR-FTIR infrared spectroscopy. In order to
obtain relevant information on chemical bonding and composition of
the protein/silica composite surface, the photoelectron spectroscopy
(XPS) was used. Additionally, the topography at the micro-nanoscale
(structure imaging) and elemental composition were also investigated
by using the scanning electron microscopy with X-ray microanalysis
(SEM/EDS). Likewise, the thermal stability of protein/silica composites
and analysis of the decomposition product through in-depth analysis
of the evolved gas was studied using combination of thermogravimetric
analyzer (TG) with a mass spectrometer (MS) or a Fourier transform in-
frared spectrometer (FTIR). Such investigations are important taking
into account the application character of the systems consisting of po-
rous material and proteins, thus, the proposed studies give the detailed
characterization of textural properties, thermal stability and silica-
protein interactions, being a supplement for the results presented in
the literature.

2. Experimental section
2.1. Materials and reagents

The study was carried out using the ordered mesoporous MCF-d16
silica material characterized by the specific surface area 495 m?/g, the
total pore volume ~1.98 cm’/g and the average hydraulic pore diameter
~16 nm (the parameter values estimated from nitrogen adsorption/de-
sorption isotherms). The pore sizes of the support were about 2 or 2.5
times larger than the hydrodynamic diameters of BSA and OVA mole-
cules allowing the diffusion and adsorption process of both adsorbates
in internal space of MCF. The details of synthesis procedure of MCF ma-
terials are described in another paper [18].

Bovine serum albumin (BSA, purity > 98%, Cat. No. A7906, Sigma-
Aldrich) and ovalbumin from chicken egg albumin (OVA, purity > 98%,
Cat. No. A5503, Sigma-Aldrich) were employed as model protein en-
zymes for adsorption studies. Protein stock solutions (V = 50 ml, ¢y
= 5 mg/ml) in 0.1 M phosphate buffered saline solutions (PBS at pH
= 7.4) and MCF-d16 material (200 mg dried at 423 K for 24 h) were
added to adsorption vessels. Next, the prepared suspension was placed
in the incubator shaker (New Brunswick Scientific Innova 40R Model)
and was shaken at 25 °C with 110 rpm for t,qs = 24 h (taqs — time avail-
able for adsorption processes). After attaining equilibrium the mesopo-
rous silica with adsorbed BSA and OVA molecules were separated from
the solution, dried at room temperature and then, used to further anal-
ysis. From the adsorption experiment the adsorbed amounts of both
proteins were estimated: 0.214 g/g for BSA, 0.205 g/g for OVA.

2.2. Analytical techniques

In order to control the albumin interactions with support surface the
Fourier transform infrared spectroscopy (FT-IR) with attenuated total

reflectance (ATR) was used. ATR-FTIR spectra were collected in a
range of wavenumbers 4000-400 cm ™! with 64 scans per spectrum at
a resolution 4 cm™! using IR spectrometer TENSOR 27 (Brucker,
Germany).

The powder X-ray diffraction (XRD) method was used for structure
analysis of native MCF-d16 silica and protein/silica composites. The
small angle XRD diffraction measurements were conducted using the
Empyrean diffractometer (PANalytical, 2012, Netherlands) using mono-
chromatic CuKa radiation source (\ = 1.5418 A) in the range of 26 from
0.13° to 5.00° in steps 0.01°.

The chemical binding and surface chemical composition of
biocomposites protein/silica were analyzed using X-ray photoelectron
spectroscopy (XPS). The XPS studies were performed in a multi-
chamber UHV analytical system (Prevac, Poland) equipped with a
hemispherical electron analyzer VG Scienta R4000 (U = 12 kV, le =
300 mA) and a monochromatized AlKa source (MX 650 X Ray Source
Monochromator) working at 360 W. The AlKo: line at 1486.6 eV was ap-
plied for the ex situ XPS measurements. The base vacuum in the analysis
chamber during the measurements was in the range 1-10~° mbar. The
analyzer pass energy was set at 200 eV (0.5 eV/step) and 50 eV
(0.1 eV/step) for high resolution core level C 1s, O 1s, N 1s spectra. All
the core level binding energies were calibrated for C 1s line at
284.8 eV. Data processing and curve-fitting procedure were carried
out by using Gaussian-Lorentzian curve fitting function with a Shirley
type background subtraction method in the CasaXPS software (v
23.17 PR 1.1).

Characterization of the surface morphology at the micro-nanoscale
and quantitative analysis of elemental composition (i.e. Si, C,0, N) of na-
tive support and composites were verified using scanning electron mi-
croscope (SEM) Quanta 3D FEG (FEI, Field Electron and Ion Co.) with
the energy dispersive X-ray spectrometry (EDS).

The thermal analysis of the MCF-d16 material without and with the
adsorbed proteins was made on a STA 449 Jupiter F1 Netzsch
(Germany) at the following measurement conditions: heating rate of
10 °C/min under a dynamic atmosphere of synthetic air conditions
with flow rate 50 ml/min, temperature range from 30 to 950 °C, mass
samples ~18 mg, sensor thermocouple type S TG-DSC. The gaseous
products of decomposition were identified by means of FTIR spectrom-
eter Brucker (Germany) and then, analyzed by Quadrupole Mass Spec-
trometer QMS 403C Aéolos (Germany) coupled on-line to the STA
instrument. The QMS data were collected in the range from 10 to
300 amu. The FTIR spectra were gathered in the spectral range
600-4000 cm ™! with 16 scans per spectrum at a resolution of 4 cm !

3. Results and discussion
3.1. Structural characterization of protein/MCF silica composites

To study the structure of MCF-d16 silica support and to prove that
OVA and BSA molecules are effectively located in its mesopores the
small angle X-ray diffraction (XRD) measurements were carried out.
Fig. 1A shows XRD patterns recorded in a small diffraction range of 26
for pure silica and after immobilization with BSA and OVA molecules
adsorbed from protein solutions at pH = 7.4 (PBS). The powder XRD
patterns of studied materials with the background subtracted are pre-
sented in Fig. 1B. The obtained small-angle XRD results recorded in
the 260 range 0.13°-3.0° for native MCF-16d material revealed three
Bragg's reflections: one intense well-resolved reflex at 26 = 0.51° and
two higher-ordered weak and broader reflections at 26 = 0.86° and
1.22° with exponentially reducing intensities, confirming the regular
structure (pore arrangement) of the studied support. This behavior is
characteristic for native mesoporous MCF silica supports, due to their
ultra-large spherical pores (cells) that are interconnected by uniform
windows to generate a continuous 3D pore system [19,20]. For the stud-
ied materials the total integrated areas (Apeqx) and interplanar spacing
(d) for the strong primary diffraction peaks are also given in Fig. 1B
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Fig. 1. (A) XRD patterns recorded in small diffraction range of 26 for native MCF-16d material, BSA/MCF-16d and OVA/MCF-d16 composites; (B) the patterns with the background

subtracted.

(inset). The interplanar spacing, d, reflecting pore size for the native
MCF-d16 sample was estimated at 17.26 nm, 10.24 nm, 7.26 nm. In
the case of samples with the adsorbed proteins only one intense well-
resolved diffraction peak was observed (Fig. 1B). It can be seen that
the first diffraction peaks for BSA/MCF-d16 and OVA-d16 composites
are shifted towards higher values of 26 (26 = 0.55° for BSA/MCF-d16
and 20 = 0.57° for OVA/MCF-d16 samples) in comparison to MCF-d16
(26 = 0.51°). It means that the pore sizes upon protein adsorption are
decreased (the interplanar spacing d = 15.88 nm for OVA adsorption
and d = 16.01 nm for BSA adsorption). Moreover, for the samples
with adsorbed proteins the significant decrease of intensity of the first
Bragg's reflections is observed (the peak heights for BSA/MCF-d16 are
reduced about ~38.8%, while for OVA/MCF-d16 are dropped about
~37.2% in relation to the pure silica material). Likewise, the total areas
of the XRD peaks for the samples with adsorbed proteins are lower in
comparison to pure support. The disappearance of two diffraction re-
flections, and the decrease of peak intensity and area after protein ad-
sorption indicate the diminishing of biocomposite structure ordering.
This fact indicates the presence of protein molecules inside the silica
pores, and it is probably related to the higher electron density contrast
between the silica walls and the open pores in comparison to this con-
trast between the silica walls and the protein molecules [21].

3.2. Protein/MCF interactions

Protein-solid surface interactions frequently results in conformation
and/or orientation changes within the adsorbed layers [22]. The struc-
tures of albumins are relatively unstable, the proteins tend to unfold
which results in additional interactions between the internal molecule
regions and solid surface [23]. The changes in adsorbate-adsorbent in-
teractions were monitored by using ATR-FTIR spectroscopy. The com-
parison of typical ATR-FTIR spectra collected in the range of
400-4000 cm™! for the pure MCF material, the protein/silica compos-
ites and the native albumins are presented in Fig. 2. In the case of the na-
tive MCF-d16 silica, the typical bands for siliceous Si—O—Si material
are observed. A broad and intensive band at 1067 cm ™! is assigned to
Si—O0—Si asymmetric stretching vibrations of the silicate network;
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Fig. 2. ATR-FTIR spectra for the native BSA and OVA proteins, MCF-d 16 support, BSA/MCF-
d16 and OVA/MCF-d16 composites.
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band at 965 cm ™' - to Si—OH stretching vibrations of the hydrogen-
bonded silanol groups; a band at 808 cm ™! - to Si—0—Si symmetric
stretching vibrations of the silicate network; a band at 450 cm™! - to
bending vibrations of Si—0—Si moieties [24-26]. These bands com-
pared with the bands recorded for MCF-d16 material covered by pro-
teins are slightly red shifted. These shifts are probably due to the
existence of protein molecules on the surface of porous silica material.
Additionally, for both protein/silica composites the change in the
shape of the band assigned to stretching of Si—O—Si moieties is caused
by differentiations in the interactions of BSA and OVA with the silica
surface.

As can be seen in Fig. 2, the ATR-FTIR spectra of protein/silica com-
posites (BSA/MCF-d16; OVA/MCF-d16) confirm the presence of protein
functional groups. It is apparent that the characteristic bands found in
the ATR-FTIR spectra of native proteins and polypeptides include the
Amide I, Amide II, and Amide III bands (arising from the Amide bonds
that link the amino acids), as well as Amide A band. The Amide bands
give information on the secondary structure of polypeptides and pro-
teins. Analysis of the shape and position of bands in the Amide I region
allows identification of a-helical (1650-1658 cm™! for aqueous solu-
tion), antiparallel, and parallel B-sheet (1620-1640 cm ™! for aqueous
solution) structures. Interpretation of this region of FTIR spectra for pro-
teins is difficult as a result of overlapping of the bands assigned to -
helical and random structures [27,28]. The absorption band associated
with the Amide I band (1600-1700 cm™'; 1643 cm~! for BSA and
1632 cm ™! for OVA) is connected with the stretching vibrations of the
C=0 bond (ca. 80% contribution from the local (=0 stretching vibra-
tion in the normal mode) of the peptide linkages the frequency of
which depends on the strength of hydrogen bond and the interactions
between the amide units. Generally, the changes of hydrogen bonds in
the peptide linkages result in the vibrational frequency changes of dif-
ferent Amide bands. The absorption associated with the Amide Il band
(1500-1600 cm™; 1521 cm™! for BSA and 1527 cm™! for OVA) is con-
nected primarily with the bending vibrations (rocking) of the N—H (ca.
60%) bond coupled with the C—N (ca. 40%) stretching vibrations of pep-
tide groups. The Amide IIl band (1200-1330 cm™!; 1245 cm ™! for BSA
and 1237 cm~! for OVA) is a result of the C—N stretching (ca. 40%) and
N—H bending (rocking) modes (ca. 30%) [29-33]. A broad band with
maximum near 3280 cm ™' (Amide A band) for both native proteins is
attributed to the hydrogen bonded N—H stretching vibration, the
peaks between 2800 and 3000 cm~! are attributed to the C—H
stretching vibration [34]. The peak near 1400 cm™! can be assigned to
the protein side-chain COO— symmetric stretching vibration (the
COO— asymmetric stretching vibration probably overlaps with the
Amide I band).

As compared with the native BSA, the Amide I band for BSA/MCF-
d16 composite is blue shifted up to 1658 cm™~! (i.e., by ~15 cm™! to
higher wavenumber). Such a blue shift may indicate weakening of the
intermolecular C=0---H—N hydrogen bonds between the protein
chains and/or intramolecular hydrogen bonds of a chain forming the
a-helix. The same applies to the Amide Il band, which for the BSA/
MCF-d16 composite is also blue shifted up to 1532 cm™! (i.e., by
~11 cm™1) [35,36]. In the case of the native OVA/MCF composite, similar
shifts of the Amide I and Amide Il bands in ATR-FTIR spectrum were also
found for OVA/MCF composite. This time, the positions were blue
shifted by 25 and 5 cm™" for Amide I and Amide II bands, respectively.
It is worth mentioning that the blue shift of the Amide I band upon pro-
tein adsorption is consistent with the observed blue shift of the Amide A
band (by 11 and 17 cm™' for BSA/MCF-d16 and OVA/MCF-d16,
respectively).

For both protein/silica composites, the higher Amide I band position
corresponds to weaker hydrogen bonding, leading to more flexible he-
lices, probably as a consequence of the interactions between the pro-
teins and porous silica surface [37]. However, this issue was not
elucidated further. These results suggest that the structure of both pro-
teins upon adsorption on MCF silica surface was altered.

3.3. Microstructure and surface composition of biomaterials

The surface composition analysis of protein/silica biocomposite and
chemical binding state between the protein molecules and silica surface
were investigated by X-ray photoelectron spectroscopy (XPS). In order
to identify components and functional groups on the MCF-d16 and
composite surface, survey and high-resolution core-level XPS spectra
of the O 1s, N 1s, C 1s were measured. Fig. 3 shows typical XPS survey
spectra of MCF-d16 and silica/protein composite. The qualitative and
quantitative chemical analysis obtained from XPS data are given in
Table 1. As follows from the data presented in Fig. 3 and Table 1 the sur-
face of pure silica material was mainly composed of silicon (29.6 +
0.1 at.%), oxygen (57.6 + 0.2 at.%) and very small amount of carbon
(2.8 £ 0.2 at.%): clearly visible photoelectron peaks of O 1s at
532.5eV, C1sat 284 eV and Si 2p at 103.5 eV and directly linked O 2s
(154.5 eV) and Si 2s (25.6 eV). As a result of biomolecules immobiliza-
tion three main elements, O, C, and N (from amino acids in protein)
with traces of Na, Cl (derived from PBS solution) and Si atoms (related
to the organic matrix of silica support) were detected (Fig. 3). The sur-
vey scan obtained for OVA/MCF-d16 composite surface showed a
major peak at binding energy 532.5 eV and 285.5 eV, corresponding to
relative atomic concentration of O (41.8 + 0.2 at.%) and C (24.3 +
0.2 at.%), respectively, and minor peak at 400 eV corresponding to N
(6.3 £ 0.2 at.%) (Fig. 3, Table 1). For BSA/MCF-d 16 silica composite sur-
face, the XPS survey scan revealed a major photoelectron signal of O at
binding energy 532.5 eV and signals at 285 and 400.5 eV corresponding
to Cand N with atomic concentration of around ~38.8 + 0.2 at.%, 29.9 +
0.2 at% and 6.4 + 0.2 at.%, respectively (Fig. 3, Table 1). For OVA/MCF-
d16 composite, the surface composition revealed a higher C level
(21.5 + 0.2 at.%, 14.4 4 0.2 wt%) and lower O level (15.8 & 0.2 at.%, 8
+ 0.2 wt%,) in comparison to the pure silica surface. Significant in-
creases in C and decreases in O concentrations were found in the case
of large BSA molecules: 27.1 4 0.2 at.% (18.7 & 0.2 wt%) more of C
and ~18.8 + 0.2 at.% (9.5 4 0.2 wt%) less of O. The relative elemental
composition of C, O, N for BSA/MCF-d16 surface compared to OVA/
MCF-d16 was proved to be ~5.6 at.% more of C content, ~0.1 at.% more
of N, and ~3 at.% less of O. Moreover, for both composites the O 1s pho-
toelectron signal is broader, especially upon BSA adsorption. Further-
more, the full width at half maximum calculated for O 1s signals was:
2.33 eV for MCF-d16, 2.58 eV for OVA/MCF-d16, and 2.51 eV for BSA/
MCF-d16. As mentioned above, the oxygen concentration is also re-
duced for the composites (Table 1), because large part of MCF-d16 ma-
terial is covered by the adsorbed protein molecules less rich in oxygen
atoms [38]. It is interesting to note that the N 1s signal is specific for
the proteins since no nitrogen was found on pure silica surface in con-
trary to the C 1s and O 1s signals which were detected for all materials.
The change in the atomic and mass ratios for nitrogen to carbon (N/C),
often used as a detection marker for proteins [39], are compared in
Table 1. According to these data, markedly higher values for atomic
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Fig. 3. XPS survey spectra for MCF-d16 and protein/silica composites.
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Table 1
XPS survey spectra data, chemical compositions, and elemental concentration (atomic% and mass%) for MCF-d16 and protein/silica composites.
Sample Peak Binding energy [eV] Full width at half maximum (FWHM) Concentration Ratio C/N
at% wt% at.% wt%
MCF-d16 Si2p 103.5 2.49 29.6 + 0.1 40.2 £ 0.1
Ols 532.5 233 57.6 £ 0.2 446+ 0.2
Cls 284.0 3.63 28+02 16+ 0.1 - -
Si2s 154.5 3.04 - -
02s 25.6 3.79 - -
OVA/MCF-d16 Si2p 103.5 2.49 26.4 £+ 0.1 40.7 £ 0.1
O1s 532.5 2.58 4184+ 0.2 36.6 + 0.2
N1s 400.0 2.36 63+0.2 49 +02
Cls 285.5 3.63 243 £ 0.2 16.0 £ 0.2 3.86 3.26
Na 1s 1071.5 3.08 0.6 +0.1 0.8 +£0.1
Cl2p 198.5 1.80 0.7 +£0.1 14+ 0.1
Si2s 154.3 3.05 - -
02s 259 3.70 - -
BSA/MCF-d16 Si2p 103.5 2.32 23.6 £ 0.1 374+ 0.1
01s 532.5 2.51 38.8 +£0.2 351402
N 1s 400.5 2.61 64+02 50+02
Cls 285.0 3.77 29.9 £ 0.2 20.30 £+ 0.2 4.67 4.06
Na 1s 1072.0 2.85 0.5+ 0.1 0.6 + 0.1
Cl2p 200.0 134 0.6 + 0.1 1.2 +0.1
Si2s 154.4 2.78 - -
02s 25.5 3.46 - -

and mass N/C ratios were obtained for the BSA/MCF-d16 (atomic N/C
ratio ~4.67 and mass N/C ratio ~4.06) compared to the OVA/MCF-d16
(atomic N/C ratio ~3.86 and mass N/C ratio ~3.26). It is apparent that,
the smaller ovalbumin (45 kDa) in comparison to the large BSA
(66.4 kDa) generates a lower signal of nitrogen reflecting the thickness
of albumin layer [40]. It was also stated that the N 1s survey spectrum
for the sample BSA/MCF-d16 was evidently broader (higher value of
FWHM) than for the OVA/MCF-d16. It was also observed that the C 1s
peaks were shifted to higher binding energies after protein adsorption
(this effect is enhanced for BSA) compared to pure silica. These facts
suggest that more aliphatic carbons of the amino acid groups of BSA,
such as tyrosine residues [41] were exposed on the MCF-d16 support.
For identification of the possible functional groups with a specific el-
ement (O, N, C) the high-resolution XPS studies were performed. The
deconvoluted O 1s, N 1s and C 1s high-resolution core-level XPS spectra
and their properties are presented in Fig. 4(A-C) and Fig. 5(A-C), re-
spectively. The XPS analysis of deconvolution of O 1s high resolution
core-level spectrum of the OVA/MCF-d16 (Fig. 4A) and BSA/MCF-d16
(Fig. 5A) samples revealed two components of oxygen (O 1s A and O

1s B). The O 1s A photoelectron peak was attributed mainly to oxygen
forming a double bond with carbon (0—C=0 and O=C—N) at a bind-
ing energy around 531.0 eV for OVA/MCF-d16 and 531.2 eV for BSA/
MCF-d16. On the other hand, the O 1s B component located at
532.8 eV for OVA and 532.9 eV for BSA was related to oxygen singly
bonded with hydrogen (C—OH). In addition, the detected positions of
deconvolution of O 1s XPS core level photoelectron signals indicate
that the O 1s photoelectrons distinctly correspond to peptidic oxygen
of proteins [42,43].

The deconvoluted N 1s high resolution XPS spectra for OVA/MCF-
d16 and BSA/MCF-d16 are depicted in Figs. 4B and 5B, accordingly.
The deconvolution of N 1s core-level spectra for OVA/MCF-d16
(Fig. 4B) exposes only one component, positioned at binding energy
400.2 eV, characteristic for amine (C—NH,) groups [44,45]. In the case
of BSA/MCF-d16 two components (N 1s A and N 1 s B) were found in
the N1s high-resolution XPS spectra (Fig. 5B). The first peak for compo-
nent N 1s A with a binding energy of 400.2 eV is attributed to nitrogen in
amine groups and second N 1s B peak detected around 402.2 eV is
assigned to HN—C(0)O/N—C==C functions [46]. Generally, the N 1 s
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Fig. 4. The high-resolution (A) O 1s, (B) N1s and (C) C 1s core-level XPS spectra for OVA/MCF-d16.
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Fig. 5. The high-resolution O 1s, N 1s and C 1s core-level XPS spectra of BSA/MCF-d16.

photoelectron peaks close to 400 eV are specific for nitrogen in organic
matrix, assigned to carbon with one nitrogen bond (C—N), confirming
protein immobilization on MCF surface [47].

Figs. 4, 5C present the deconvolution of C 1s core-level XPS spectra
registered for silica surface with immobilized proteins. The XPS data
(binding energies positions, FWHM, at.%) for the detected high-
resolution C 1s core-level photoelectron signals were also performed
(Figs. 4, 5Cinset). Analyzing the region deconvolution of C 1s photoelec-
tron peaks on high-resolution core-level XPS spectra for OVA/MCF-d16
and BSA/MCF-d16 composites one can state that C 1s photoelectron
peaks were decomposed in accordance with the binding energies of car-
bon bonds in proteins. For both studied samples the C 1s peaks are well
decomposed (Figs. 4, 5C) with three components (C1sA,C1sB,C1sC);
at a binding energy of around 285 eV corresponding to C—C or C—H
bonds (C 1s A); at ~286.4 eV assigned to C—O bond (C 1s B); and at

~288.4 eV assigned to C=0 bond (C 1s C) [31,48,49]. According to
Lebugle et al. [50] and Deligianni et al. [51] these are typical carbon
bonds occurring in proteins: C 1s photoelectron signals in the C 1s spec-
trum recorded for BSA protein were well decomposed with one main
component centred at 285 eV assigned to aliphatic carbons of the
amino acid pending groups and two additional components positioned
at 286.5 and 288.2 eV assigned to NH-CHR-CO carbon of the protein
backbone and —C(—O)—NH, peptide carbon, respectively.

The scanning electron microscopy (SEM) with the energy dispersive
X-ray spectrometry (EDS) was used for characterization of microstruc-
ture, morphology and chemical composition of pure mesoporous silica
surface and protein/silica composites. The two-dimensional (2D) visu-
alization of surface morphology and microstructure of the pure MCF-
d16 silica support and the biocomposites registered by SEM, are
depicted in Fig. 6(A-C). Comparing the presented 2D SEM topographic

Fig. 6. SEM micrographs of MCF-d16 silica (A), OVA/MCF-d16 (B) and BSA/MCF-d16 (C) composites.
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images for the MCF-d16 surface without/with proteins the significant
changes in the surface morphology and microstructure can be observed.
The SEM micrographs of the MCF-d16 silica support show relatively
large grains with differentiated sizes. In the case of biocomposites
OVA/MCF-d16 and BSA/MCF-d16, the surface topography and texture
change to a large extent in contrary to the pure MCF-d16 surface, the to-
pography and microstructure of biocomposite surface become less po-
rous and rough. This effect is especially evident for BSA/MCF
composite and is connected with larger sizes of BSA molecules and its
concentration.

The qualitative and quantitative (wt%, at.%) analysis of the chemical
composition of MCF-d16 silica support covered by the proteins was con-
ducted by using SEM/EDS measurements (Table 2). From EDS micro-
analysis, the surface composition (at.%) of OVA/MCF-d16 composite in
contrary to the pure MCF-d16 is as follows: ~1.7 at.% (8.55 wt%) less of
oxygen, ~1.9 at.% (3.18 wt%) more of carbon, ~1.3 at.% (0.97 wt%)
more of nitrogen. In the case of BSA/MCF-d16 composite the EDS results
indicate markedly higher content of C ~4.87 at.% (3.19 wt%), higher con-
tent of N ~1.66 at.% (1.25 wt%), and lower content of O ~3.26 at.%
(9.82 wt%) in relation to pure silica. This is also confirmed by the N:C
ratio before/after protein adsorption; higher value of N:C ratio for the
BSA than for the OVA containing composites in relation to pure MCF-
d16 silica support are found. It may be concluded that BSA adsorption
leads to larger variation in surface morphology and local concentration
of chemical elements of reference MCF-d16 silica surface than in the
case of OVA albumin adsorption. These results are in fairly accordance
with those obtained by the XPS analysis.

3.4. TG/DTG-DSC, TG/FTIR and TG/DSC-MS analysis

The thermogravimetric methods TG, DTG and DSC were performed
to provide information about interactions between biomolecules and
silica particles as well as thermal stability of the composites. Fig. 7 pre-
sents the TG curves as mass changes vs. temperature and DTG curves as
mass changes vs. time during material heating. The DSC curves of ther-
mal decomposition are compared in Fig. 8. The corresponding values of
TG mass loss, DTG and DSC peaks are given in Tables 3 and 4, respec-
tively. Analyzing the TG/DTG-DSC results for pure MCF-d16 one can dis-
tinguish two stages in the heating processes in atmosphere of synthetic
air in the range 30-900 °C. The first region ranges from 30 to 165 °C with
the minimum at 85 °C on the DTG curve and the mass loss of 0.19% cor-
responds to the endothermic evaporation of hygroscopically and phys-
ically adsorbed water. The second region in the temperature range 165
to 900 °C with mass loss of 2.05% is associated with the desorption of
structural water resulting from condensation and elimination of the sil-
ica surface hydroxyl groups. The total mass loss for pure silica material is
approximately 2.24%. The observed results are in good accordance with
the data reported by Zaharescu et al. [52] After protein adsorption, the
thermal stability of composites was changed. As follows from the TG,
DTG and DSC results, it is clearly visible that the processes of thermal
degradation of both materials are significantly different in comparison
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Fig. 7. TG, DTG profiles for MCF-d16 support and protein/silica composites.

to pure silica. The initial decomposition stage covers the temperature
range 30-165 °C for both samples (minimum at T4y ps = 116.1 °C,
Mloss,IDS=O-73% and Tmax,IDS =109 DC, Mloss,IDS = 1.13% for OVA/MCF—
d16 and BSA/MCF-d16, respectively), and is related to the removal of
physically adsorbed water. The process is endothermic as it results
from the DSC curves (Fig. 8). Decomposition of the protein/silica com-
posites occurs in two major stages in the temperature ranges 165-420
°C and 420-900 °C with Tpax; and Texe on the DTG curves (Fig. 7,
Table 3), and with Tpeaks and Tpear2 0N the DSC curves (Fig. 8, Table 4),
corresponding to the exothermic processes of protein molecules break-
down [53,54]. For OVA/MCF-d16 composite, the first major stage covers
the temperature range 165-420 °C with T;;,qx; at 296.4 °C and the mass
loss of 9.43%. For the BSA/MCF-d16 sample, the mass loss for first stage
with Tpexg at 299.7 °C was estimated as 13.10%. The thermal degrada-
tion processes for this predominant stage are associated with the re-
moval of weakly bound protein molecules from the silica surface (van
der Waals forces). The second main decomposition step (above 420
°C) with the minimum at T;5x> = 451.1 °C (M)pss2 = 3.69%) for OVA,
and at Tpyax2 = 478.8 °C (M)ess2 = 5.79%) for BSA corresponds to decom-
position of protein molecules strongly associated with the MCF-d16 sur-
face (electrostatic interactions) [55,56]. Comparing the total mass loss
(Mjossrorar) during the heating process of biomaterials, the BSA adsorp-
tion leads to increase the total mass loss of about 6.17% compared to
OVA adsorption, which is in accordance with stronger adsorption of
large BSA molecules on the MCF-d16 support. The differences in ther-
mal stability of both adsorbed proteins are connected with their various
physicochemical properties (different heat denaturation and conforma-
tion transitions in the protein structure) as well as protein-silica surface
interactions. Due to BSA adsorption, the main peaks at T;4x7,2 on the
DTG curve and the peaks at Tpeqr1,2 on the DSC curve were shifted to-
wards higher temperatures (more stable state) in contrary to OVA ad-
sorption. Moreover, the larger values of enthalpy of decomposition

Table 2

Element contents for MCF-d16 and protein/silica composites from EDX analysis.
Sample Si 0 C N Ratio N:C
Atomic%
MCF-d16 25.61 £ 2.83 44.62 4+ 5.83 28.52 £ 2.17 1.02 £+ 0.17 0.031
OVA/MCF-d16 25.55 4+ 3.69 42.92 +0.29 3042 + 4.16 232+ 024 0.081
BSA/MCF-d16 25214+ 3.12 41.36 + 241 3339+ 4.84 2.68 +£0.13 0.088
Mass%
MCF-d16 36.64 & 4.08 46.96 + 4.96 20.69 + 2.09 0.85 + 0.15 0.036
OVA/MCF-d16 36.24 4+ 2.35 38.41 + 0.95 23.87 + 431 1.82 + 0.21 0.087
BSA/MCF-d16 35.16 + 1.51 37.14 4+ 2.48 23.88 £+ 4.32 2.10 + 0.04 0.088
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Fig. 8. DSC curves for MCF-d16 support and protein/silica composites.

(AH) estimated as the peak area from DCS curves (Fig. 8, Table 4) for
BSA/MCF-d16 sample may indicate more favourable intramolecular in-
teractions in the albumin [57,58].

To recognize the mechanism of thermal decomposition pathways of
the adsorbed BSA and OVA on the silica surface, the analysis of the gas-
eous products was conducted by IR-spectroscopy with the Fourier
transformation-thermogravimetry (TG/FTIR) and differential scanning
calorimetry — mass spectrometry (TG/DSC-MS). 3D FTIR-TG spectra of
the gas phase produced during thermal destruction of both composites
in inert atmosphere gathered at different temperatures are displayed in
Fig. 9(A,B). The MS profiles of the characteristic ion current (m/z) of gas-
eous decomposition products (m/z): 15 (CHs); 17 (NHs); 18 (H;0); 26
(CN); 30 (NO); 44 (CO,), 46 (NO,); 64 (SO,) are presented in Fig. 10(A-
H). Fig. 10l demonstrates the MS profile of the main products (H,0, CO;)
formed during decomposition of pure MCF-d16 support.

According to the obtained results, MCF-d16 support shows absorp-
tion bands in the ranges 1850 cm~'-1350 cm~' and 3910 cm~'-
3560 cm ™! as a result of rotation-vibration transitions within water
molecules in the vapor (symmetric bending and both stretching vibra-
tions, respectively). Carbon dioxide (from the residues of polymer ma-
trix in silica material) gives an absorption band of medium intensity at
669 cm~! (symmetric bending) and two very strong peaks at
2340 cm™! and 2362 cm™! (R and P branches of the asymmetric
stretching vibration, respectively). The presence of these components
is evidenced in the MS spectra (signals m/z = 18 for H,O and m/z =
44 for CO,, Fig. 10I).

In 3D FTIR spectra corresponding to thermal decomposition of both
protein/silica composites registered at the main degradation decompo-
sition stages at Tpeaks and Tpeqk2 (Table 4), the absorption bands at ca.
2330 cm™ !, ca. 2350 cm ™! and 669 cm™! (Fig. 9A,B) correspond to
asymmetric stretching vibration (two first bands) and symmetric bend-
ing vibrations (the third band) of CO,. Additionally, the absorption
bands at 3503 cm ™! and 3736 cm ™! as well as at ca. 1760 cm ™! at

Table 4
DSC data for OVA/MCF-d16 and BSA/MCF-d16 composites.
Sample DSC
Tonsetl Tpeukl Tendl AH Tonsetz TpeakZ Tendz AH
[(’cy e e el ’c] el I’ el
OVA/MCF-d16 2528 3054 3529 —3509 4241 4609 521.7 —62.39
BSA/MCF-d16  263.1 309.0 359.2 —542.6 443.7 491.1 5400 —153.8

Tonser, temperature of the decomposition initiation; Tyeqr, peak maximum decomposition
temperature; Te,q final decomposition temperature; AH, the heat generated during the
decomposition reaction obtained by the integration of the thermal peaks (area).

Tpeaks and Tpeqro for both biocomposites correspond to the O—H
stretching vibrations of water in the vapor phase (both stretching vibra-
tions) as well as symmetric bending, respectively. The presence of these
components is evidenced in the MS spectra of the gas phase formed dur-
ing thermal destruction of the studied samples (Fig. 10C,F). The signals
recorded for H,0 and CO, are present at m/z = 18 and m/z = 44, respec-
tively. It is a result of a larger content of carboxyl groups which undergo
decomposition with the CO, formation. Furthermore, 3D FTIR-TG spec-
tra registered in the first main thermal decomposition process for both
composites (Tpekas = 309 °C for BSA; Tpekar = 305.4 °C for OVA) reveal
also the presence of NHj3 besides CO, and H,O (965 cm™! and
930 cm ™! corresponding to maxima of rotational branches of the sym-
metric bending vibration, and 1620 cm™! corresponding to the Q-
branch of asymmetric bending vibration; signal m/z = 17 on the MS
spectrum, Fig. 10B). Quite intense bands at 714 cm ™! are attributed to
bending vibrations of the HCN (a signal at m/z = 27 at the MS spectrum)
[59]. The maxima of the CH stretching vibrations of the aliphatic groups
present in the gaseous decomposition products of protein are located at
2895 cm™! and 2971 cm™ . It seems to be difficult to identify them pre-
cisely; it is possible that a number of aliphatic groups-containing gas-
eous products are released during thermal decomposition of the
considered proteins which can be concluded from the presence of a
number of the low-intensity bands exhibiting fine rotational structures
in the fingerprint range. The presence of methyl groups in the gaseous
decomposition products is confirmed by the presence of m/z = 15 sig-
nal corresponding to CHs (Fig. 10A). In this decomposition stage, the
presence of sulfonate group in biocomposites was confirmed by the ab-
sorption bands at ca. 1370 cm ™! (asymmetric stretching vibration of the
SO, molecule) (signal at m/z = 64 corresponding to SO,). Other identi-
fied compounds were NO and NO, that give the signals m/z = 30 and m/
z =46 (1909 cm~' and 1614 cm™' corresponding to simple stretch of
NO and asymmetric stretch NO,, respectively). Finally it should be
noted that MS spectra show the higher characteristic ion current at m/
z: 15 (CH3), 17 (NH3), 18 (H,0), 44 (CO;), 40 (NO), 46 (NO,), 64
(S0O3), and 27 (HCN) of gaseous products formed during decomposition
of BSA/MCF-d16 composite in comparison to OVA/MCF-d16 sample.
This is a consequence of stronger adsorption of BSA on MCF-d 16 support
as compared with OVA. In conclusion, TG/FTIR and TG/DSC-MS analysis
strongly indicates the formation of various additional gaseous products
during the decomposition of protein/silica composites as compared

-':'.?}b;ﬁj DTG data for OVA/MCF-d16 and BSA/MCF-d16 composites.
Sample TG DTG
Miossps [%] Mioss1 [%] Mioss2 [%] Mioss,rorar [%] Tinaxips [°C] Tinax1 [°Cl Tinaxz [°C]
30-165 [°C] 165-420 [°C] 420-900 [°C]
OVA/MCF-d16 0.73 9.43 3.69 13.85 116.1 296.4 451.1
BSA/MCF-d16 113 13.10 5.79 20.02 109.0 299.7 478.8

Miosspr» Mass loss in initial decomposition step; Moss, mass loss in main decomposition step, Mioss rorar, total mass 10ss; Tinaxips, Maximum temperature in initial decomposition step;

Tmax1,2» temperature at the maximum degradation step.
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Fig. 9. 3D FTIR-TG spectra of the gas phase evolved during thermal decomposition of OVA/MCF-d16 (A) and BSA/MCF-d16 (B).

with pure MCF-d16 silica. This behavior is also confirmed by ATR-FTIR,
XPS, SEM/EDS results.

4. Conclusions

In the present work, the structural, surface and thermal properties of
the MCF-d16 material immobilized with BSA (the adsorbed amount
0.214 g/g) and OVA (the adsorbed amount 0.205 g/g) are analyzed.
The porous MCF-d16 support structural characteristics are as follows:
the specific surface area: 495 m?/g, the average hydraulic pore diame-
ter: 16 nm (about 2 or 2.5 times larger than the hydrodynamic diame-
ters of BSA and OVA molecules), and the total pore volume: 1.98 m>/g.
The XRD, ATR-FTIR, XPS, SEM/EDS, and TG-DTG-DSC, TG-FTIR, DSC-MS
techniques are used for determination of biocomposite properties.

(i) Small-angle XRD patterns of the pure MCF-16d material reveal
regular 3D pore structure with large spherical cells intercon-
nected by narrow interconnectivities (three Bragg's reflections
confirming the structure well-ordering). For both biocomposites
significantly dropped intensity of Bragg's reflections, decrease of
the total integrated areas (Apeq) and the interplanar spacing (d)
in contrary to pure silica support is an indication for the presence
of protein molecules inside the silica mesopores The reduction of
intensity of the diffraction peaks and disappearance of two
Bragg's reflections for MCF/protein composites is a result of the
decrease of electronic density difference between mesopores
filled with biomolecules and pore walls. Additionally it indicates
the diminishing of biocomposite structure ordering.

(ii) ATR-FTIRresults indicate the changes of chemical structure of the
MCF-16d support after protein adsorption. For protein/silica
composites new types of bonds between protein molecules and
silica surface (Amide-I band derived from C=O stretching vibra-
tion of the peptide backbone, Amide-II band is connected primar-
ily with the bending vibrations (rocking) of the N—H bond
coupled with the C—N stretching vibrations of peptide groups,
and Amide A band is attributed to the hydrogen bonded N—H
stretching vibration) are found. When comparing with the native
BSA the Amide I band for BSA/MCF-d16 composite is blue shifted
up to 1658 cm™ !, the Amide Il band up to 1532 cm™ . These blue
shifts may indicate weakening of the intermolecular C=0---H—N
hydrogen bonds between the protein chains and/or intramolecu-
lar hydrogen bonds of a chain forming the a-helix. For the OVA/
MCF composite, similar shifts of the Amide I and Amide II bands
were also found: for Amide I up to 1657 cm™!, and for Amide II
up to 1532 cm ™. The blue shift of the Amide I band upon protein

(iii

(iv

(v

=

)

—

adsorption is consistent with the observed blue shift of the
Amide A band (3298 cm™! for BSA/MCF-d16 and 3296 cm ™!
OVA/MCF-d16, respectively). For both protein/silica composites,
the higher Amide I band position corresponds to weaker hydro-
gen bonding, leading to more flexible helices. It may be a conse-
quence of the interactions between the proteins and porous silica
surface. It suggests that the structure of both proteins upon ad-
sorption on MCF surface was altered.

By applying the XPS technique the quantitative and qualitative
identification of components and functional groups of
biocomposites was performed. The O 1s, N 1s, C 1s XPS photo-
electrons signals decomposed at specific binding energies
(~532.5 eV; ~400 eV; ~285 eV) for various components and
assigned to well-identified functional groups (e.g. 0—C=0,
0=C—N; HN—C(0)O/N—C=(, C—N; C—C, C—H, C=0, NH-
CHR-CO, —C(—O0)—NH,) are characteristic for protein mole-
cules. In addition, the analysis of XPS chemical composition and
elemental concentration of C, N, O (atomic% and mass%) for
pure MCF-d16 silica and for the biocomposites indicate higher
C, N content and lower O content for BSA/MCF-d16 and OVA/
MCF-d16. This effect is stronger for BSA/MCF-d16 composite
(for BSA/MCF-d16 the atomic and mass N/C ratios are ~4.67
and ~4.06, for OVA/MCF-d16 the atomic and mass ratios are
~3.86 and ~3.26). These data suggest that more aliphatic carbon
and nitrogen of the amino acid groups of BSA, such as tyrosine
residues are exposed on the MCF-d16 surface. The reduction of
oxygen concentration for the composites is a result of coverage
of large part of support surface by the adsorbed protein mole-
cules less rich in oxygen atoms.

SEM analysis shows that topography and microstructure of
biocomposite surface become less porous and rough, and in con-
sequence smoother as compared to the pure silica surface. More-
over, the EDS micro-analysis reveals different elemental
concentration (C, N, O) of protein/silica materials in comparison
to pure silica. The BSA/silica material shows greater changes of
surface topography and local concentration of chemical elements
than OVA/silica (at.% N/C: MCF-d16 = 0.031, OVA/MCF-d16 =
0.081, BSA/MCF-d16 = 0.088).

The TG/DTG-DSC studies prove that the thermal properties of
pure MCF-d16 change considerably after protein adsorption.
The differences in thermal stability of adsorbed BSA and OVA
may depend on the heat denaturation and conformation transi-
tions in the protein structure as well as protein-silica interac-
tions. The obtained biocomposites are thermally stable up to
165 °C and above this temperature the thermal decomposition



540

A. Chrzanowska, A. Derylo-Marczewska / International Journal of Biological Macromolecules 139 (2019) 531-542

8.0e-10 2.4e-9 6.0e-9
(A) —— BSA/MCF-d16 (B) —— BSA/MCF-d16 () BSA/MCF-d16
— —- OVA/MCF-d16 ——— OVA/MCF-d16 ——— OVA/MCF-d16
z 20 1.8¢-9 4569
c
o
S 6.4e-10
g 1.2e-9 3.0e-9
o
5.6e-10
6.0e-10 1.5e-9
4.8e-10
30 230 430 630 830 30 230 430 630 830 30 230 430 630 830
Temperature [°C] Temperature [°C] Temperature [°C]
4.8e-10 4.8e-9
(D) —— BSA/MCF-d16 |4.4e-10 HE) ——— BSA/MCF-d16 (F) —— BSA/MCF-d16
— — - OVA/MCF-d16 ——— OVA/MCF-d16 ——— OVA/MCF-d16
. 4.2e-10 |
< 3.6e-9 |
8 3.3e-10
S 3.6e-10 |
c 2.4e9 |
o°
3.0e-10 |
2.2e-10
1.2e-9
2.4e-10 ;
1.1e-10 0.0 -
30 230 430 630 830 30 230 430 630 830 30 230 430 630 830
Temperature [°C] Temperature [°C] Temperature [°C]
3.0e-11 9.0e-10 1e-10
(G) —— BSAMCF-d16 (H) —— BSA/MCF-d16 M pure MCF-d16
2e-11 | - — - OVA/MCF-d16 ——— OVA/MCF-d16
2.4e-11
— - 9e-11
< 2e-11f 7.5e-10
3 18e-11 |
3 L 9e-11
c 1e11f
= 1.2e-11 | 6.0e-10
L - 8e-11
Se-12 JJ 6.0e-12 |
S 4.5e-10 C02
0 ‘ ! e-11

30 230 430 630 830 30

Temperature [°C]

230 430 630 830

Temperature [°C]

30 230 430 630 830

Temperature [°C]

Fig. 10. MS profiles of main gaseous products of decomposition (A);CHs; (B) NHs; (C) H,0; (D) HCN; (E) NO; (F) CO,; (G) NOy; (H) SO, vs. temperature for protein/MCF composites. MS
profiles of H,0 and CO, vs. temperature for pure MCF-d16 material.

takes place in two steps between 165-420 °C and 420-900 °C
with significant mass losses. Stronger changes of the thermal sta-
bility of MCF-d16 support as well as more stable interaction ad-
sorbent/adsorbate are observed after adsorption of larger BSA
molecules (main peaks at T,qx72 on the DTG curve and peaks at
Tpeak1,2 on the DSC curve are shifted towards higher tempera-
tures; higher values of decomposition enthalpy) than for

adsorption of ovalbumin with a smaller molecular mass. The
larger values of enthalpy of decomposition for BSA/MCF-d16
sample may indicate more favourable intramolecular interac-
tions in the albumin. It is also confirmed that more BSA mole-
cules are immobilized on the surface of MCF-16d silica in
contrary to the OVA/MCF-d16 sample (the higher total mass
loss of about 6.17% for BSA).
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(vi) TG/FTIR/QMS coupled analysis method strongly indicates the for-
mation of various additional gaseous products during the decom-
position of protein/silica composites (different decomposition
mechanism of protein molecules) as compared with pure MCF-
d16 silica. In the case of the BSA/MCF-d16 composite the MS
spectra show the higher characteristic ion current at m/z: 15
(CH3), 17 (NH3), 18 (H,0), 44 (CO,), 30 (NO), 46(NO,), 64
(SO,), and 27 (HCN) of gaseous products in comparison to
OVA/MCF-d16 sample. This is a consequence of stronger adsorp-
tion of BSA on MCF-d16 support as compared with OVA.
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Abstract: The effect of the porous structure of mesocellular silica foams (MCFs) on the lysozyme
(LYS) adsorption capacity, as well as the rate, was studied to design the effective sorbent for
potential applications as the carriers of biomolecules. The structural (N, adsorption/desorption
isotherms), textural (SEM, TEM), acid-base (potentiometric titration), adsorption properties, and
thermal characteristics of the obtained lysozyme/silica composites were studied. The protein
adsorption equilibrium and kinetics showed significant dependence on silica pore size. For instance,
LYS adsorption uptake on MCF-6.4 support (pore diameter 6.4 nm) was about 0.29 g/g. The equilibrium
loading amount of LYS on MCF-14.5 material (pore size 14.5 nm) increased to 0.55 g/g. However,
when the pore diameter was larger than 14.5 nm, the LYS adsorption value systematically decreased
with increasing pore size (e.g., for MCF-30.1 was only 0.27 g/g). The electrostatic attractive interactions
between the positively charged lysozyme (at pH = 7.4) and the negatively charged silica played a
significant role in the immobilization process. The differences in protein adsorption and surface
morphology for the biocomposites of various pore sizes were found. The thermal behavior of the
studied bio/systems was conducted by TG/DSC/FTIR/MS coupled method. It was found that the
thermal degradation of lysozyme/silica composites was a double-stage process in the temperature
range 165—-420-830 °C.

Keywords: mesocellular silica foams; adsorption equilibrium; adsorption kinetics; protein/silica
biocomposites; microscopic analysis; thermal analysis

1. Introduction

The biomolecules adsorption (i.e., proteins, enzymes, pharmaceuticals) on liquid/solid interfaces
is a common and complex phenomenon, important in its prominent role in biology, medicine,
biotechnology, and food processing applications. Therefore, it is very important to fully understand
mechanisms of adsorption processes of the compounds showing biological activity at different interface
boundaries, as well as their practical and potential application as modified biological materials
(BioSS—Biological Surface Science) [1,2].

The adsorption capacity and selectivity depend on several factors, including the protein properties
(size, shape, charge, structure, stability, isoelectric point, and unfolding rate), the process conditions
(solution pH, ionic strength, temperature), and especially the physicochemical properties of materials
(surface porosity, morphology, hydrophobicity, heterogeneity, electric charge) [3-7]. For the large
biological molecules immobilized on a porous support, the selection of optimal adsorbent is of great
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importance. In the case of mesoporous materials with pore sizes comparable with the biomolecule
diameter, the internal loading of biomolecules should be lower due to the sieving effects. For materials
with a pore diameter greater than the size of the adsorbed molecules, a possibility of penetration
of biomolecules into mesopores and stronger interactions in the confined space results in higher
adsorption. There is some evidence in the literature that the adsorbent pore diameter, which is
at least two times larger than the adsorbate molecular diameter, enables full access to the internal
space of mesoporous materials [8,9]. Thus, many efforts were undertaken to tune the mesopore
size and structure of the well-ordered mesoporous molecular sieves (MMSes) and mesoporous silica
nanoparticles (MSNs) to promote their bioapplications in catalysis, separation, disease diagnostics or
as biosensors [10-15]. Many reports focused on usage of the most popular MMSes (MCM-41, SBA-15,
MCM-48, MCM-21, MSE, FSM) as the efficient supports for the immobilization of various enzymes
(cytochrome C, lysozyme, bovine serum albumin, ovalbumin, myoglobin, hemoglobin, trypsin, lipase,
chloroperoxidase), to find the optimal size relation between mesopores and molecular dimensions of
biomolecules for better control of adsorption process [16-25].

Among several types of high ordered mesoporous silica materials available for macromolecules
immobilization, mesocellular silica foam (MCF) is one of the most suitable adsorbents for protein
adsorption and separation, because of its unique structural properties (high surface area ~500-1000 m?/g,
large pore volume ~2 cm?/g, large pore size up to 50 nm, uniformity of pore structure, high adsorption
capacity, and especially the possibility of precise adjusting the structure and particle morphology).
There are only a few reports regarding adsorption of myoglobin, lysozyme (LYS), bovine serum
albumin (BSA), ovalbumin (OVA), chloroperoxidase, trypsin, a-amylase, glucoamylase on the MCF
silica support [26]. For example, Russo et al. [27] studied the influence of surface functionalization on
the adsorption capacity of BSA and LYS on the MCF silica with 31.5 nm pores. Essa et al. [28] found
that adsorption of myoglobin on MMSes with differential porosities is relatively high for the MCF
silica (pore size 14 nm) and SBA-15 (pore size 6.2 nm) in comparison to other silicas (MCM-41 pore size
3.1 nm, MSE pore size 6.0 nm, CNS pore size 14.7 nm). Han et al. [29] studied that the catalytic activity
of chloroperoxidase enzyme on MCF (pore size 15 nm) and observed that it is higher than on MCM-48
(pore size 3.2 nm) and SBA-15 (pore size 4.2 nm and 7.0 nm). In our previous work, we found that
MCEF material with larger pores (pore size 10 nm and 16 nm) shows higher adsorption uptakes towards
BSA and OVA proteins which can penetrate its internal structure to a larger extent [30]. However,
there is still a lack of deeper analysis of the pore size — adsorption value relations in a wider range of
pore diameters.

In the paper, the wide analysis of the dependence between the MCF pore size and specific surface
area, and lysozyme adsorption capacity and rate is presented to optimize the adsorbent structural
characteristics with regard to adsorbate uptake and density. It was found that there is an optimum
relation between pore diameter and protein size in order to attain the maximum adsorption or surface
density with regard to possible applications. Thus, the studies are important to obtain the material
with desired porosity, which can be used as the effective support for biomolecules. We aim at the
analysis of the influence of MCF pore size in a wider range of pore diameters on the adsorption capacity
and rate of lysozyme, which is a comparatively small protein enzyme. A lysozyme from chicken egg
white (LYS) was chosen as a model protein enzyme for immobilization on MCF supports due to its
physicochemical properties and biological function: high structural stability (due to four disulfide
bridges (S5-S) and inflexibility between pH = 1.5 and 12; it makes lysozyme a fine model protein for
interfacial adsorption in a wide range of pH); “hard model protein” which can undergo interfacial
reorientations but does not unfold at an interface; small globular protein of molecular mass 14.3 kDa
and hydrodynamic radius ~2 nm (LYS molecules adsorbed on the surface and inside MCF pores);
positively charged at pH = 7.4 (electrostatic attraction between the protein and the silica material);
strong antibacterial activity against Gram-positive organism, anti-inflammatory, immune-modulatory,
and anti-tumor properties.
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Several samples of MCF materials with tunable porosity and pore size were synthesized as carriers
for immobilizing LYS molecules. The adsorption processes of lysozyme from phosphate-buffered
saline (PBS) solutions in physiological conditions (pH = 7.4) on the series of MCF materials with
different porosity were investigated. The equilibrium adsorption isotherms and kinetic dependences
(concentration vs. time profiles) for the adsorption processes of biomolecules were determined.
The dependences between pore diameter and kinetic rate were analysed. The acid-base character
and surface charge density of the MCF supports covered by protein molecules were determined by
using the potentiometric titration. Likewise, the structural, morphological, and textural properties of
protein/silica composites were characterized employing the nitrogen adsorption/desorption isotherms,
the Scanning Electron Microscopy (SEM), and Transmission Electron Microscopy (TEM). Additionally,
the thermal stability and characteristics of the decomposition products of lysozyme/silica were studied
by using a combination of the Thermogravimetric Analyzer (TG) with Mass Spectrometer (MS) or
a Fourier Transform Infrared Spectrometer (FTIR). The applied powerful methods (TG/FTIR/MS)
provided comprehensive information for understanding enzyme protein immobilization on the
silica support.

2. Results and Discussion

2.1. Structure Characterization of MCF Supports

The porosity of the synthesized series of siliceous mesocellular foams (MCFs) was investigated
by the nitrogen adsorption/desorption method. The comparison of nitrogen adsorption/desorption
isotherms for three selected mesoporous MCF materials: MCF-6.4 with small pore size (D, = 6.4 nm,
the average hydraulic pore diameter), MCF-14.5 with medium pore size (Dj, = 14.5 nm), MCF-30.1 with
large pore size (Dy, = 30.1 nm) is presented in Figure S1A (Supplementary Material). The isotherms for
the studied MCF adsorbents correspond to IV type according to IUPAC classification. They reveal
well-defined H1 hysteresis loops with very steep and parallel adsorption and desorption branches
at higher relative pressures [31,32]. The maximum adsorption is the smallest for MCF-6.4 material;
however, it is comparable for MCF-14.5, and MCF-30.1 supports what is associated with similar large
total pore and mesopore volumes of these materials. Moreover, the shift of hysteresis loops towards
higher relative pressures for MCF-14.5 and MCE-30.1 carriers in comparison to MCF-6.4 is associated
with larger pore diameters.

The parameters characterizing the textural properties of all synthesized MCF supports are
compared in Table 1. It should be noted that the obtained MCF materials are characterized by a
differentiated mesoporous structure concerning the values of specific surface areas, pore volumes,
and pore diameters. All MCF materials show a well-developed porous structure with a high BET
(Brunauer-Emmett-Teller) surface area varying from 250 to 720 m?/g, total pore volume 1-2 cm®/g,
and a hydraulic pore diameter in the range 6-30 nm. As can be seen, the average pore diameters
obtained from adsorption and desorption branches of isotherms using the Barrett—Joyner—-Halenda
(BJH) procedure are 6-38 nm and 5-30 nm, respectively. It is worthy to note that the pore sizes of
synthesized MCF adsorbents are larger than the size of the lysozyme molecule (the hydrodynamic
diameter ~4 nm). The specific surface area of MCF-6.4 (716 m?/g) is by ca. 3 times higher than
for MCEF-30.1 material. No micropores are detected for MCF-6.4, however, in the case of the other
materials slight micropores are found which confirm the high quality of the obtained adsorbents with
uniform porosity.

Pore size distributions (PSDs) for three selected materials calculated from the adsorption and
desorption data using the BJH method are demonstrated in Figure S1B,C (Supplementary Material).
The PSD plots for MCF-6.4 and MCF-14.5 show sharp peaks, suggesting that porous structure is fairly
homogeneous with narrow pore sizes, however, for MCF-30.1 the pore size distribution is wider.
The PSDs calculated from the adsorption and desorption data are shifted towards higher values of
pore diameter as follows MCF-6.4 < MCF-14.5 < MCE-30.1.
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Table 1. Textural parameters of the obtained mesoporous silica materials.

Pore Diameter by BJH Pore Diameter by BJH

. . Pore Size
Surface Area Pore Volume Adsorption Desorption (Average
Material (m?/g] lem®/g] PSD Mode PSD Mode Hydraulic)
Average Average [nm]
[nm] [nm]
[nm] [nm]
a SBET b Sext ¢ Vi d Vines € Dav, ads. f Dmo, ads. & Dav,des. h Dﬂlﬂ,dﬂs. i Dh
MCEF-6.4 716 29 1.15 1.09 5.8 6.6 52 49 6.4
MCF-7.4 685 38 1.26 1.18 7.2 7.9 6.5 6.4 7.4
MCE-8.7 522 63 1.14 1.03 8.3 8.9 7.4 8.3 8.7
MCF-10.1 533 72 1.32 1.19 9.9 10.1 8.8 9.3 10.1
MCF-12.4 569 65 1.76 1.63 13.4 13.7 11.9 10.8 12.4
MCF-14.5 547 135 1.98 1.74 16.5 16.6 13.6 12.6 14.5
MCF-15.5 494 262 1.91 1.44 20.1 17.0 16.9 17.9 15.5
MCEF-20.3 435 41 2.21 2.00 252 27.7 20.6 222 20.3
MCEF-25.8 301 231 1.94 1.45 323 279 23.3 21.8 25.8
MCEF-27.7 267 67 1.85 1.73 34.5 38.0 26.8 29.6 27.7
MCF-30.1 250 61 1.88 1.76 375 38.7 30.2 30.9 30.1

2 Sper, BET specific surface area; b g, ., external surface area; ¢ V;, total pore volume; 4V s, mesopore volume;
8 Dyu,ads, des-» BJH average pore diameters for cylinder pores geometry from adsorption and desorption branch of
isotherms; f1 Do ads,, des., Pore diameters from the PSD maxima by BJH (mode) obtained from adsorption/desorption
isotherms for cylinder pores geometry; ' Dy, average hydraulic pore diameter.

2.2. Adsorption Equilibrium and Kinetics

In Figure 1A the adsorption isotherms of lysozyme are compared for all synthesized MCF supports.
Moreover, in Figure 1B the experimental isotherms are compared for three selected materials with
the medium, small, and large pore sizes. One can find that the strongest adsorption is observed for
MCF-14.5. In the case of other materials of lower and higher pore sizes, a decrease of LYS adsorption is
found. Moreover, the lowest adsorption is observed for MCF-6.4 and MCF-30.1, the supports with the
narrowest and the most widened pores. This tendency is well presented in Figure 1C. Such a behavior
may be correlated with the values of specific surface areas and pore sizes of investigated adsorbents.
It is evident that the optimum pore size for lysozyme adsorption is around 14.5 nm. The other MCF
materials with comparable specific surface areas, however, with different pore sizes (lower and higher
than 14.5 nm) reveal weaker adsorption affinity. It may be explained by the relation of protein size and
pore diameter, which in the case of MCF-14.5 and LYS is responsible for the increase of the adsorption
forces. However, when we regard the adsorption surface density (adsorption/specific surface area)
it occurs that the density maximum is shifted to MCF-25.8 (see Figure 1D). Thus, in the case of this
material, the protein layer of the highest density is formed. We can compare our adsorption results
with those obtained by other authors for the silica materials with pore sizes in the range of 3.9-19.2 nm.
The lysozyme adsorption isotherms on SBA-15 with different pore sizes (9.8-19.2 nm) at pH = 10.6
have been reported by Santos et al. [33] the adsorbed amounts were equal to 0.2 g/g (pore size 9.8 nm),
0.28 (11.7 nm), 0.47 (17.3 nm) and 0.79 (19.2 nm). In another study, MCM-41 (pore size 3.9 nm) and
SBA-15 (8.8 nm) were used and LYS adsorption capacity was estimated to be 0.19 and 0.38, and 0.41
and 0.48 g/g at pH = 6 and 10.5, respectively [34]. According to Moerz et al. [35], the amount of LYS
adsorbed on SBA-15 (pore size 6.6 nm) at pH = 6 and 10.6 was: ~0.12 g/g (~8.5 umol/g) and ~0.29
(~20.5 umol/g), respectively; however, at pH~ 7.3, it was about 1.5 times lower (~13.5 umol/g; ~0.19 g/g)
than in the case of our material. The adsorption capacities characterizing our MCF materials are as
follows (pH = 7.4): 0.29 g/g (pore size 6.4 nm), 0.42 (10.1 nm), 0.49 (12.4 nm), 0.55 (14.5 nm), 0.49
(20.3 nm). Considering the dependence of protein adsorption on solution pH and ionic strength we
can state that our materials reveal good sorption properties.
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Figure 1. (A) Comparison of lysozyme (LYS) adsorption isotherms on mesoporous silica materials

with different pore diameters; (B) LYS adsorption isotherms on three selected mesocellular silica foams
(MCEF) silica materials. Solid lines correspond to the fitted Generalized-Langmuir (GL) isotherm;
(C) Relationships between the LYS adsorbed amounts, and (D) the LYS adsorption density versus
the hydraulic pore diameter. Adsorption conditions: the initial concentration of protein solution
(co = 5 mg/mL) in phosphate-buffered saline (pH = 7.4) at 25 °C.
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For the analysis of these data, the Generalized Langmuir equation was used. As one can find the
GL isotherm well fitted the experimental data. The parameters of this equation (and its special forms)
are presented in Table 2. One can find that the optimized values of adsorption capacities (a,,) agree
quite well with the experimental uptakes, the observed small differences (lower theoretical a,, values in
comparison to experimental ones) result from the fact that the experimental systems did not yet reach
equilibrium. For two systems LYS/MCF-14.5 and LYS/MCF-6.4, the values of heterogeneity parameters
m and n lower than 1 indicate their high nonhomogeneity. However, for LYS/MCM-30.1 energetic
homogeneity is observed (m, n = 1), which may be correlated with the largest pores of adsorbent and
resulting in a more homogeneous distribution of protein molecules on the surface.

Table 2. Parameters of the Generalized Langmuir (GL) isotherm equation (optimized to (LF)
Langmuir—Freundlich or (L) Langmuir Isotherms) characterizing the adsorption systems investigated.

Adsorption System  Fitted Isotherm am m n log K R? SD(a)
LYS/MCEF-14.5 LF 0.82 0.40 0.40 0.25 0.997 0.008
LYS/MCF-6.4 GL 0.37 0.50 1 -0.32 0.997 0.004
LYS/MCF-30.1 L 0.29 1 1 0.71 0.985 0.006

ay, adsorption capacity; m, n, heterogeneity parameters describing the shape (asymmetry) of adsorption energy
distribution function; K, equilibrium constant related to characteristic adsorption energy; R, determination
coefficients; SD, standard deviations.

In Figure 2, the experimental concentration and adsorption profiles are compared for the selected
MCF supports. The concentration vs. time curves was analyzed by using the multi-exponential (m-exp)
equation (theoretical lines in Figure 2A) (the parameters of this equation are presented in Table 3),
and the other kinetic equations and models (first-order (FOE), second-order (SOE), mixed-order
(MOE)), fractal first-order (f-FOE), fractal second-order (f-SOE), fractal mixed-order (f-MOE) equation,
intraparticle diffusion model (IDM), McKay pore diffusion model (PDM)). The choice of m-exp equation
for the description of experimental data was based on the lowest values of standard deviation SD.
The optimization results for m-exp equation to other equations and models are compared in Table S1
(Supplementary Material) in which the values of relative standard deviations SD(c/cy) are given. Basing
on the average SD values one can find that m-exp equation gives the best optimization results, for the
PDM model the poorest results were found. However, it should be stated that in the case of the system
LYS/MCM-6.4 the lowest SD values were found for two fractal models f-FOE and f-SOE (SD = 0.246%
and 0.247%, respectively), but for m-exp equation SD is only slightly higher (SD = 0.337%).

Table 3. Optimized parameters of m-exp eq.

fu f2 f3 ti) SD(c)/co R2
System logks logks logks [min] %] 1-R
0.054, 0.946,
LYS/MCF-6.4 R 0% 0 358.7 0337 0.0037
0231, 0.125, 0.644,
LYS/MCE-14.5 2 o o 17 0.414 0.0027
0.187, 0.813,
LYS/MCE-30.1 e oo 0 05 0.723 0.021

fi(i=1,2, .., n), coefficients determining a fraction of adsorbate adsorbed with the rate constant k;; logk;, rate
constant logarithms; ¢, adsorption half-time; SD(c/c,), standard deviation; 1-R2, indetermination coefficient.

In Table 3, the values of optimized m-exp eq. parameters characterizing adsorption kinetics are
compared: the rate constant logarithms (logk;) and the f; coefficients determining a fraction of a solute
adsorbed with rate k;, moreover, the adsorption half-time is presented. The quality of optimization
results is confirmed by low standard deviation, SD, values (0.337-0.723%), and indetermination
coefficient, 1-R? (0.0027-0.021). The kinetic experimental systems are well optimized by 2 or 3 terms
of m-exp equation. The values of logk; and f; parameters characterizing the stages of the adsorption
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process indicate that the initial stage is quicker for all systems investigated. It may be attributed to
adsorption on the external surfaces which are accompanied by the second slower stage connected
with adsorption in the pore system. Analyzing the experimental kinetic curves one can find that the
adsorption process is the slowest for MCF-6.4 (t;, = 358.7) with the narrowest pores which indicates
some problems with the diffusion of protein molecules into the internal pore space. The range near
adsorption equilibrium was attained in the shortest period for MCF-30.1 (¢, = 0.5) which may be
explained by easier diffusion of protein molecules into large pores. The adsorption process is slightly
slower for MCF-14.5 (t;, = 1.7) which means that the pore sizes of this material do not disturb protein
diffusion. Moreover, the kinetic profiles for MCF-30.1 and MCF-6.4 achieve the comparable close to
equilibrium adsorption values, however, for MCF-14.5 the equilibrium adsorption is higher, and these
results are in accordance with batch experiment (Figure 2B).
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Figure 2. The comparison of concentration (A) and adsorption (B) profiles measured for lysozyme
adsorption on MCF-14.5, MCF-6.4, and MCEF-30.1 supports. Adsorption conditions: ¢y = 0.4 mg/mL,
T=25°C,pH=74.

2.3. Physicochemical Properties of Protein/MCF Composites

2.3.1. Structural Analysis

The N, adsorption/desorption measurements were used to determine semi-qualitatively whether
the adsorbed biomolecules were situated inside the pores of the MCF materials and/or at the external
surface. The nitrogen adsorption/desorption isotherms for pure supports (MCF-6.4, MCF-14.5,
MCF-30.1) and biocomposites are compared in Figure S2A (Supplementary Material). The parameters
characterizing the changes in the pore structure of MCF materials after protein adsorption are
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summarized in Table 4. It can be found in Figure S2A (Supplementary Material) that the amount of
nitrogen adsorbed on biocomposite is decreased with the increasing amount of LYS (the LYS adsorbed
amounts from solution are as follows: for MCF-6.4 (pore size 6.4 nm) is ca. 0.29 g/g, for MCF-14.5 (pore
size 14.5 nm) increased to 0.55 g/g, for MCF-30.1 (pore size 30.1 nm) is ca. 0.27 g/g.

Table 4. Pore structure parameters of the investigated pure supports and biocomposites calculated
from N, adsorption/desorption isotherms. Adsorption conditions: ¢y =5 mg/mL; t,35 =24 h; T = 25°C;

pH=74.
Pore Diameter by BJH Pore Diameter by .
Adsorption BJH Desorption Pore Size
Surface Area Pore Volume (Average
2 3 A
Material [m7g] lem®/g] PSD Mode PSD Mode Hydraulic)
Average Average [nm]
[nm] [nm]
[nm] [nm]
2 SBET b Sext ¢ Vt d Vmes € Dav, ads. f Dmu, ads. & Dav,dzs. h Dmo,des. i Dh
MCF-6.4 716 29 1.15 1.09 58 6.6 5.2 49 6.4
MCF-14.5 547 135 1.98 1.74 16.5 16.6 13.6 12.6 14.5
MCF-30.1 250 61 1.88 1.76 375 38.7 30.2 30.9 30.1
LYS/MCF-6.4 346 7 0.49 0.48 5.2 6.3 4.7 5.5 57
LYS/MCEF-14.5 38 22 0.12 0.08 12.5 12.2 109 10.7 12.6
LYS/MCEF-30.1 114 25 0.50 0.44 18.5 20.7 14.9 17.6 17.5

2 Sper, BET specific surface area; b g, ., external surface area; ¢ V;, total pore volume; AV s, mesopore volume;
8 Dyo,ads, des-» BJH average pore diameters for cylinder pores geometry from adsorption and desorption branch of
isotherms; fh Do ads. des,, pore diameters from the PSD maxima by BJH (mode) obtained from adsorption/desorption
isotherms for cylinder pores geometry; ! D, average hydraulic pore diameter.

Furthermore, the analysis of structural properties (Table 4) of the MCF silica supports before
and after LYS adsorption shows that the porosity parameters (Sprr, the BET specific surface area;
Vi, the total pore volume; Vs, the mesopore volume; Dyy, the average hydraulic pore diameter)
estimated from N, adsorption/desorption data are strongly reduced. The strongest reduction of pore
characteristics is observed for LYS/MCEF-14.5 biocomposite which is very well correlated with the
highest adsorption of protein. It can be seen that for MCF-14.5 material with immobilized LYS the
BET surface area decreased from 547 m2/g to 38 m2/g (93%). On the other hand, for LYS/MCF-6.4 and
LYS/MCF-30.1 Sprr values diminished by approximately 52% and 54%, respectively. Additionally,
LYS adsorption leads to decrease of the total pore volume of approximately: 94% for MCF-14.5, 57%
for MCF-6.4, and 73% for LYS/MCF-30.1. The values of average pore diameter (D;,) and the mean
hydraulic pore diameter (Dy, ) also decrease after protein adsorption. The reduction in the specific
surface area, pore volume, and size after LYS adsorption observed for all MCF materials indicates that
the protein molecules are adsorbed inside the mesopores of MCF material as well as on the external
surfaces. The evolution of pore-size distribution functions obtained from BJH model for isotherm
desorption branches for MCF-14.5, MCF-6.4, and MCF-30.1 after protein adsorption are presented
in Figure S2B (Supplementary Material). One can find a strong decrease of the peak heights for all
biocomposites in comparison to pure supports: 96% for MCF-14.5, 26% for MCF-6.4, 61% for MCF-30.1.

2.3.2. Acid-Base Properties

To evaluate the acid-base character, surface charge, and nature of the interactions between
lysozyme and porous MCF the potentiometric titration measurements were applied. The surface
charge density (Qs) curves as a function of pH calculated from the experimental data for the pure MCF
materials and LYS/MCF systems are illustrated in Figure 3A,B.
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Figure 3. (A) Dependence of surface charge density, Qs, on pH for MCF-6.4, MCF-14.5, MCF-30.1
materials with immobilized lysozyme. Inset: dependence of Qs vs. pH for pure MCF-6.4, MCF-14.5,
MCE-30.1 silicas; (B) Surface charge density, Qs, for MCF-14.5 before and after LYS adsorption.
The measurements were carried out by potentiometric titration for ionic strength I = 0.1 mol/L.

As shown in Figure 3A (inset), for pure MCF supports with different pore sizes (MCF-6.4, MCF-14.5,
and MCF-30.1), the point of zero charge, pHyy(, is in the range 4 to 5.6. As a result of protein adsorption,
the change of biocomposites acid-base properties into amphiphilic is observed with pHy,. in the
range 4.64—4.88 (Figure 3A). In the case of pure MCF-6.4, MCF-14.5 and MCF-30.1 their surfaces at
experimental conditions (PBS, pH = 7.4) are slightly negatively charged with Qs ca. —0.05, —0.06,
—0.04 C/m?, respectively (inset in Figure 3A). It is interesting to note that the surface charge density
after LYS adsorption increases up to —0.08 C/m? for LYS/MCF-6.4, —=0.15 C/m? for LYS/MCF-14.5
and —0.17 C/m? for LYS/MCF-30.1 (Figure 3A,B). The presented results indicate the small negative
surface charge for all studied MCF supports at pH = 7.4. Thus, regarding the positive charge of
lysozyme at pH = 7.4, the electrical attraction between the silica surface and the protein molecule can
be supposed. Considering high protein adsorption values, it should be assumed that the electrostatic
attractive interactions play a significant role in the immobilization process [36]. In (Supplementary
Material) the relation among the pore diameters and specific surface areas of MCF adsorbents and
biocomposites, and the points of zero charge (pHy.c) is demonstrated in Figure S3. One can find that
the acid-base character of the studied pure silica surface changes in comparison to the silica modified
by LYS. Generally, as demonstrated in Figure S3 (Supplementary Material), for MCF silica materials
after adsorption of lysozyme pHy. stabilizes.
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2.4. Thermal Analysis (TG/DSC/FTIR/MS)

The use of thermogravimetry (TG), derivative thermogravimetry (DTG), and differential scanning
calorimetry (DSC) is a widely applied method for characterizing the thermal properties by measuring
changes in physical and chemical properties (transition, dehydration, decomposition) during the
heating process of materials. By enhancing temperature the protein, degradation is induced, leading
to the removal of organic material from the inorganic support. The mass loss during thermal
decomposition corresponds to the amount of protein adsorbed on the support [37,38].

TG/DTG/DSC curves of thermal decomposition of native lysozyme, pure silica curriers, and
silica/LYS composites in the air are presented in Figure 4A,A'-C,C’. The mass losses (TG), the
corresponding derivatives (DTG), and differential scanning calorimetry values (DSC) for MCF-14.5,
MCF-6.4, MCF-30.1 without and with immobilized protein analyzed in oxidation atmosphere are
gathered in Tables 5 and 6. Basing on the presented results one can see that pure MCF materials
decompose in one main step under oxidative conditions. The total mass losses in the range 185 °C
to 830 °C estimated for MCF-14.5, MCF-6.4, MCF-30.1 materials were about 1.57%, 3.09% and 1.03%,
respectively (Figure 4A"). The LYS/MCF composites are thermally stable up to the temperature ~165 °C
in the atmosphere of synthetic air. Afterwards, the decomposition of the LYS/MCF composites runs as
two major stages in the temperature range 165-420-830 °C with T},;;,1 (the maximum temperatures of
mass loss in first decomposition step) and T,y (the maximum temperatures of mass loss in second
decomposition step) given in Table 5. It should also be noted that for LYS/MCF composites, the
weight loss (1.2 to 2%) in initial decomposition temperature (M, 1pT) 30-165 °C is attributed to the
removal of water (endothermic process, Figure 4A, Table 5). In turn, the mass loss in the first main step
(Mjpss1) at temperatures 165420 °C is related to the removal of weakly bound albumin from the silica
supports (van der Waals forces) and in the second one (M;ys5;) above 420 °C for LYS/MCF composites
are associated to the removal of protein molecules strongly linked with the silica materials (electrostatic
interactions) [39,40]. TG/DTG analysis (Figure 4A,B and Table 5) for MCF-14.5/LYS composite shows
that the first main decomposition step appears in the temperature range 165420 °C with T},,;,1 ~323 °C,
and with the mass loss 17.3%. The second step of decomposition is visible in the temperature range
420-830 °C with the mass loss of 10.8% occurred in T,,,,2 ~508 °C. Considerably smaller mass losses
13.4%, 9.9% (Myss1), and 8.9%, 8% (M,ss2) were obtained for LYS/MCF-6.4, LYS/MCF-30.1 composites,
respectively. For MCF-6.4 silica with a small pore size the first step of decomposition occurs with T};441
~327 °C and in the second step with T, ~498 °C. Likewise, in the case of MCF-30.1 sample with
wider pores the first and second stage of decomposition is found at Ty, ~321 °C and Ty ~520 °C
(Table 5). These decomposition stages are directly connected to the presence of LYS in the studied
materials. These results significantly confirm that increasing the adsorption of lysozyme on MCF leads
to greater weight loss during the heating process of the studied biomaterials. This effect is greater for
MCF-14.5 material with a pore diameter of about 3.5 times larger than the hydrodynamic diameter of
protein (4 nm). It may be concluded that the total mass loss (M5 ToTAL) fOor LYS/MCF-14.5 composite
is ca. 5.7% higher than for LYS/MCF-6.4, and almost 9.4% greater in comparison to LYS/MCF-30.1.

Table 5. TG and DTG data obtained in air atmosphere for LYS/MCF composites.

TG DTG
Material Mloss,IDT [%] Mlossl [%] Mlassz [%] Mlos[sé/T?TAL ’Igztéx]l Iilgg:x]z
30-165 [°C] 165-420 [°C]  420-830 [°C] ’
LYS/MCF-14.5 1.2 17.3 10.8 29.3 323 508
LYS/MCF-6.4 1.3 134 8.9 23.6 327 498
LYS/MCF-30.1 2.0 9.9 8.0 19.9 321 520

Mi,ss, 1T, Mass loss at initial decomposition temperature; Mj,ss1,2, mass loss in main (first or second) decomposition
step Mioss,TOTAL, total mass 10ss; Tyyex1,2, maximum temperatures of mass loss in first or second decomposition step.
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Figure 4. Thermogravimetric analyzer (TG) profiles in synthetic air for selected LYS/MCF composites
(A), native protein and pure MCF supports (A’); DTG curves in synthetic air for selected LYS/MCF
composites (B), native lysozyme and pure MCF supports (B’); DSC curves for biocomposites (C), pure

lysozyme and MCEF silica supports (C’).

Table 6. DSC data obtained in synthetic air for MCF materials before and after lysozyme adsorption.

DSC
Material Tonset1 Tpeukl Tena1 AH Tonset2 Tpeukz Tendaz AH
[°C] [°C] [°Cl /gl [°Cl] [°Cl [°Cl /gl
LYS/MCF-14.5 283 321 366 —654 448 503 587 —452
LYS/MCF-6.4 282 327 372 —491 447 498 588 —338
LYS/MCF-30.1 270 328 373 -197 455 519 620 —408

Tonset, temperature of the decomposition initiation; Ty,

maximum decomposition temperature; T4, final

decomposition temperature; AH, the heat generated during the decomposition process obtained by the integration

of the thermal peaks.

Additionally, the DSC curves (Figure 4C) for three studied MCF/protein composites reveal two
exothermic peaks in the region of high temperatures. The presence of the first exothermic peak situated

in the range 270-373 °C with Tpe ca. 321-328 °C,
447-620 °C with Ty ca. 498-519 °C (Table 6) is di
step of LYS, which corresponds to the TG mass loss

and the second exothermic peak in the range
rectly connected with the main decomposition
es. Also, the characteristic temperatures (Tyuset,

the temperature of decomposition initiation; Ty, the maximum decomposition temperature; Teyq4,

the final decomposition temperature) obtained from
those obtained from TG analysis.

DSC (Figure 4C and Table 6) are comparable to

To explain the thermal decomposition routes, as well as its mechanisms for the studied biomaterials,
the analysis of the gaseous products emitted during their decomposition was conducted by TG/FTIR
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and TG/QMS technique. 3D FTIR spectrum of the studied LYS/MCF composites gathered at the
temperatures corresponding to the main thermal degradation stages on the DSC curves (Tex1 and
Tpeak2) in the air atmosphere are presented in Figure 5A-C. The typical QMS spectra of the characteristic
ion currents (m/z) of gaseous products formed during the decomposition of three selected MCF supports
with immobilized lysozyme obtained in the air are shown in Figure 6A-G.

LYS/MCF-14.5 LYS/MCF-6.4

0,15] (A) 0129 (B)

o
=)

Absorbance [a.u.]
Absorbance [a.u.]

LYS/MCF-30.1
(©)

Figure 5. 3D FTIR spectrum of (A) LYS/MCF-14.5, (B) LYS/MCF-6.4, and (C) LYSMCF-30.1 composites
registered at two peaks temperatures T (red line) and T (blue line) marked from DSC curves.

Figure 6H presents QMS profiles of the main product, H,O, formed during the decomposition of
pure MCF-14.5, MCF-6.4, MCF-30.1 materials. According to these results for all native silica materials,
the ion current signal at m/z = 18 is observed which is characteristic for water forming as the main
decomposition product (Figure 6H). It is confirmed by the FTIR spectra in the ranges 3570 cm™~! to
3900 cm™!, 1390 cm™! and 1870 cm™! corresponding to rotation/vibration transition within water
molecules in the vapor phase—stretching vibration and symmetric bending.

TG/QMS/FTIR results significantly indicate the formation of various gaseous products during
the decomposition process of three studied biocomposites. At the main thermal degradation stages
at Tpegr1 and Tyegxo, the absorption bands at 2310 em™!, 2360 cm™! and 669 cm™! characteristics for
carbon dioxide (Figure 5A—C) are observed. Two first bands correspond to R and P-branches of
asymmetric stretching vibration and the third band is connected with symmetric bending vibrations
of CO,. The presence of this compound is also evidenced in the MS spectra of the characteristic ion
current at m/z = 44 (Figure 6A). Moreover, the absorption bands at 3735 cm~!, 3503 ecm™!, 1756 cm ™!
correspond to the O-H stretching vibrations of water molecules in the vapor phase (both stretching
vibrations and symmetric bending) (Figure 5). The MS signal corresponding to m/z = 18 confirms
the appearance of water vapor in the mixture of gases evolved during thermal decomposition of
protein/silica composites (Figure 6B). Among the decomposition products, one can find also the signals
recorded for SO, (at m/z = 64) (Figure 6C) which comes from the sulfonate groups in biocomposites. It
is also confirmed by the FTIR absorption bands at ca. 1370 cm™! (asymmetric stretching vibration of
the SO, molecule). In this decomposition stage, the FTIR absorption bands at 2896 cm~! and 2972 cm™!
(Figure 5) are found which may be attributed to the CH stretching vibrations characteristic for the
aliphatic groups appearing in the gaseous decomposition products of protein. They give the MS signal
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myz = 15 (Figure 6D) corresponding to methyl groups CH;3. Moreover, the FTIR absorption band at ca.
1617 cm™! is also identified. It corresponds to the asymmetric stretch of NO, (the signal at m/z = 46
on the MS spectrum, Figure 6E). Additionally, among the products observed during the thermal
decomposition NHj presence at m/z = 17 (Figure 6F) is detected and proved by FTIR absorption bands of
medium intensities at 930 cm™! and 965 cm™~! (maxima of rotational branches of the symmetric bending
vibration), and 1626 cm™! (the Q-branch of asymmetric bending vibration) (Figure 5). Moreover, the
presence of HCN in the gaseous phase is found on the MS spectrum at m/z = 27, and on the FTIR
absorption band at 714 cm™! (Figures 5 and 6G).
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Figure 6. QMS profile of gaseous products emitted during decomposition of three selected
LYS/MCF-14.5, LYS/MCF-6.4, LYS/MCF-30.1 composites vs. temperature at m/z: (A) 15 (CO,); (B) 18
(Hy0); (C) 64 (SO»); (D) 15 (CHj3); (E) 46 (NOy); (F) 17 (NH3); (G) 27 (HCN) in air atmosphere; (H) MS
profile of H,O vs. temperature for pure MCF-14.5, MCF-6.4 and MCF-30.1 supports.
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It is worth noting that for LYS/MCF-14.5 the QMS spectra show the higher ion currents (m/z = 15,
17,18, 27, 44, 46, 64) of gaseous products formed during the decomposition of protein/silica material:
CHj3, NHj3, H,O, HCN, CO,, NO,, SO, in comparison to LYS/MCF-6.4 and LYS/MCF-30.1. It confirms
that more protein molecules are immobilized on the MCF-14.5 support. The same conclusions are
supported by the analysis of TG/FTIR spectra for the studied biomaterials by higher intensities of
absorption bands. It may be concluded that this effect decreases in the series: MCF-14.5 > MCF-6.4 >
MCEF-30.1. These results are in good agreement with the N, adsorption/desorption analysis and batch
adsorption experiment.

2.5. Microscopic Analysis (SEM, TEM)

The scanning electron microscopy (SEM) and the high-resolution transmission electron microscopy
HRTEM-BE (bright field) allow comparing the surface morphology, texture, and micro-nanostructure of
the native MCF supports with different pore sizes and protein/silica composites. The two-dimensional
(2D) micro-nano surface morphology visualization of the pure MCF-6.4, MCF-14.5, MCF-30.1 supports,
and the biocomposites registered by SEM are presented in Figure 7(A-C) and Figure 7(A’-C’),
respectively. As can be seen, the lysozyme immobilization on the silica support with different pore sizes
changes the grain surface morphology. In the case of all biocomposites the surface becomes smoother
and more uniform comparing with the pure silica material [41]. Moreover, one can observe that the
surface roughness changes as follows: MCF-6.4 > MCF-14.5~MCF-30.1. This observation confirms
the changes in adsorption density obtained from the batch adsorption experiment (see Figure 1D).
Figure 8A-C shows a comparison of TEM texture/topography micrographs at nano-level of pure
MCF-6.4, MCF-30.1, and MCF-14.5 silica support as well as LYS/MCF-14.5 composite (Figure 8C”).
It can be seen that HRTEM-BF micrographs for pure MCF-14.5, MCF-6.4, and MCF-30.1 silica materials
confirm a porous structure of studied materials with regular 3D pore system with large spherical cells
interconnected by narrow interconnectivities. The pore diameter estimated from HRTEM micrographs
is ~15 nm for MCF-14.5, ~7 nm for MCF-6.4 and ~31 nm for MCF-30.1, which is consistent with
N, sorption parameters. Moreover, the TEM micrographs show the immobilized lysozyme (as a
circle-spiral form) on the surface of the MCF-14.5 support (Figure 8C’) [41].

Figure 7. SEM micrographs of MCF-6.4 (A, magnification 50,000), MCF-14.5 silica (B, magnification
50,000), and MCF-30.1 (C, magnification 50,000) and after protein adsorption (A’, B’, C’, magnification
50,000), respectively.
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1100 R

Figure 8. (A) HRTEM-BF micrographs showing the surface morphology and nanostructure of the
MCEF-6.4 (A), MCF-30.1 (B), and MCF-14.5 support before (C), and (C’) after immobilization of
LYS molecules.

3. Materials and Methods

3.1. Reagents

Lysozyme from chicken egg white (lyophilized powder, protein >90%, >40,000 units/mg protein
Cat. No. L6876) and 0.1 M phosphate buffer saline pH = 7.4, (BioPerformance Certified Buffers,
Cat. No. P5368) were obtained from Sigma-Aldrich (Oakville, ON, Canada). The non-ionic triblock
copolymers Pluronic PE9400 (EO21PO47EO;1, May = 4600) from BASF (Baden Aniline and Soda Factory,
Warsaw, Poland) and Pluronic P123 (EO»PO7oEOyp, My, = 5800) from Sigma-Aldrich (Oakville, ON,
Canada) were used as structure-directing agents. Tetraethylorthosilicate used as a silica source (TEOS
98%), 1,3,5-trimethylbenzene (TMB) as a pore expanding agent, ammonium fluoride, (NH4F >98.0%)
as a tuning window pore size-mineralizing agent, hydrochloric acid (37%) and other reagents of
analytical grade were purchased from Sigma-Aldrich (Oakville, ON, Canada) and used without further
purification. Water was purified using a Millipore apparatus (resistivity of 18.2 M()-cm at 25 °C).

Lysozyme with its well-determined structure is a small molecular protein (14.3 kDa) with a
hydrodynamic radius of ~2 nm and is composed of a single polypeptide chain of 129 amino acids in the
form of five o-helices, three antiparallel 3-sheets and a large number of random coils and (3-turns [42,43].
It has a prolate spheroid shape with two characteristic cross-sections: a side of approximate dimensions
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4.5 x 3.0 nm? (shape similar to an ellipsoid) and an end of dimensions 3.0 x 3.0 nm? [44]. The isoelectric
point for lysozyme is pHpp ~11, at pH = 7 it is positively charged [45,46]. This enzyme has high
structural stability and inflexibility within pH wide range 1.5 to 12 because the rigidity of the
single-chained LYS molecule is imposed by four internal disulphide bonds that help maintain its
tertiary structure [47]. This globular protein belongs to the family of hydrolases which, thanks to its
biological function (the hydrolysis of the polysaccharide forming the bacterial cell wall), can be applied
as an antimicrobial, anti-inflammatory, antiviral, antiseptic, antitumor agents [48].

3.2. Synthesis of Mesocellular Foam

Mesoporous MCF silica adsorbents with different pore structures were synthesized according
to a previously published procedure [49,50] with some modifications described in the papers [51,52].
In the preparation of pure MCF support, Pluronic (P123 or PE9400) (4 g) was dissolved in 180 mL of
1.6 M aqueous HCl solution and stirred over 2 h at room temperature. Then, the established amount of
TMB (polymer/TMB mass ratios were varied) was introduced to the mixture, and the resulting liquid
was heated to 40 °C under continuous vigorous stirring by using a digitally controlled mechanical
stirrer (250 rpm, 45 min). Then, the desired amounts of TEOS (the mass proportions of polymer/TEOS
were changed) was introduced to the reaction mixture, and it was stirred for another 20 h at the same
temperature. The resulting solution was transferred to an autoclave and aged at elevated temperatures
(110-120 °C) for 24-144 h. In the case of some samples, 46 mg of NH4F in 0.3 mL H,O was added if
desired as the mineralizing agent to increase the window pore size. Finally, the synthesized precipitate
was thoroughly washed with distilled water and dried in air. Detailed synthesis conditions of MCF
samples are given in Table 52 (Supplementary Material).

3.3. Adsorption Experiment

3.3.1. Adsorption Equilibrium

The equilibrium studies of LYS adsorption on the series of MCF adsorbents with varied porosity
were performed by using the static methods. Before the experiment, the MCF material was dried at
150 °C. A series of stock protein solutions at different concentrations (1-5 mg/mL) was prepared by
dissolving appropriate amounts of protein in phosphate-buffered saline solutions at pH = 7.4. Then,
100 mg of pure MCF materials were contacted with the protein solution. The Erlenmeyer flasks with
resulting suspensions were placed in the incubator shaker (New Brunswick Scientific Innova 40R
Model, Eppendorf AG, Hamburg, Germany) and stirred at 25 °C at 110 rpm speed until equilibrium was
reached (24 h). After attaining equilibrium the equilibrium concentrations of proteins were determined
using UV-Vis spectrophotometer Cary 100 (Varian Inc., Melbourne, Australia) at the wavelength of
281 nm. The adsorbed amount of protein was calculated from the mass balance equation:

(co - cgq) -V
w

Geqg = @
where: a, is the equilibrium adsorbed amount [mg/g], ¢, is the initial concentration of protein solution
[mg/mL], cq is the protein equilibrium concentration [mg/mL], V is the solution volume [ml], and w is
the MCF mass [mg].

The experimental protein adsorption isotherms from aqueous solutions were analyzed by applying
the Generalized Langmuir (GL) isotherm equation [53]:

m/n

)

aeq/am =
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where: a,, is the adsorption capacity; m, n is the heterogeneity parameters (0 < m, n < 1) describing the
shape (asymmetry) of adsorption energy distribution function; K is the equilibrium constant related to
characteristic adsorption energy.

GL equation is applied for the analysis of the localized physical adsorption on energetically
heterogeneous solids. For the specific values of m and n parameters GL equation changes form into
4 simpler isotherms equations: Langmuir (L) (GL: m = n = 1); Langmuir-Freundlich (LF) (GL: 0 <m =
n < 1); Generalized Freundlich (GF) (GL:n=1,0<m <1); Toth (T) (GL:m=1,0<n < 1).

3.3.2. Adsorption Kinetics

The adsorption kinetic measurements were performed by means of the UV-Vis spectrophotometer
Cary 100 (Varian Inc., Melbourne, Australia) with a quartz flow cell to analyze a solute concentration
in a closed system [54-56]. The LYS solution (200 mL) with an established initial concentrate on of
0.4 mg/mL was conducted with a known amount of mesoporous silica (250 mg) in a thermostated
vessel at constant temperature (25 °C). The suspension was stirred during the experiment by applying
a digitally controlled mechanical stirrer (110 rpm). At definite time intervals the sample of protein
solution was collected automatically to the flow cell of the spectrophotometer and the absorbance UV
spectra in the wavelength range 200400 nm were collected. Afterwards, the protein solution was
returned to the reaction vessel. Finally, the concentration vs. time and the adsorption vs. time profiles
for the protein adsorption system were calculated from the obtained spectra.

The measured kinetic data were analyzed by using the multi-exponential (m-exp) equation [30]:

€= (CO - ng) Z?:l fiexp(_kit) + Ceq 3)

where: c—the actual adsorbate concentration, k;—the rate constant (i = 1, 2, ..., n), fi—the coefficient
determining a fraction of a solute adsorbed with rate k;. Moreover, the adsorption kinetic half-time
was estimated as a time needed for attaining % of concentration change.

The kinetic experimental data were also studied by applying the other kinetic equations and
models: first-order (FOE), second-order (SOE), mixed-order (MOE), fractal first-order (f-FOE), fractal
second-order (f-SOE), fractal mixed-order (f-MOE) equations, and the intraparticle diffusion (IDM,
Crank) and pore diffusion (PDM, McKay) models (Supplementary Material) [30]. The non-linear
LSQ optimization was applied in the calculations taking into account the difference between the
experimental and fitted adsorbate concentrations.

3.4. Potentiometric Titration

The surface acid-base character (surface charge and pH of zero charge—pH,..) of the pure
MCEF materials and MCF with the immobilized LYS were determined by potentiometric titration.
The measurements were carried out in the thermostatic vessel at 25 °C applying a Dosimat 765
automatic burette (Metrohm, Herisau, Switzerland) connected with a precision pH-meter (PHM
240, Radiometer, Copenhagen, Denmark). The details of the potentiometric titration measurements
for pure MCF sorbents were as follows: 30 mL of the stock electrolyte (0.1 M NaCl) was acidified
with 0.3 mL of 0.5 M HCI solution and transferred into a thermostatic quartz vessel. To prevent
contamination with CO,, the pure nitrogen flow was used throughout the titration (1-2 bubbles per
second). The determined amounts of MCF samples (0.1 g) were added into the electrolyte solution and
then the resulting suspension of adsorbent was titrated by using 0.2 M NaOH recording pH changes.

The potentiometric titration experiment for MCF adsorbents with immobilized lysozyme was
carried out as follows: the MCF samples (0.1 g) were added to a thermostatic vessel containing 30 mL
of lysozyme solution of concentration 5 mg/mL in 0.1 M NaCl. Then, the system was acidified (0.3 mL
of 0.5 M HCl solution), and the adsorption process was carried out at 25 °C for 24 h and finally the
resulting mixture protein/sorbent suspension was also titrated using 0.2 M NaOH.
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The obtained potentiometric titration curves (pH solution vs. NaOH volume) for MCF materials
and LYS/MCF systems were converted into the surface charge density curves, using the equation [57]:

_ F'AHH+

s = 4)

SBET
where: gs—the surface charge, Anp —the ion mole number for 1 g of material, F—the Faraday’s
constant, Sppr—the specific surface area of adsorbents.

3.5. Nitrogen Adsorption/Desorption Isotherms

The porous structure evaluation of mesoporous silica before and after lysozyme adsorption
were thoroughly characterized by using a low-temperature adsorption/desorption of nitrogen at
—-196 °C applying the automatic ASAP 2020 sorption analyzer (Micromeritics Instrument Corp.,
Norcross, GA, USA). Prior to the measurement, the pure MCF supports and LYS/MCF composites were
outgassed (4 pmHg), respectively, at 150 °C and 30 °C for 24 h in degas port of analyzer. The obtained
adsorption/desorption isotherms were used to evaluate the porous structure of the studied MCF
adsorbents as well as protein/silica composites. The specific surface area (Spgpr) was calculated using
the Brunauer-Emmett-Teller (BET) equation. Meanwhile, the total pore volumes (V;) were estimated
from the single point adsorption value at the relative pressure (p/p,) of 0.99. To assess the values of
the external surface area (S¢xt) and the mesopore volume (Ve5) the as plot was used [58]. Calculation
of the pore size distributions (PSD) were determined using the adsorption and desorption branches
of the isotherms by means of the Barrett-Joyner-Halenda (BJH) procedure for cylinder pores [59].
The pore diameters were derived from the PSD maxima (mode, Dy;;,) and PSD average (D). In turn,
the mean hydraulic pore diameters were calculated from the BET surface areas and total pore volumes
Dy, = 4-Vi/Sger.

3.6. Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM)

The surface morphology, topography, and structure at the micro and nano level of silica support
without and with adsorbed protein was examined by using the scanning electron microscope (SEM)
Quanta 3D FEG (FEI, Field Electron and Ion Co., Hillsboro, OR, USA) and the high-resolution
transmission electron microscope S/TEM Titan3TM G2 60-300 (FEI Company, Hillsboro, OR, USA)
equipped with a field-emission electron gun (FEG) in high-resolution bright-field imaging (HRTEM-BF)
in TEM mode.

3.7. Thermal Analysis Coupled with FTIR and MS

The thermal analysis was used to examine the thermal stability, behavior, and decomposition of
the MCF materials before and after LYS adsorption, as well as to determine the presence of protein on
the silica surface or in the pores. The thermal experiment was carried out on the apparatus STA 449
Jupiter F1 (Netzsch, Selb, Germany). The samples (~18 mg) in aluminum crucibles were heated in
the temperature range 30-950 °C with a heating rate of 10 °C/min under a dynamic atmosphere of
synthetic air with a flow rate of 50 mL/min. The sensor thermocouple type S TG-DSC and empty Al,O3
crucible as a reference were used. The identification of gas products emitted during decomposition of
the studied materials was detected and analyzed by quadrupole mass spectrometer QMS 403C Aéolos
(Netzsch, Selb, Germany) and Fourier transform infrared spectroscopy FTIR spectrometer Brucker
(Ettlingen, Germany) coupling on-line to STA instrument. The QMS data were collected in the range of
10 to 300 amu. The FTIR spectra in the spectral range 600-4000 cm~! with 16 scans per spectrum at a
resolution 4 cm~! were recorded.
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4. Conclusions

The synthesized series of mesoporous MCF silica supports differentiated by pore diameters
(6-30 nm) and surface areas (250-720 m?/g) were applied for lysozyme immobilization by physical
adsorption. For the first time, special attention was paid to the correlation between the MCF pore
size and specific surface area, and lysozyme adsorption capacity and rate. The obtained results allow
to optimize/design the structural characteristics of the solid support with respect to biomolecule
adsorption and surface density for potential biomedical/biophysical applications. We found that the
strongest adsorption was obtained for MCF-14.5 with the medium pore size which might be explained
by the optimum relation of lysozyme molecular size and support pore diameter responsible for the
increase of the adsorption forces. In the case of other materials with lower and higher pore sizes,
the protein adsorbed amount decreased proportionally to a relation: pore diameter/protein diameter.
The lysozyme adsorption process was the slowest for MCF-6.4 with the narrowest pores due to the
hindered diffusion of protein molecules into the support pores. However, it is the quickest for MCF-30.1
with the largest pores facilitating the diffusion and adsorption. In the case of MCF-14.5, the adsorption
process is slightly slower in comparison to MCF-30.1 which means that the pore sizes of this material do
not disturb protein diffusion. The kinetic profiles for MCF-30.1 and MCF-6.4 achieved the comparable
close to equilibrium adsorption values, however, for MCF-14.5 the equilibrium adsorption was higher.
The changes in pore characteristics after lysozyme adsorption revealed that the protein molecules were
adsorbed inside the channels of mesoporous adsorbents as well as located on the surface. Considering
the positive charge of lysozyme at pH = 7.4 and the negative charge of silica, one can assume that the
electrostatic attractive interactions play a significant role in the immobilization process. After protein
adsorption pHy,, for biomaterials stabilizes. The microscopic analyses revealed that topography,
texture, and micro/nanostructure of the biocomposite surface were completely different from that
of pure silica. The morphology and texture of the biocomposite surface were less porous, more
homogeneous, and flat. The differences in protein adsorption and surface density for the biocomposites
of various pore sizes are evident.

In further research, we will focus on estimating the LYS activity after adsorption on the mesoporous
support and on studying the possible pore size effect to design a protein-containing biocomposite with
better stability/activity for attaining effective mesoporous support for enzyme delivery and potential
biotechnological applications [60].

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/21/15/
5479/s1. Figure S1. (A) Comparison of nitrogen adsorption/desorption isotherms for selected MCF materials
with different pore sizes (MCF-6.4 nm, MCF-14.5 nm, MCF-30.1 nm). (B, C) Pore size distributions calculated by
using BJH method for the adsorption and desorption branches of isotherms. Figure S2. (A) Comparison of N2
adsorption/desorption isotherms before and after LYS adsorption for MCF-14.5, and MCF-6.4, MCF-30.1 (inset
plots). (B) Differential pore size distributions (PSDs) evaluated from the BJH model based on desorption data for
pure MCF-14.5 support and covered by the LYS molecules. Inset is the pore size distributions for pure MCF-6.4,
MCF-30.1 supports, and after LYS adsorption. Figure S3. Influence of hydraulic pore diameter (Dj,) and surface
area (Sppr) on the point of zero charge (pHpzc) of MCF materials after LYS adsorption. Inset: variations pHpzc as
a function of Dy, and Spgt for pure supports. Table S1. Relative standard deviations SD(c)/co for m-exp, FOE,
SOE, MOE, f-FOE, {-SOE, F-MOE, McKay pore diffusion (PDM) and IDM model (Crank). Table S2. Preparation
conditions in MCF synthesis.
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Structure Characterization of MCF Supports
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Figure S1. (A) Comparison of nitrogen adsorption/desorption isotherms for selected MCF materials with different pore sizes (MCF-
6.4 nm, MCF-14.5 nm, MCF-30.1 nm). (B, C) Pore size distributions calculated by using BJH method for the adsorption and

desorption branches of isotherms.
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Adsorption Kinetics

Table S1. Relative standard deviations SD(c)/c, for m-exp, FOE, SOE, MOE, f-FOE, f-SOE, F-MOE, McKay pore diffusion (PDM)
and IDM model (Crank).

System m-exp FOE SOE MOE f-FOE f-SOE f{MOE IDM PDM

LYS/MCF-6.4 0.337%  0.430%  0.389%  0.392% 0.246%  0.247% 2.242% 2.897%  4.495%
LYS/MCF-14.5 0.414%  4.587%  4.422% 3.499% 3.360%  2.625% 2414%  7.196% 20.949%
LYS/MCF-30.1 0.723%  3.066%  3.033% 1.274% 2.478%  2.466% 3.776%  4.357% 22.187%
average 0.491%  2.694%  2.615% 1.722% 2.028%  1.779% 2811%  4.817% 15.877%

The kinetic equations and models: multi-exponential equation (m-exp), first-order equation (FOE), second-order equation (SOE),

mixed-order equation (MOE), fractal first-order equation (f-FOE), fractal second-order equation (f-SOE), fractal mixed-order
equation (f-MOE), intraparticle diffusion model (IDM), McKay pore diffusion model (PDM).




Physicochemical Properties of Protein/MCF Composites
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Figure S2. (A) Comparison of N2 adsorption/desorption isotherms before and after LYS adsorption for MCF-14.5, and MCF-6.4,
MCF-30.1 (inset plots). (B) Differential pore size distributions (PSDs) evaluated from the BJH model based on desorption data for
pure MCF-14.5 support and covered by the LY'S molecules. Inset is the pore size distributions for pure MCF-6.4, MCF-30.1
supports, and after LYS adsorption.
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Figure S3. Influence of hydraulic pore diameter (Dx) and surface area (Szer) on the point of zero charge (pHpzc) of MCF materials after

LYS adsorption. Inset: variations pHpzc as a function of D; and Sser for pure supports.



Synthesis of Mesocellular Foam

Table S2. Preparation conditions in MCF synthesis.

. Polymer Polymer/TMB Polymer/TEOS Mass Aging Temp./Time
Material Mass Ratios . o
Type o/g] Ratios [g/g] [°C/h]

MCF-6.4 PE9400 1:1 1:0.9 120/24
MCF-7.4 PE9400 1:1 1:0.9 122/24
MCF-8.7 PE9400 1:1 1:0.7 122/24
MCF-10.1 PE9400 1:1 1:1.8 120/24
MCF-12.4 PE9400 1:1 1:2.2 120/24
MCF-14.5 PE9400 1:1 1:2.2 110/144
MCF-15.5 P123 1:1 1:2.2 110/72
IMCF-20.3 P123 1:2.5 1:3 120/24
IMCF-25.8 P123 1:2.5 1:3 120/96
"MCF-27.7 P123 1:3.5 1:3 120/96
aIMCF-30.1 P123 1:5 1:3 120/96

2 The mineral agent NH4F.
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ARTICLE INFO ABSTRACT

The results presented in this paper focus on a detailed analysis of surface composition, texture, morphology and
micro-nanostructure of mesocellular silica foam (MCF) covered by the lysozyme (LYS) molecules from aqueous
solutions at pH = 7.4. The physicochemical and structural properties of the LYS/MCF biocomposite were
characterized by various techniques including attenuated total reflection (ATR) Fourier transform infrared
spectroscopy (FT-IR), elemental analysis (CHN), X-ray photoelectron spectroscopy (XPS), diffuse reflectance
spectroscopy (UV-Vis DRS), X-ray diffraction (XRD). Moreover, the morphology, micro-nanostructure, topo-
graphy and elemental composition of biocomposite surface were determined using atomic force microscopy
(AFM), optical profilometry (OP), high resolution transmission electron microscopy (HRTEM), energy dispersive
X-ray spectroscopy (EDX) and scanning electron microscopy with X-ray microanalysis (SEM/EDS). AFM, OP,
TEM and SEM methods (with regard to morphology, topography, structure at a micro-nanometer level) de-
monstrate that the surface of the support with immobilized protein is less rough, porous, wavy, sharp, and hence
more smooth, flat and uniform due to the proteins adsorbed on support surface. EDX and EDS demonstrated the
homogeneous distribution of protein molecules on silica surface. XRD confirmed that the lysozyme molecules
were located on the support surface and inside the pores, and XPS revealed the specific interactions between the

Keywords:

Lysozyme/MCF biocomposite
Micro-nanostructure

Surface morphology
Topography analysis

albumin and silica.

1. Introduction

The processes of adsorption, immobilization, encapsulation and
incorporation of enzymes, especially proteins, onto different solid sur-
faces play an important role in modern biology, medicine, and in nu-
merous technical, biochemical, pharmaceutical and food processing
applications. It is generally known that the protein adsorption at solid/
liquid interfaces is an important phenomenon from the scientific and
practical point of view, including disease diagnostics [1], biosensors
[2], biomedical implants [3], artificial organ [4], tissue engineering
[5], therapeutic micro- and nano-devices [6], drug delivery system [7],
immunological tests [8], immunomagnetic cell separation [9], im-
mobilized enzyme or catalyst [10] etc.

The properties of protein films formed on solid surfaces are highly
dependent on a few factors: the medium (ionic strength, pH, tempera-
ture), the biomolecule attributes (size, structure, stability, unfolding
rate, net charge, isoelectric point, etc.), and the protein behavior at
interfaces (adsorption, encapsulation, exchange, supramolecular

* Corresponding author.

organization) [11,12]. In addition to the above mentioned parameters
affecting the features of the resulting protein layers, the physicochem-
ical properties of solid supports like porosity, surface roughness, che-
mical composition, polarity, heterogeneity, hydrophobicity, surface
electric charge etc. also have crucial significance.

In biomaterials and nanosystems, the interactions between solid
surface and the biological molecules are controlled by the protein af-
finity to the surface, reversibility of the adsorption process, extent of
deformation and unfolding capabilities of protein, and solid surface
properties. It is generally known that physical, electrochemical, struc-
tural and textural properties of the surface strongly influence the bio-
compatibility of artificial biomaterial devices and regulate biological
responses. In particular, the nanoscale surface morphology influences
significantly the cellular adhesion, growth, spread, and differentiation
of biological systems [13,14]. It is very important to know how the
surface properties (chemistry, micro-nanostructure, morphology and
texture) determine the amount, structure, orientation/organization and
distribution of the adsorbed proteins. It is essential for understanding
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the cell-nanostructured surface interaction and cell-protein interactions
in order to achieve productivity of biomaterial in vitro and in vivo
[15,16]. Despite years of extensive experimental [17-22], theoretical
and computational simulation studies [23-25], the details of protein
adsorption process, structure of the formed surface biofilms as well as
quantitative structure-property relationships between protein and solid
surface are still not completely explained.

In recent years, the biochemical and physical properties of protein
adsorbed layers on silica supports were extensively investigated with
regard to the applications of such systems in modern medicine and
nano-biotechnology for enzyme immobilization, encapsulation as well
as biocatalysis purposes [26]. Mesoporous silicon particles, due to their
weak interactions with proteins, may be used as possible carriers for
therapeutic protein delivery [27], while other silicate media, primarily
in the form of sol-gel composites and/or functionalized mesoporous
silicas due to strong protein adsorption capacities, can be used in bio-
chemical technologies (enzymatic catalysis [28,29], protein crystal-
lization [30,31] and the fractionation of biological fluids such as blood
into their individual components [32]). Mesoporous silica materials
characterized by high specific surface area, large pore volume and size,
uniform well-organized pore structure of defined dimensions and
narrow pore-size distributions may pose attractive supports for biolo-
gical molecules. In this group of materials used for enzyme im-
mobilization, the mesocellular silica foams (MCFs) with unique three-
dimensional pore structure of uniform ultralarge spherical cells
(22-42 nm) interconnected by narrow window pores (~10 nm) [33]
and hydrothermally robust frameworks are highly beneficial for a wide
range of applications in catalysis, separations, purifications and bio-
sensing [34-36]. Additionally, the surface features, structure, pore size
and particle morphology of MCF supports can be precisely designed
during their synthesis, in order to achieve the desired physicochemical
and functional properties for specific applications.

In this paper, the lysozyme extracted from chicken egg white (LYS)
was taken as a model enzyme protein for immobilization on the me-
soporous MCF support. Its properties are as follows: a number of amino
acid residues — 129, molecular weight — 14.3 kDa, isoelectric point —
IEP ~ 11, net protein charge — +8e at pH = 7, hydrodynamic radius —
~2 nm, and ellipsoidal dimension — 3.0 X 3.0 X 4.5 nm® [37,38].
Lysozyme exhibits anti-bacterial properties against grampositive bac-
teria and is largely applied in the food preservation, medicinal and
pharmaceutical industries [39,40].

In many reports the lysozyme adsorption layers onto various sur-
faces were extensively characterized by using a great variety of ex-
perimental techniques, including optical and spectroscopic methods
such as neutron reflection [41], total internal reflectance fluorescence
(TIRF) [42], circular dichroism (CD) spectroscopy [43], surface
plasmon resonance [44], surface-enhanced Raman spectroscopy (SARS)
[45], dual polarisation interferometry (DPI) [17], dynamic light scat-
tering (DLS) [46], streaming potential [47], ellipsometry [48] and
acoustic biosensing techniques such as quartz crystal microbalance with
dissipation (QCM-D) [49]. In our previous studies the series of MCF
materials of divergent porosity were synthesized, covered by lysozyme,
and characterized with different physicochemical methods [50].

The present work provides information about characteristics of
protein layers on the MCF surface and describes in detail the chemical,
morphological, textural and micro-nanostructural properties of porous
silica/lysozyme biocomposite. For analysis the mesoporous material
showing the best adsorption properties towards lysozyme was chosen.
The studies of structural changes of protein/silica composite surface
were performed by means of the small angle X-ray diffraction (XRD)
and the diffuse reflectance spectroscopy (UV-Vis DRS). The proper
characterization of morphology, texture and micro-nanostructure were
conducted using the atomic force microscopy (AFM) and the optical
profilometery (OP). Additionally, the surface topography and elemental
analysis of porous silica support before and after lysozyme adsorption
were verified by the scanning electron microscopy with X-ray
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microanalysis (SEM/EDS), the high resolution transmission electron
microscopy (HRTEM) and the energy dispersive X-ray spectroscopy
(EDX). Moreover, infrared Fourier transform spectroscopy (FT-IR) op-
erating in the attenuated total reflection (ATR) mode, the elemental
analysis (CHN) and the X-ray photoelectron spectroscopy (XPS) yield
complementary information on the chemical structure, the interactions
between lysozyme and silica surface, the elemental composition and the
chemical binding state of the studied biocomposite. XRD, AFM, OP,
TEM and SEM techniques revealed the changes in surface roughness,
morphology, topography, and structure after protein immobilization on
MCF support. The surface of biocomposite at micro and nano scale
occurred to be less porous, rough, wavy, sharp, and hence more
smooth, flat, homogenous and uniform. These methods also confirmed
that the lysozyme molecules were located on the support surface and
inside the pores. EDX and EDS qualitatively and quantitatively con-
firmed the homogeneous distribution of protein molecules on silica
surface, and XPS revealed the specific interactions between the bio-
molecules and support. Such studies are substantial in view of appli-
cations of systems consisting of porous material and albumin to obtain
model biological systems and new bio-functional medical composites
characterized by high biocompatibility and chemical passivity in rela-
tion to biological organisms.

2. Experimental
2.1. Materials

Lysozyme from chicken egg white (LYS) in the form of lyophilized
powder containing = 90% of protein (Sigma-Aldrich L6876) was used
in this work without further purification. The protein solution (5 mg/
ml) was prepared by dissolving an appropriate amount of the lysozyme
powder in 0.1 M phosphate buffered saline solution (PBS) of pH = 7.4
(Bio Reagent, Sigma-Aldrich, P5368). The non-ionic triblock copolymer
Pluronic PE9400 (EO.;P0O4,EO,;, My, = 4600) was purchased from
BASF (Poland). Tetraethylorthosilicate (TEOS), of purity 98%, 1,3,5-
trimethylbenzene (TMB), hydrochloric acid (37%) and other reagents of
analytical grade were purchased from Sigma-Aldrich and used without
further purification. The Millipore Simplicity with UV device was used
for water purification (resistivity of pure water at 25 °C was 18.2
MQ-cm).

The mesostructured cellular foam (MCF) was prepared by following
a modified version of the method outlined in the literature, and using
the Pluronic copolymer PE9400 as pore creating agent [50-52]. The
porosity characteristics of the synthesized MCF-14.5 support were ob-
tained on the basis of nitrogen adsorption/desorption isotherms: i.e.,
specific surface area 547 m?/g, the average hydraulic pore diameter
14.5 nm and the total pore volume 1.98 cm®/g.

2.2. Lysozyme adsorption

In adsorption experiment an amount of 200 mg of MCF-14.5 ad-
sorbent (dried at 150 °C) was contacted with 50 ml of 5 mg/ml lyso-
zyme solution (co) in 0.1 M phosphate buffered saline solutions (PBS) of
pH = 7.4. The prepared suspension was placed in the incubator shaker
(New Brunswick Scientific Innova 40R Model) and shaken at 25 °C with
speed 110 rpm until equilibrium was reached (t,qs, time available for
attaining adsorption equilibrium, was 24 h). The obtained biocomposite
(LYS/MCF-14.5) was filtered, dried on air and used in further analysis.
The adsorbed amount of LYS estimated from the adsorption experi-
mental data was 0.55 g/g.

2.3. Analysis techniques
2.3.1. UV-Vis diffuse reflectance spectroscopy (UV-Vis DRS)

The physicochemical properties of pure MCF support (MCF-14.5)
and covered by protein molecules were studied by using UV-Vis diffuse
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reflectance spectroscopy (UV-Vis DRS). The reflectance UV-Vis spectra
of the studied samples were registered on a Varian Carry 4000 spec-
trophotometer equipped with an integration sphere diffuse reflectance
accessory. The studied MCF-14.5 material and the obtained protein/
silica composite were placed in the powder cell and DR spectra were
collected in the range A = 200-800 nm with a scan rate of 300 nm/
min.

2.3.2. Attenuated total reflection (ATR) with Fourier transform infrared
spectroscopy (FT-IR)

The surface properties of MCF-14.5 support and LYS/MCF-14.5
composite were characterized by using Fourier transform infrared
spectroscopy (FT-IR) with attenuated total reflectance (ATR) accessory.
ATR-FT-IR spectra were collected over the 4000-400 cm ™! spectral
range with 64 scans per spectrum at a resolution of 4 cm ™! by means of
IR spectrometer TENSOR 27 (Brucker, Germany) equipped with a dia-
mond crystal.

2.3.3. Elemental analysis (CHN)

The chemical composition and concentration of elements such as
carbon, hydrogen and nitrogen for MCF-14.5 and LYS/MCF-14.5 were
estimated by using Perkin Elmer 2400 Series II CHNS/O Elemental
Analyzer System. The combustion process was carried out in a quartz
tube in the presence of a catalyst at a temperature of 950 °C. Then, the
nitrogen oxides formed in the combustion process were reduced in the
reduction tube at 650 °C.

2.3.4. X-ray photoelectron spectroscopy (XPS)

The elemental composition and chemical binding in the studied
materials were investigated by X-ray photoelectron spectroscopy (XPS).
In an XPS experiment, the sample was placed in a multi-chamber UHV
(ultra-high vacuum) analytical system (Prevac, Poland) equipped with
monochromatized AlKa radiation source of energy 1486.6 eV generated
by Scienta MX 650 X-Ray Source Monochromator operating at 360 W
and high-resolution electron energy hemispherical analyzer VG Scienta
R4000 (U = 12 kV, Ie = 300 mA). The base pressure in the analytical
UHV chamber during the measurements was maintained at 10® mbar.
The survey scans were performed using a pass energy 200 eV and en-
ergy step size 0.5 eV in order to detect the elemental composition on the
surface. The high resolution core level C1s, 0 1s, N1 sandS 2p
spectra were collected using a pass energy 50 eV and 0.1 €V step to
determine the different structure configurations of each elements. The
core level binding energies were calibrated for C 1 s line at 284.8 eV as
the charge reference. The data processing analysis and curve-fitting
(line shape: Gaussian-Lorenzian function combination) with a Shirley
type background subtraction were performed by means of CasaXPS
software (v 2.3.17).

2.3.5. Small angle X-ray diffraction (XRD)

Structures of the obtained MCF-14.5 and LYS/MCF-14.5 were ana-
lyzed by the small angle X-ray diffraction (XRD) technique. These ex-
periments were performed using the Empyrean diffractometer
(PANalytical) with monochromatic ~CuKoa radiation source
(A = 1.5418 A). The small angle X-ray diffraction patterns were
scanned in an angular range 20 from 0.13° to 5.00° with a step size of
0.01°.

2.3.6. Atomic force microscopy and optical profilometry (AFM and OP)
The surface morphology studies, texture properties and micro-na-
nostructure of the studied materials were monitored by an atomic force
microscopy (AFM) and an optical profilometry (OP). The nanoscale
roughness and nanostructure were determined by an AFM microscope
(NanoScope V AFM Controller system, Bruker-Veeco, USA) operating in
non-contact mode (tip radius < 8 nm, resonance frequency of
280 kHz) with a resolution of 256 X 256 pixels and scan area of
1 ym X 1 pum. The surface micro-roughness (also named surface
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waviness, slope error or surface slope) was measured using an optical
profilometer (Contour GT, Bruker-Veeco, USA). The objective lens
magnification was set to 20 X, which corresponds to 0.24 pm sampling
(pixel) size and 156 X 117 pm scanned area. The basic parameters
characterizing the surface texture (S,, Sq, Saq, Ssk» Sku) Obtained from
AFM and OP micrographs were estimated by means of the Scanning
Probe Image Processor (SPIP, Image Metrology A/S, Denmark). The
detailed description of the morphology parameters is in Supplementary
Material [53].

2.3.7. Scanning electron microscopy with X-ray microanalysis (SEM/EDS)

The morphological properties, evaluation of external surface struc-
ture and chemical composition of the investigated materials were
characterized using scanning electron microscope (SEM, FEI Quanta™
3D FEG) equipped with energy dispersive X-ray spectrometer (EDS)
operating at a voltage of 30 kV. The EDS microanalysis of native MCF-
14.5 adsorbent and LYS/MCF-14.5 composite was carried out, and,
ultimately, the chemical composition and elements concentrations (i.e.,
silicon, carbon, oxygen, nitrogen, and sulfur) in the materials were
estimated.

2.3.8. Transmission electron microscopy and energy dispersive X-ray
spectrometer (TEM/EDX)

A high resolution transmission electron microscopy S/TEM
Titan3™ G2 60-300 (FEI Company) equipped with a field-emission
electron gun (FEG) in high resolution bright-field imaging (HRTEM-BF)
in TEM mode and high angle annular dark field detector (HAADF-
STEM) in scanning mode, working with an accelerating voltage of
300 kV was used in analysis of surface topography and surface structure
of the investigated samples. The energy dispersive X-ray spectrometer
(EDX) was also employed to determine the chemical composition, es-
timate the local elements concentrations (Si, C, O, N, S) and visualize
the quantitative elemental distribution of previously identified che-
mical elements over the scanned area of mesoporous silica surface be-
fore and after protein adsorption. The EDAX detector with energy re-
solution 134 eV in scanning HAADF-STEM mode was also used.

3. Results and discussion

3.1. Physicochemical properties and chemical composition of protein/silica
composite

Physicochemical properties of LYS/MCF-14.5 composite were spe-
cified by UV-Vis diffuse reflectance spectroscopy. It is well known that
the native lysozyme consists of 129 amino acids containing six trypto-
phan molecules (Trp), three tyrosine molecules (Tyr), eight cysteine
molecules (Cys) that form four disulfide bonds and, hence, the ab-
sorption spectrum exhibits a characteristic strong absorption band at a
wavelength ~ 220 nm and weak band at ~ 280 nm. The maximum of
spectrum situated at about 280 nm corresponds to transitions in the
aromatic amino acid residues: tryptophan, tyrosine and cysteine (i.e.,
disulphide bonds). Furthermore, the maximum of spectrum at approx.
220 nm is attributed to the carboxylic group in peptide bond [54].

The UV-Vis DRS spectra for the pure MCF and the biocomposite are
compared in Fig. 1S (Supplementary Material). The differences for both
studied samples are clearly visible. Generally, in the case of pure MCF-
14.5 surface no intense bands in the UV-Vis DRS absorption spectrum is
registered. Upon protein adsorption, the UV-Vis DRS spectrum reveals
two absorbance bands: a medium-width band with a maximum ab-
sorption located at ~ 240 nm and a broad band with a maximum ab-
sorption at about ~ 282 nm. Comparing the absorption spectra for the
native LYS and LYS/MCF-14.5 composite one can observe a shift of the
first peak (~20 nm) which may be attributed to the change in sec-
ondary structure of albumin upon adsorption, whereas essentially no
shift of the second peak is observed.

The ATR-FTIR spectra of native lysozyme, pure MCF-14.5 silica and
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Fig. 1. ATR-FTIR spectra of the native lysozyme, MCF-14.5, and LYS/MCF-
14.5.

LYS/MCF-14.5 composite were recorded and analysed in order to get
some insight into the possible protein-support interactions (Fig. 1).
Native LYS spectrum contains bands characteristic of proteins. A broad
band with maximum at 3279 cm ™, the so-called Amide A band, is due
to hydrogen bonded NH group stretching vibration. On its red wing
fairly weak bands with maxima at 3053, 2955, 2932, and 2874 cm ™!
correspond to the ArH (the first one of the above-mentioned) and ali-
phatic groups (the remaining three) stretching vibrations. In the middle
range of the spectrum the Amide I and Amide II bands at 1643 and
1518 cm ™!, respectively, are observed. The first one is mostly due to
C = O stretching vibrations, and the second — mostly the NH rocking.
The range 1350-1200 cm ™~ ! with maximum at 1232 em ™! (see Fig. 1)
is attributed to the so-called Amide III range. In fact various contribu-
tions from local modes to the observed normal modes are reported in
the literature. Indeed, the contributions are strongly dependent on the
molecular force field. Mixing of local modes is due to (i) closeness of the
diagonal force constants and (ii) magnitude of the off-diagonal (cou-
pling) force constants. To get better insight into that problem we car-
ried out some initial calculations (DFT/B3LYP/6-311 + + G** level). At
this point we merely mention that a few representative protein frag-
ments containing hydrogen bonded moieties depicted in Fig. 2S
(Supplementary Material) that are likely to exist in the bulk protein
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were selected and contributions (the so-called PED coefficients [55])
were calculated. We will concentrate on the structure presented in
Fig. 2Sa (Supplementary Material) since trans arrangement in the
O = C-N-H peptide link is energetically favourable (by ca.
3.5 kcal mol ™ 1). The contribution of ca. 65% from the C = O stretching
vibration was found in the case of the Amide I band. It was found to be
only weakly coupled with neighbouring CN stretching (ca. 5%), and no
contribution from NH rocking [56] was present. The Amide II band was
found to be composed of NH rocking (ca. 50%) coupled to the neigh-
bouring CN bond stretch (ca. 30%), just as reported elsewhere [56]. The
major contributions to the Amide III band follow from the CN stretch
(ca. 35%) coupled with equal amounts of NH rocking and C®N stretch
(ca. 10% each; C® refers to the neighbouring methylene group carbon
atom). The remaining contributions to the Amide III band follow from
bending of aliphatic groups. Finally the band at the 1452 cm ™! is at-
tributed to the symmetric bending of the methylene group and/or
asymmetric bending of the methyl group (or both at the same time due
to their frequent coupling).

The less favourable, but in our opinion also possible structure re-
ported in Fig. 2Sb (Supplementary Material), has totally different force
field. Although the Amide I band is dominated by C = O stretching (ca.
60%), it was found to be additionally coupled with CN stretching and
NH rocking (similar contributions of 10-15%). The Amide II band was
found to be composed of NH rocking (40-50%); this time it was coupled
to C = O (20-30%) rather than CN stretching vibration. The latter one
strongly contributed to the band at 1389 cm ™! (ca. 50%) observed in
Fig. 1. Thus assuming that structures like those considered here are also
present in the bulky protein it seems that the reported range of
1350-1200 cm ! for the Amide III band needs to be extended to cover
higher frequencies.

The pure MCF-14.5 spectrum (Fig. 1) shows the bands characteristic
of the silica materials in the low-frequency range. The most intense
band with maximum at 1065 cm ™! and a shoulder close to 1200 cm ™!
is attributed to the (frequently delocalized) Si-O-Si asymmetric
stretching vibrations. A low-intensity band at 976 cm ™! is attributed to
the Si-O stretching in the SiOH fragments. Calculations show that this
vibration is frequently coupled with the SiOH in-plane bending vibra-
tion. The bands at 808 and 450 cm ™! are due to the symmetric Si-O-Si
stretching and in-plane bending vibrations, respectively. The former
one is frequently coupled with the SiOH twisting.

Slight red shifts of the first three bands characteristic of the silica
matrix, by 6, 10, and 10 cm ™!, respectively, are observed upon the
protein adsorption. In addition, bands characteristic of peptide links are
clearly visible, indicating the successful protein sorption. They are all
blue shifted, up to 1653 (Amide I) and 1531 (Amide II), respectively.
This clearly indicates weakening of hydrogen bonds which tend to
elongate the involved bonds leading to the force constants decrease
and, consequently, frequency decrease. This observation is fully con-
sistent with the blue shift of the Amide A band (by 8 em™ ).

To evaluate the elemental composition of pure MCF-14.5, the native

Table 1
XPS survey spectra results and the determined elemental compositions (as atomic% and mass% concentrations) for MCF-14.5 and LYS/MCF-14.5.
Sample Name Peak position Full with at half maximum (FWHM) Atomic concentration [at.%] Mass concentration [wt.%] Ratio N:C
[eV] at.% wt.%
MCF-14.5 Si 2p 103.5 2.51 40.2 = 0.1 543 = 0.1
Ols 532.5 2.46 57.7 = 0.2 44.4 = 0.2 - -
Si2s 154.0 3.11 - -
02s 26.0 3.3 - -
LYS/MCF-14.5 Si 2p 103.5 241 25.8 = 0.1 40.0 = 0.1
Ols 532.5 2.42 41.8 = 0.2 369 = 0.2
N1ls 399.5 2.26 6.00 = 0.2 470 = 0.2 0.24 0.29
Cls 285.0 4.00 245 += 0.2 16.3 = 0.2
S 2p 164.0 0.97 0.30 = 0.2 0.50 = 0.2
Si2s 154.5 2.86 - -

02s 26.1 3.1
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Fig. 2. XPS survey spectra of pure MCF-14.5 support and after LYS adsorption.

LYS and LYS/MCF-14.5 composite the elemental analysis (CHN) was
conducted, and the obtained results summarized in Table 18
(Supplementary Material). The changes in chemical composition of
LYS/MCF-14.5 composite compared to pure MCF-14.5 silica are as
follows: the content of C and H upon LYS adsorption increased by
17.67% and 2.57%, respectively. Appearance of nitrogen in the bio-
composite (6.38%) is strictly connected with protein adsorption in in-
ternal space of silica support. The N:C (0.36%) ratio is typically used as
a detection marker for albumin confirming presence of the adsorbed
protein molecules.

For a complete characterization of the elemental composition of the
silica and biocomposite surfaces and chemical binding between the
protein molecules and the silica surface, XPS analysis was carried out.
In order to determine the uptake of protein on MCF-14.5 support, the
survey and O 15, N1, C1 s and S 2p high resolution spectra were
examined.

Fig. 2 presents typical survey scan XPS spectra for the pure MCF-
14.5, and LYS/MCF-14.5 composite. The XPS survey scan analysis of
the studied samples is presented in Table 1. As expected, in the XPS
survey spectrum recorded before protein adsorption, only major pho-
toelectron peaks of O 1 s at 532.5 eV, Si 2p at 103.5 eV and directly
linked O 2 s (154 eV) and Si 2 s (26 eV) signals were detected. After
lysozyme adsorption, XPS survey spectra show additional O 1s,N 15, C
1 s and S 2p signals at binding energies 532.5, 399.5, 285 and 164.0 eV,
respectively, which are characteristic of proteins. It was recognized that
the presence of well defined N 1 s photoelectron peak at 399.5 eV de-
rived from the amino acids of the protein can be interpreted as an in-
direct measure (detection marker) of the protein content in a studied
material [57]. The determined mass concentrations of the studied ele-
ments are as follows: 41.8 at.% (36.9 wt%) of oxygen, 6 at.% (4.7 wt%)
of nitrogen, 24.5 at.% (16.3 wt%) of carbon and small amount 0.3 at.%
(0.5 wt%) of sulfur (see Table 1). Moreover, the N:C (0.24 at.%, 0.29 wt
%) ratio for biocomposite confirms the presence of the immobilized
protein molecules on the silica substrate (aliphatic carbon and nitrogen
of the amino acid groups of lysozyme containing tyrosine residues are
exposed on the MCF-14.5 surface).

The deconvolution of the high resolution core-level O 15, N1s, C
1 s and S 2p spectral data for LYS/MCF-14.5 composite are illustrated in
Fig. 3. As can be seen in Fig. 3A the core-level spectrum of O 1 s consists
of two distinct peaks at 530.9 eV (O 1 s A) and 532.6 eV (O 1 s B),
which correspond to peptidic oxygen of protein (O-C = O, O = C-N
and C-OH structural motifs) [58]. It was also found that the deconvo-
lution of N 1 s core level XPS spectra reveals two components (N 1 s A
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and N 1 s B) at binding energies 400 eV and 401.8 eV, respectively
(Fig. 3B). These energies correspond to nitrogen in C-NH, (amine) and
—C(=0)-NH- (amide) groups present in protein molecules. Moreover,
the binding energy of the N 1 s photoelectron peak found at ~ 401 eV is
typical for N in organic matrix (associated to N-H/C-N bonds) [59],
indicating that the protein was successfully immobilized on the silica
surface. Additionally, presence of the protein on the silica surface was
confirmed by deconvolution of the C 1 s spectra (Fig. 3C). The C 1 s
photoelectron peak was decomposed based on binding energies of
characteristic bonds of carbon atoms with carbon/hydrogen/oxygen in
the protein. The peak well fitted to three components at 284.8 eV (C 1 s
A), 286.1 eV (C 1 s B) and 288.2 eV (C 1 s C) which is connected with
the presence of C-C/C-H bonds, C-O bonds and C = O bonds, respec-
tively [60]. Lebugle et al. [61] and Deligianni et al. [62] found that in
the case of BSA protein the binding energy of the Cls photoelectron
peak at 285.0 eV is assigned to aliphatic carbon atoms of the amino acid
pending groups; the peak at 286.5 eV — to NH-CHR-CO carbon atoms of
the albumin backbone; the peak at 288.2 eV — to CO-NH-peptidic
carbon atoms.

The high resolution S 2p spectrum for LYS/MCF-14.5 shows a spi-
n-orbit doublet that follows from S 2ps3,» and S 2p;,, split levels at
binding energies 164.8 eV and 163.6 eV (Fig. 3D). The binding energies
of the components of this doublet are typical of unbound thiol species
and disulfide bonds [63,64]. In the case of lysozyme the range of these
binding energies can be assigned to S-containing amino acids, i.e. cy-
steine residues.

The results obtained from the XPS data are consistent with UV-Vis
DRS, ATR-FTIR and CNH analysis.

3.2. Structural and morphological characterization of protein/silica
composite surface

Complex characterization of pore structure, particle morphology,
surface topography and micro- nanostructure of the mesoporous ma-
terials with immobilized protein demands a combination of various
analytical methods. Hence, several experimental techniques such as
XRD, AFM, OP, HRTEM/EDX and SEM/EDS were employed.

To determine structure of the studied samples and verify whether
the biomolecules are mainly adsorbed on external surface of a particle
or located inside the mesoporous structure, the small-angle X-ray dif-
fraction (XRD) technique was used. The intensity variations of XRD
curves for the pure MCF-14.5 and LYS/MCF-14.5 materials are pre-
sented in Fig. 4(A,B). It is clear that native MCF-14.5 exhibits three
Bragg’s reflection peaks registered in the range of small diffraction
angles 20: one well-resolved reflex with strong intensity at 26 value of
ca. 0.52° and two broad reflexes with decreasing intensities at
20 = 0.93° and 1.36°. This means that mesoporous material is char-
acterized by a regular ordered 3D pore structure of uniform large
spherical pore cells linked by narrow interconnectiveness, usually de-
scribed as ink-bottle pore type [33]. The total integrated areas (Apeax)
and the interplanar spacing (d) reflecting pore size for silica support
before and after LYS adsorption, are summarized in Fig. 4B inset. It is
interesting to note that after lysozyme adsorption intensities of these
diffraction reflexes are clearly diminished. LYS adsorption leads to
decrease of a reflex with the highest intensity (first XRD peak at
20 = 0.53°) by about 33%, while in the case of reflex with low intensity
(second XRD peak centered at 260 = 0.98°) — by 76% compared to the
pure MCF-14.5 silica support. Moreover, these diffraction reflexes after
protein adsorption are moved towards higher 20 values, confirming
that pore size after LYS adsorption diminishes (interplanar spacing (d)
estimated for LYS/MCF-14.5 is lower in comparison to the values cal-
culated for the pure MCF-14.5, Fig. 4B inset). It is worth noting that the
last diffraction reflex at 20 value of ca. 1.36° disappeared after protein
adsorption. Likewise, the total integrated area Apeax for MCF-14.5 ma-
terial modified by LYS was lower than Ape.c for MCF-14.5 support
without protein. The obtained results can’t be interpreted as a loss of
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Fig. 3. Deconvoluted (A) O 1s, (B)N 15, (C) C1s, (D) S 2p high resolution core-level XPS spectra of LYS/MCF-14.5 composite.

structural order of mesoporous MCF-14.5 after lysozyme adsorption.
Larger differences between electron density of the porous silica walls
and the open pores in comparison to lower differences between the
porous silica walls and the lysozyme molecules is responsible for the
observed reduction in the intensity. Generally, XRD data indicate that
the surface of MCF support is covered by LYS, and, more importantly,
LYS molecules are tight-packed inside the mesopores of silica [65,66].

The AFM technique was used to evaluate the nanoscale surface
morphology (roughness, waviness, skewness, flatness), and visualize
nanotexture of the protein layer on silica surface. Two-dimensional
(2D) and three-dimensional (3D) projection of the AFM micrographs of
1 pm X 1 pm region for the MCF-14.5 silica before and after lysozyme
adsorption are shown in Figs. 5 and 6, respectively. Table 2 lists the
surface texture parameters at the nanometre scale for MCF-14.5 and
LYS/MCF-14.5 obtained from 1 pm X 1 um AFM micrographs. The
quantitative analysis of surface topography clearly shows the textural
changes in the morphology and surface nano-roughness of MCF-14.5
surface after lysozyme adsorption. The 3D AFM observation (Fig. 6) of

-—— MCF-14.5 )
—— LYS/MCF-14.5

Intensity [a.u.]

2 theta [*]

MCF-14.5 without protein layers shows some greater valleys and hills
(peaks) over surface. Unlike for the protein/silica composite the surface
morphology and texture become completely different. Almost all peaks
disappear, but those that remain on the surface have a reduced dia-
meter and height. In addition, the surface of protein/MCF composite is
characterized by greater uniformity of grain distributions over surface
in comparison to the pure silica surface. As shown in Table 2, upon the
LYS adsorption the texture parameters such as surface roughness (Sg)
and waviness (surface slope, S4q) were diminished by ca. 74% and 67%,
respectively, compared to the surface of initial MCF-14.5 substrate. This
implies that MCF-14.5 surface after protein adsorption is less rough,
wavy, and hence more smooth and flat than the native MCF-14.5 sup-
port surface. Fig. 7 represents a detailed comparison of the nano-
roughness surface profiles of the MCF-14.5 support without/with ly-
sozyme layer (obtained along the white line marked on the
1 um x 1 pm AFM micrographs in Fig. 5). By comparing the oscillation
of amplitude and frequency (texture spacing) of the surface profile at
the nanometer level for the studied samples (Fig. 7) one can find

4
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Fig. 4. (A) Small angle X-ray diffraction patterns for native MCF-14.5 material and LYS/MCF-14.5 composite; (B) the patterns of studied samples with the back-

ground subtracted.
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Fig. 5. 2D AFM micrographs (scan size: 1 um X 1 pm) for the native MCF-14.5 support (A) and LYS/MCF-14.5 composite (B). Adsorption conditions: ¢p = 5 mg/ml

tass = 240, T = 250C, pH = 7.4.

differentiations in (i) the amplitude of deviations of surface roughness
for LYS/MCF-14.5 composite which is about tenfold lower than for
MCF-14.5 (maximum amplitude of protrusions from a zero base line for
the surface of pure MCF-14.5 support varies in the ranges from —60 nm
to + 70 nm (Ah = 130 nm); in the case of biocomposite it is in the
range —7 nm to + 7 nm (Ah = 14 nm), (ii) the surface profile along the
section line which, for LYS/MCF-14.5, is characterized by regular
course in contrast to the surface profile for pure MCF material, (iii) the
frequency distribution of silica surface, which after LYS adsorption, is
significantly higher (finer spacing) in comparison to silica substrate.
Histogram of height distribution functions of surface roughness before
and after lysozyme adsorption (Fig. 8) confirms that silica surface be-
comes more uniform (narrower height of Sy distribution) after LYS
adsorption. In addition, for MCF-14.5 surface covered by the LYS layers
the void volumes calculated from the histogram decreased from
6.46 x 10° um®to 2.20 x 10° um? (i.e., by 66%). It is thus evident that
LYS molecules are situated inside the mesopore channels of silica sup-
port. Moreover, they are also homogeneously distributed on the surface
grains. Special attention was paid to the values of parameters de-
scribing the nature of inequality of the surface, i.e., skewness (Sg) and
kurtosis (Sk,) coefficients. The silica surface with immobilized protein is
characterized by relatively smaller asymmetry and more isotropic sur-
face (Ssx < 0; Sku=3; surface follows symmetrical Gaussian height

-0.2

-0.4

Table 2
Nanoscale surface texture parameters for MCF-14.5 and LYS/MCF-14.5 derived
from AFM analysis.

Sample “Sa [nm] bsq [nm] Sdq [rad] 48 Siku
MCF-14.5 23.8 29.3 0.87 -0.36 2.76
LYS/MCEF-14.5 6.15 7.75 0.29 —-0.22 3.08

& Sa - roughness average; b S, - surface roughness (root mean square, rms);
Sqq - surface waviness (surface slope); d Sq - surface skewness; € Sy, - surface
kurtosis.

distribution function compared with the silica substrate). More im-
portantly, the negative value of Sy (this effect is diminished after
protein adsorption) confirms that the surface of the studied materials is
composed of mainly valleys rather than the vertices (peaks). The pre-
sented AFM results clearly confirm that adsorption of protein molecules
on mesoporous silica surface leads to relevant change of physical sur-
face properties at nanometer scale, including morphology, topography,
texture and nanostructure.

The opitcal profilometry (OP) was used in order to obtain supple-
mentary information about surface morphology and surface roughness
at micrometer level. The 2D and 3D overviews of surface texture of
MCF-14.5 and LYS/MCF-14.5 registered by an optical profilometer are

(B)
Z[nm]
100.0
0.4 0.0
-100.0

0.2

0.0
0.2 X[um]

0.4

Fig. 6. Visualization of 3D AFM topographic images of the analyzed surfaces: MCF-14.5 (A) and LYS/MCF-14.5 (B). Adsorption conditions: ¢, = 5 mg/ml;

tas = 24 h; T = 25°G; pH = 7.4.
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Fig. 8. The histogram of height distribution of surface roughness obtained from
1000 nm X 1000 nm scan areas for MCF-14.5 and LYS/MCF-14.5.

depicted in Figs. 9 and 10. The surface microroughness parameters
describing the surface morphology of the investigated materials are
given in Table 3. The microscale metrological studies of MCF-14.5 and
LYS/MCF-14.5 confirmed again that the values of microroughess
parameters (S,, Sg, Sqq) obtained from OP 20 x 40 um scan areas were
reduced by protein adsorption. For the biocomposite (Table 3) the
surface roughnes and surface slope were diminished by ca. 73% and
75%. It is clearly visible (Figs. 9, 10) that the surface covered by LYS is
less rough (porous) and bumpy, as well as more smooth and flat in
comparison to the surface without protein. By comparing (Fig. 11) the
height of the surface microroughness profile (Sq) for MCF-14.5 and
LYS/MCF-14.5 measured along a single white-line marked on the OP
micrographs (Fig. 9A’,B’), the brightening effect is found after lysozyme
adsorption. As observed in Fig. 11, the vertical amplitude deviations for
the surface roughness profile at microscale level for LYS/MCF-14.5 are
greatly diminished in contrast to the pure support. For the reference
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MCF-14.5 support maximum amplitudes of the protrusions with dif-
ferent frequencies and different shapes vary from —17 um to + 11 pm
(Ah = 28 um). The protein immobilization results in attenuation of the
amplitude of the deviations and frequency of protrusion domains which
varies from —2 pm to 2 pm (Ah = 4 pm), and it maintains almost at the
same level (the smoothing capabilities are reached). Fig. 12 shows the
surface height distribution functions for MCF-14.5 and LYS/MCF-14.5
obtained from 20 pum X 40 um scan areas. The histogram of distribution
function of surface microroughness for MCF-14.5 silica becomes narrow
and uniform after adsorption of lysozyme. It is related to the homo-
geneous distribution of the protein molecules on the silica surface.
Apart from that, the statistical analysis of surface roughness height
distribution functions (at microscale level) also confirms that the mo-
lecules of lysozyme do occupy pores of mesoporous silica adorbent
because the void volume computed from histogram dropped by ~ 65%
due to adsorption of lysozyme molecules. According to the values of
surface skewness (Sgc < 0) and kurtosis (Sx, > 3), it turned out that
the surface covered by LYS molecules is fairly symmetric and isotropic
(surface represents leptokurtic height distribution with relatively high
peak and longer or fatter tail than a normal distribution; the distribu-
tion “tail” extends towards negative values than the tail on the positive
side) in comparison with the surface of pure silica substrate. As a matter
of fact, the negative values of Sy indicate that number of valleys (pores)
dominate over the vertices (peaks) on the surface of porous silica; this
effect is smaller after protein adsorption. Finally it can be concluded
that the adsorbed lysozyme results in significant changes of surface
morphology and microstructure of the native MCF material. It emerged
that silica surface covered by protein molecules is more smooth, flat
and homogenous, and, thereby less rough, porous, wavy and sharp due
to the lysozyme molecules located on silica surface and inside the pores.
These results are in fairly good agreement with those obtained from
AFM analysis.

For the detailed characterization of the topography, microstructure
and chemical composition of the studied samples HRTEM/EDX
(Figs. 13, 14 and Supplementary Material Fig. 3S), and SEM/EDS
(Fig. 15, Table 4) techniques were applied. HRTEM-BF (bright field),
HAADEF-S/TEM (high angle annular dark field) and SEM micrographs of
pure MCF-14.5 and protein/silica composite are shown in Figs. 13(A),
14(A,A”) and 15(A,B). TEM results (Fig. 13A) reveal that pure MCF-14.5
silica in 3D structure consists of the ordered mesoporous channels with
uniform spherical cells interconnected by narrow windows, which is the
characteristic structural feature of the MCF material. The presented
results are in good accordance with those obtained from the N, ad-
sorption/desorption [50] and XRD analyses. Likewise, HRTEM-BF
bright-field (Fig. 14A) and HAADF-S/TEM in the dark-field mode mi-
crographs (Fig. 14A”) for LYS/MCF-14.5 composite visibly confirm
structure and presence of protein molecules immobilized on the com-
posite surface (visible as spiral forms).

The SEM micrographs (Fig. 15A,B) allow to compare the surface
morphology of the native MCF-14.5 support and LYS/MCF-14.5. One
can see that the composite surface is markedly smoother and more
uniform compared to pure MCF-14.5 one. It is worth noting that protein
adsorption causes also a modification in grain surface morphology. In
the case of protein/silica composite SEM micrographs (Fig. 15B) show
more homogeneous surface consisting of small smooth grains. This high
homogeneity is partly a result of small sizes of lysozyme molecules
which are closely packed on the surface and in the pores of the material.

The energy dispersive X-ray (EDX) analysis was applied to obtain
the qualitative and quantitative data concerning the local elemental
composition and determination of the concentration of elements pre-
sent on the pure MCF-14.5 and LYS/MCF-14.5 surfaces. Moreover,
TEM/EDX and SEM/EDS techniques allow precise identification of
biomolecules on MCF-14.5 support. Fig. 13C,D and Fig. 14C-G illustrate
two-dimensional elemental distribution maps and relative proportions
(intensities) of pre-defined elements like silicon, oxygen, carbon, ni-
trogen and sulfur (Si, O, C, N, S) over the investigated area (orange-



A. Chrzanowska, et al.

117 um

Y Range:

58.5

-78.0 0 78.0
X Range: 156 um

=

Sa=5359 nm $q=6593 nm Ssk=-0.513 Sku=2.77 Sdq=17.2

11.6

Y Range: 20.0 ym
1.59

-3.79
X Range: 40.1 um

Y Range: 117 ym

Y Range: 20.0 um

Applied Surface Science 525 (2020) 146512

ZRange: 50.81 ym

0

-78.0 0 78.0
X Range: 156 pm

S$a=1384 nm Sq=1754 nm Ssk=-0.439 Sku=4.11

< i'w'*v"w :
?_) a

9.40
-~

-

et 3

-0.611

-4.52
X Range: 40.1 ym

N
-
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Fig. 10. 3D OP surface topographic images (20 x 40 pm) of native MCF-14.5 support (A) and LYS/ MCF-14.5 composite (B). Adsorption conditions: ¢, = 5 mg/ml;

tags = 24 h, T = 250(:, pH = 7.4.

Table 3
Microroughness parameters of MCF-14.5 and LYS/MCF-14.5 composite de-

termined from OP measurements using VSI mode.

Sample °Sy [um] °Sy [um] “Saq [rad] S Sk
MCF-14.5 5.36 6.59 17.2 —-0.51 2.77
LYS/MCF-14.5 1.38 1.75 4.38 —-0.44 4.11

2 S, - roughness average; b Sq - surface roughness (root mean square, rms); ©
S4q - surface waviness (surface slope); 4 S - surface skewness; © Sy, - surface
kurtosis.

square marked in Figs. 13B and 14B) of the silica support and compo-
site. Based on the EDX mappings, it is clearly visible that C, O, N, and S
are nearly homogeneously distributed on the protein/silica composite

surface.

The chemical characterization and element contents (wt.%, at.%)
for MCF-14.5 material before and after protein adsorption from TEM/
EDX and SEM/EDS analysis are summarized in Fig. 3SA,B inset
(Supplementary Material) and Table 4. The EDX spectrum in Fig. 3SA
(Supplementary Material) indicates the presence of two elements: si-
licon (intense peak at 1.74 keV) and oxygen (large peak at 0.52 keV) in
the structure of native MCF-14.5 silica. After lysozyme adsorption the
EDX spectrum (Fig. 3SB, Supplementary Material) shows the presence
of two strong peaks at 1.74 keV, 0.52 keV associated with Si and O,
respectively. Additionally, peaks corresponding to carbon (at 0.26 keV),
nitrogen (at 0.37 keV) and sulfur atoms (at 2.31 keV) are observed.
TEM/EDX analysis unambiguously indicates changes in chemical
composition and local element concentrations (see Fig. 3SA,B inset,
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Fig. 12. The height histogram of surface roughness obtained from the scanned
area of size of 20 um X 40 pm of initial MCF-14.5 sample and LYS/MCF-14.5
composite.

Supplementary Material) of MCF-14.5 material after protein adsorp-
tion. As expected, the content of Si (28.52 at.%) in biomaterial LYS/
MCF-14.5 is lower about 1.9 at.% in comparison with reference silica
material (30.42 at.%). More pronounced difference between composi-
tion of biocomposite and the reference is observed with regard to the
content of O, C, N, and S. The values found are: 44.65 at.%, 24.56 at.%,
5.44 at.% and 0.3 at.%, respectively. Furthermore, for biocomposite the
atomic and mass N:C ratios (so-called detection marker for albumin)
are: 0.22 at.% and 0.26 wt%. These results are also confirmed by SEM/
EDS analysis as presented in Table 4. According to the reported results,
the native MCF support consists mostly of Si (29.82 at.%) and O (49.35
at.%), while N and C are not detected. After protein adsorption, SEM/
EDS elemental analysis of biocomposite surface reveals not only the
presence of Si and O, but also C, N, and S. The chemical composition
and contents of the studied elements on biocomposite surface are as
follows: 37.11 at.% of O, 25.09 at.% of C, 6.08 at.% of N and ~ 0.28 at.
% of S. Similary, the N:C ratio (0.24 at.% and 0.33 wt%) also confirms
the presence of the adsorbed protein molecules in the considered bio-
composite.

Main conclusion which can be drawn from TEM/SEM/EDX results is
that the adsorbed layer of the LYS molecules on porous surface of silica
material leads to the changes of surface topography, chemical
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composition and local element concentration.
4. Conclusions

The paper presents a complete physicochemical, structural, mor-
phological, and compositional analysis of mesoporous MCF silica sup-
port with immobilized lysozyme by using various techniques, i.e.,
UV-Vis DRS, ATR-FTIR, CHN elemental analysis, XPS, XRD, AFM, OP,
HRTEM/EDX, and SEM/EDS. The used porous MCF-14.5 support is
characterized by well-developed porous structure: specific surface area
- 547 m?/g, the average hydraulic pore diameter — 14.5 nm, and the
total pore volume — 1.98 cm®/g. In the case of the obtained bio-
composite LYS/MCF-14.5 the protein adsorbed amount was estimated
to be equal to 0.55 g/g.

The experimental results obtained for the prepared lysozyme/silica
composite can be summarized as follows:

(i) UV-Vis DRS spectrum has two absorbance maxima: at ~ 282 nm
corresponding to transition within the aromatic amino acid re-
sidues: tryptophan, tyrosine and cysteine, and at ~ 240 nm at-
tributed to the carboxylic group in peptide bond. In comparison
to a native lysozyme the first band is essentially not shifted, while
the second one is red shifted by which may be connected with the
change in secondary structure of albumin upon adsorption;

(ii) upon protein adsorption, ATR-FTIR analysis reveals somewhat
different chemical structure of the adsorbed protein which fol-
lows from blue shifts of amide A, amide I and amide II bands as a
consequence of weakening of hydrogen bonds in the secondary
protein structure;

(iii) analysis of chemical composition (C, H, and N) by the elemental
analysis for the MCF-14.5 and LYS/MCF-14.5 materials reveals
that after protein adsorption the mass percentage of elements is
increased by 17.67% for C, 2.57% for H, and 6.38% for N. The
N:C ratio (a detection marker for albumin) equal to 0.36% con-
firms protein presence in the studied biocomposite;

(iv) interactions of MCF-14.5 with LYS molecules are clearly pointed
out by N1s,C1ls, 01 sandS 2p XPS photoelectron signals
specific for protein. Deconvoluted high resolution core-level
spectra of N 1 s (at ~ 400, 402 eV) correspond to nitrogen in
C-NH, (amine) and -C(=0)-NH, (amide) groups in protein
molecules. The core-level spectra of O 1 s (at ~ 531, 533 eV)
correspond to peptidic oxygen of protein and C-OH components.
The high-resolution C 1 s spectra (at ~ 285-288 eV) are con-
nected with the C-C or C-H bonds, NH-CHR-CO carbon of the
protein backbone and —C(-O)-NH, peptide carbon atoms. The
high resolution S 2p spectra (doublet at ~ 165, 164 eV) are ty-
pical for unbound thiol species and disulfide bonds;
small-angle XRD data reveal that after protein adsorption two
diffraction reflexes characteristic of the pure support diminish
and the third one disappears. Moreover, they are moved towards
higher 26 values, confirming diminishing of pore size after LYS
adsorption. XRD data indicate that the surface of MCF support is
covered by LYS (the reduced intensity of Bragg’s reflections), and,
more importantly, LYS molecules are tight-packed inside the
mesopores of silica (the total integrated areas (Apeax) and the
interplanar spacing (d) reduce upon LYS adsorption);

(vi) AFM and OP methods demonstrate that the surface morphology
and the surface roughness at a nano-micrometer level for the
support with immobilized protein is less rough, porous, wavy,
sharp, and, hence more smooth, homogenous and uniform due to
the lysozyme molecules adsorbed on the silica surface. In addi-
tion, they are located inside the pores;

(vii) TEM/EDX and SEM/EDS analysis visibly confirm that LYS ad-
sorption on silica surface leads to more pronounced changes of
surface topography, nanostructure and local concentration of
such elements as O, C, N, S;

—
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Fig. 13. (A) HRTEM-BF micrographs presenting the surface structure of the pure MCF-14.5 support, (B) HAADF-S/TEM image of the selected area from which the X-
ray microanalysis (EDX) was carried out, (C, D) EDX elemental mapping images of silicon (C) and oxygen (D) taken from to the orange square marked area in (B).
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Fig. 14. (A) HRTEM-BF and (A”) HAADF-S/TEM micrographs showing the surface structure of the MCF-14.5 material covered by the LYS molecules, (B) HAADF-S/
TEM image of the selected area from which the X-ray microanalysis (EDX) was performed, (C-G) EDX elemental mapping images of silicon (C), carbon (D), oxygen
(E), nitrogen (F) and sulfur (G) corresponding to the orange square marked area in (B). Protein adsorption conditions: ¢ = 5 mg/ml; t,qs = 24 h; T = 25 °C;
pH = 7.4.
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Fig.15. Scanning electron microscopy micrographs of the pure MCF-14.5 material (A, magnification 100 000), (A’, magnification 50 000) and LYS/MCF-14.5 (B,
magnification 100 000), (B’, magnification 50 000). Protein adsorption conditions: ¢, = 5 mg/ml; t,gs = 24 h; T = 25°C; pH = 7.4.

Table 4
Contents of elements for MCF-14.5 material before and after protein adsorption
from EDS analysis.

Sample Si o C N S Ratio N:C
Atomic%

MCF-14.5 29.82 49.35 - - - -
LYS/MCF-14.5 28.70 37.11 25.09 6.08 0.28 0.24
Mass%

MCF-14.5 45.32 44.04 - - - -
LYS/MCF-14.5 40.31 38.59 16.01 5.22 0.22 0.33

(viii) EDX quantitative maps at the microstructural level and spatial
distribution of O, C, N, S for MCF-14.5 support and LYS/MCF-
14.5 composite apparently indicate that chemical elements are
nearly homogeneously distributed on silica surface after albumin
adsorption in contrast to the pure porous silica.

Such complete characterization of chemistry, nano-microstructure,
morphology (roughness, texture, waviness) of the surface of protein/
porous support using spectroscopic and microscopic methods is neces-
sary from both the physicochemical point of view, and biomedical/
biophysical applications (design/modification of solid-support surface
properties for specific applications, e.g., fabrications of model biophy-
sical systems and new bio-functional medical composites).
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Morphology parameters

Roughness average Sa is arithmetic mean of the absolute height value; surface roughness Sq is
the root mean square (RMS) of arithmetic average of the absolute values of the surface roughness,
and is defined as [E.S. Gadelmawla, M.M. Koura, T.M.A. Maksoud, M. Elewa, H.H. Soliman,
Roughness parameters, J. Mater. Process. Technol. 123 (2002) 133-145]:

=
Sq = WR_OI [z (e, yi]? (D

2

-1

Il
=}

where x and y are the coordinates, z is the perpendicular deviation from the ideally smooth surface,
M is the number of points in the x direction and N is the number of points in the y direction; surface
waviness Sqq is the RMS value of the surface slope within the sampling area computed according to
the equation [E.S. Gadelmawla, M.M. Koura, T.M.A. Maksoud, M. Elewa, H.H. Soliman, Roughness
parameters, J. Mater. Process. Technol. 123 (2002) 133-145]:

M-1N-1

_ z2(Xp, Y1) — 2(Xk—1, Y1) z(x, Y1) — 2(Xk, Y1-1) ’
Sdq = (M—l)(N—l)ZZ( Sx ) < Sy ) (2)

surface skewness Ssk is a measure of the profile asymmetry about mean line. If Ssk = 0 then the profile

is symmetric relative to the mean line (represents symmetrical distribution functions, including
Gaussian), if S«<0, then the profile is skewed downwards about the mean line (indicates a

predominance of valleys on surface), if Ssk>0 then the profile is skewed upwards (surface consist


Agnieszka UMCS
Maszyna do pisania
Materiał uzupełniający do publikacji [SD4]


mostly of peaks). Finally surface kurtosis Sku is @ measure of the "spikiness” (also called the
peakedness) of the surface, or the distribution of spikes above and below the mean line. For spiky
surfaces, Sk>3 (leptokurtic distribution); for bumpy surfaces Sku<3 (platykurtic distribution); for
perfectly random surfaces Sk,=3 (symmetric Gaussian distribution). More detailed information about
surface roughness parameters can be found elsewhere [E.S. Gadelmawla, M.M. Koura, T.M.A.
Maksoud, M. Elewa, H.H. Soliman, Roughness parameters, J. Mater. Process. Technol. 123 (2002)

133-145]. They are sometimes specified for the control of stress fracture.

The UV-Vis DRS spectra
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Fig. 1S. UV-Vis DRS spectra of pure MCF-14.5 and LYS/MCF-14.5.



The ATR-FTIR spectra
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Fig. 2S. The representative protein fragments containing hydrogen bonded moieties.

The elemental analysis (CHN)

Table 1S. Percentage content of elements for the native lysozyme, MCF-14.5, and LYS/MCF-14.5.

Sample %C %H %N Ratio N:C
LYS 48.46 6.76 17.44 0.36
LYS/MCF-14.5 17.82 3.06 6.38 0.36
MCF-14.5 0.15 0.49 - -
The TEM/EDX analysis
Element  %Mass %Atomic S|i(K) (A) Element _ %Mass %Atomic Si(K) (B)
Si(K)  47.66:4.28 3042:200 I} Si(K) 4272+140 2852+1.12
3 C(k) 10294168 24564207
N (K) n MCF-14.5 NEK; 420144 544+193 LYS/MCF-14.5
S (K) H S (K) 0.25+0.02  0.30+0.02
[} : .
= |: A =) O(K) ggtzlc;tﬁ/;lc
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Fig. 3S. Energy-dispersive X-ray (EDX) spectra of native MCF-14.5 material (A) and the material covered by
the adsorbed lysozyme layer (B). Insets report the element contents for the MCF-14.5 material before and after

protein adsorption from EDX analysis.
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