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Streszczenie

Perspektywa regeneracji uszkodzonych lub niefunkcjonalnych tkanek za
pomoca gotowego produktu syntetycznego jest motorem napedowym
dynamicznie rozwijajacej si¢ medycyny regeneracyjnej. Obecnie wrasta
zainteresowanie =~ nanomedycyna, ~ poniewaz = zastosowanie  narzedzi
nanotechnologicznych do wytwarzania nanostruktur umozliwia poprawe
interakcji miedzy powierzchniami biomaterialéw a jednostkami biologicznymi.

W przedstawionym wprowadzeniu teoretycznym niniejszej rozprawy
doktorskiej zostaly nakreslone problemy wynikajace z nieprawidlowego
dopasowania miedzy implantem a tkanka kostna. Czes¢ teoretyczna dotyczyta
tematyki implantow dlugoterminowych, ze szczegdlnym uwzglednieniem
materialow na bazie tytanu. Scharakteryzowana zostala nowa generacja
dwufazowych (a + ) stopéw tytanu z uwzglednieniem materialu badan
w postaci stopu Til3Nb13Zr. W czesci teoretycznej podnoszony jest tez temat
elektrochemicznej modyfikacji powierzchni, ktérej zadaniem jest wytworzenie
na powierzchni tytanowego implantu warstw nanorurek tlenkowych (NT).
Omawiane sa ponadto gtéwne parametry procesu anodowania oraz ich wptyw
na morfologie warstw NT w odniesieniu do badan biologicznych opisywanych
w literaturze.

Na podstawie przeprowadzonej analizy literatury przyjeto w niniejszej
dysertacji teze badawcza, ze istnieje mozliwos¢ poprawy biofunkcjonalnosci
stopu Til3Nb13Zr poprzez wytworzenie na jego powierzchni warstw nanorurek
tlenkowych za pomoca anodowania. Na podstawie tak sformulowanej tezy
zostaly zaproponowane cele badawcze, ktdre dotyczyly opracowania sposobu
anodowego wytwarzania warstw NT pierwsze (1G), drugiej (2G) i trzeciej (3G)
generacji na powierzchni biomedycznego stopu Til3Nb13Zr, charakterystyki
wlasciwosci  fizyko-chemicznych, biotribologicznych, mikromechanicznych,
elektronowych, bioelektrochemicznych, biologicznych oraz chropowatosci
powierzchni stopu Til3Nb13Zr przed i po procesie anodowania, kontroli jakosci
stopu Til3Nb13Zr przed i po procesie anodowania w przyspieszonych
badaniach korozyjnych w komorze solnej oraz zastosowania wytworzonych
warstw NT na powierzchni stopu Til3Nb13Zr jako potencjalny nosnik lekdw.

Przedstawione wyniki uzyskane licznymi metodami badawczymi
dowodza, iz metoda anodowania pozwala na wytworzenie warstw NT 1G, 2G
i 3G. Uzyskane nanorurki charakteryzowaty sie budowa jednoscienna i wysokim

stopniem uporzadkowania oraz byly prostopadle utozone wzgledem podtoza.



Wyniki przyspieszonych badan korozyjnych w srodowisku obojetnej mgly solnej
potwierdzily wysoka jakos¢ proponowanych implantacyjnych materiatow.

Wykazano wplyw warunkéw anodowania na poprawe wiasciwosci

mikromechanicznych, elektronowych i bioelektrochemicznych oraz wzrost
chropowatosci powierzchni stopu Til3Nb13Zr. Wykazana zostala wysoka
odpornos¢ korozyjna in vitro wytworzonych nanoinzynieryjnych materiatow
oraz ich niska podatnos$¢ na korozje wzerowa w warunkach symulowanych
plynéw ustrojowych.
W nowatorskich badaniach impedancyjnych w makro- i mikroskali okreslono
mechanizm korozji wzerowej oparty o dwuwarstwowa budowe NT. Wykazano
wplyw parametréw morfologicznych otrzymanych warstw NT 1G, 2G i 3G na
zmniejszenie odpornosci na zuzycie scierne stopu Til3Nb13Zr. Zaproponowano
mechanizm zuzycia biotribologicznego otrzymanych warstw NT w roztworze
Ringera’.

Dalsza czes¢ badann odnosi sie do wlasciwosci biologicznych, ktore
determinuja biomaterial pod katem jego zastosowania. Wyznaczone w tescie
hemolizy wartosci wskaznika hemolitycznego pozwolily na okre$lenie
otrzymanych materiatéw jako hemokompatybilne. Badania kata zwilZzania
wykazaly poprawe wlasciwosci hydrofilowych powierzchni warstw NT. Metoda
anodowania polepszyta hydrofilowos¢ w stosunku do samopasywnej warstewki
obecnej na stopie Til3Nb13Zr. Wysiane mysie fibroblasty na wytworzonych
warstwach NT trzech generacji oraz dla stopu Til3Nb13Zr w stanie wyjsciowym
wykazaly brak cytotoksycznosci. Nowatorskie badania oceny trombogennosci
warstw NT pozwolily na przyporzadkowanie ich do odpowiedniej klasy.
Wiasciwosci atrombogenne wykazata warstwa NT 2G. Warstwy NT 1G i 3G
zaklasyfikowano odpowiednio do 4i 5 klasy. Materialy te charakteryzuja si¢
silnymi wlasciwosciami aktywujacymi czynniki krzepnigecia. Wykazana zostata
mozliwos¢ zastosowania anodowo wytworzonych warstw NT 1G, 2G i 3G jako
nosnikéw lekow w systemach kontrolowanego uwalniania lekow. Kazda
zotrzymanych warstw NT moze zosta¢ wuzyta jako nosnik leku
przeciwzapalnego do celowanego dziatania leczniczego, co pozwoli ograniczy¢

suplementacje doustna.



Abstract

The perspective of regenerating damaged or non-functional tissues with
a finished synthetic product is driving the rapidly developing regenerative
medicine. There is currently a growing interest in nanomedicine, as the use of
nanotechnology tools to fabricate nanostructures enables improved interactions
between biomaterial surfaces and biological entities.

The theoretical introduction of this doctoral dissertation outlines the
problems resulting from a mismatch between the implant and bone tissue. The
theoretical part deals with the topic of long-term implants, with a special focus
on titanium-based materials. The new generation of biphasic (a + ) titanium
alloys was characterized, taking into account the studied material in the form of
Ti13Nb13Zr alloy. The theoretical part also raises the topic of electrochemical
surface modification - the aim of this task is to produce layers of oxide nanotubes
(NT) on the surface of titanium implants. In addition, the main parameters of the
anodization process and their influence on the morphology of NT layers are
discussed with reference to the biological studies reported in the literature.

Based on the analysis of the literature, this dissertation adopted the
research thesis what follows: there is a possibility of improving the
biofunctionality of Til3Nb13Zr alloy by producing oxide nanotube layers on its
surface by means of anodization. On basis of the formulated thesis the research
objectives were proposed, which concerned the development of a method for the
anodic production of NT of first, second and third generation (1G, 2G and 3G,
respectively) layers on the surface of biomedical Til3Nb13Zr alloy, the
characterization of the physical-chemical, biotribological, micromechanical,
electronic, bioelectrochemical, biological properties and surface roughness of
Ti13Nb13Zr alloy before and after the anodization process, quality control of
Ti1l3Nb13Zr alloy before and after the anodization process in accelerated
corrosion tests in a salt chamber, and the use of the produced NT layers on the
surface of Ti13Nb13Zr alloy as a potential drug carrier.

The presented results obtained by numerous characterization methods
prove that the anodization allows the formation of NT 1G, 2G and 3G layers. The
obtained nanotubes were characterized by a single-walled structure and a high
degree of ordering, and were perpendicular to the substrate. The results of
accelerated corrosion tests in an inert salt spray environment confirmed the high
quality of the proposed implantable materials.

The effect of anodizing conditions on the improvement of

micromechanical, electronic and bioelectrochemical properties and the increase



in the surface roughness of the Til3Nb13Zr alloy was demonstrated. The high in
vitro corrosion resistance of the produced nanoengineered materials and their
low susceptibility to pitting corrosion under simulated body fluid conditions
have been verified. In innovative macro- and microscale impedance studies, the
mechanism of pitting corrosion based on the two-layer structure of NT was
determined. The effect of the morphological parameters of the obtained NT 1G,
2G and 3G layers on the reduction of wear resistance of the Til3Nb13Zr alloy
was showed. The mechanism of biotribological wear of the obtained NT layers
in Ringer's solution was proposed.

The further part of the research relates to the biological properties that
determine the biomaterial in terms of its application. The values of the hemolytic
index determined in the hemolysis test indicate that the obtained materials
belong to the hemocompatible group. Wetting angle studies showed an
improvement in the hydrophilic properties of the surface of the NT layers. The
anodizing method improved the hydrophilicity in relation to the self-passive
layer present on the Til3Nb13Zr alloy. Mouse fibroblasts seeded on the prepared
NT layers of three generations and for the Til3Nb13Zr alloy in the initial state
showed no cytotoxicity. Innovative studies to assess the thrombogenicity of NT
layers allowed to assign them to the appropriate class. The NT 2G layer showed
athrombogenic properties. The NT layers 1G and 3G were classified into the 4®
and 5" class, respectively. These materials have strong coagulation factor
activating properties. The possibility of using anodically produced NT 1G, 2G
and 3G layers as drug carriers in controlled drug release systems has been
demonstrated. Each of the obtained NT layers can be used as a carrier of an anti-
inflammatory drug for a targeted therapeutic effect, which will limit oral

supplementation.
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I. Wykaz publikacji naukowych bedgcych podstawq

rozprawy doktorskiej



Praca doktorska pt. ,, Anodowe wytwarzanie i biofunkcjonalno$¢ warstw nanorurek
tlenkowych na stopie Til3Nb13Zr” zostala opracowana na podstawie
10 oryginalnych i jednotematycznych publikacji [D1-D10]. Rozprawa doktorska
opiera si¢ na wynikach, ktore czesciowo uzyskatam jako stypendystka projektu
,,Dokto-RIS — program stypendialny na rzecz innowacyjnego Slaska” w latach 2012-
2014 oraz programu ,Fundament Optymalnego Rozwoju: Staze z Technologii -
FORSZT” w latach 2015-2016 realizowanego w ramach Europejskiego Funduszu
Spotecznego, Program Operacyjny Kapitat Ludzki, Priorytet VIII ,Regionalne
kadry gospodarki”, Dziatanie 8.2 ,Transfer wiedzy”, Poddzialanie 8.2.1

,Wsparcie dla wspolpracy sfery nauki i przedsiebiorstw”.

[D1]
Stroz A, Dercz G, Chmiela B, Losiewicz B. Electrochemical synthesis of
oxide nanotubes on biomedical Til3Nb13Zr alloy with potential use as
bone implant. AIP Conf. Proc., 2019, 2083, 030004-1-030004-5.
DOI:10.1063/1.5094314, MNiSW: 20 pkt

Praca dotyczy zastosowania anodowania jako elektrochemicznej metody
modyfikacji powierzchni bezwanadowego stopu Til3Nb13Zr zawierajacego
biokompatybilne sktadniki stopowe w celu otrzymania warstw nanorurek
tlenkowych (NT) pierwszej generacji (1G). Osiagnigciem tej pracy jest
opracowanie sposobu wytwarzania anodowych warstw NT 1G w elektrolicie
zawierajacym 0,5% roztwdr kwasu fluorowodorowego przy napieciu 20 V przez
120 min w temperaturze pokojowej. Wlasciwosci fizyko-chemiczne powierzchni
anodowanego stopu Til3Nb13Zr scharakteryzowano za pomoca metody GIXD,
FE-SEM, EDXS oraz AFM. W zaproponowanych warunkach procesu
anodowania wytworzono jednorodne i jednoscienne NT o S$redniej $rednicy
zewnetrznej 87(10) nm, $redniej Srednicy wewnetrznej 71(7) nm i $redniej
dtugosci 0,94(9) um. Charakterystyka strukturalna otrzymanych warstw NT 1G
wykazata obecno$¢ TiO: w odmianie polimorficznej rutylu, TiO i TiOs na
podiozu dwufazowego (a + ) stopu Til3Nb13Zr. Wykazany ponad 15-krotny
wzrost chropowatosci powierzchni anodowanej w poréwnaniu z nieutlenionym
podlozem stopowym sugeruje, ze proponowany sposdéb modyfikacji
powierzchni jest obiecujacy dla poprawy procesu osteointegracji

implantacyjnego stopu Til3Nb13Zr na granicy zywa tkanka-implant.



Moj udziat w powyzszym artykule polegal na wytworzeniu materiatu badan
w postaci warstw NT 1G, opracowaniu metodologii badan, kierowaniu catoscia
prac eksperymentalnych, interpretacji uzyskanych wynikéw i przygotowaniu

tekstu publikagji.

Moéj wktad w powstanie tej publikacji wynosi 75%.

[D2]

Losiewicz B, Stréz A, Kubisztal ], Osak P, Zubko M. EIS and LEIS study
on in vitro corrosion resistance of anodic oxide nanotubes on Ti-13Zr-
13Nb alloy in saline solution. Coatings, 2023, 13(5), 875.
DOI:10.3390/coatings13050875, IF20s: 3,236, MEiIN: 100 pkt, Invited Paper

Praca dotyczy charakterystyki wlasciwosci miedzyfazowych warstw NT 1G
otrzymanych na powierzchni biomedycznego stopu Til3Nb13Zr. Na podstawie
przeprowadzonych badan fizyko-chemicznych metodami TEM i ATR-FTIR
potwierdzono, ze modyfikacja powierzchni stopu Til3Nb13Zr poprzez
anodowanie w 0,5% wodnym roztworze HF przy napigciu 20 V przez 120 min
w temperaturze pokojowej, pozwolita na wytworzenie warstw NT 1G
inspirowanych budowa bambusa o strukturze rutylu. Badania odpornosci
korozyjnej in vitro stopu Til3Nb13Zr przed i po anodowaniu przeprowadzono
w roztworze soli fizjologicznej w temperaturze 37 °C metodami stato-
i zmiennopradowymi. W badaniach metoda EIS wykazano zachowanie
impedancyjne elektrody Til3Nb13Zr w stanie wyjsciowym, ktdre jest typowe dla
tytanu i jego stopdw pokrytych samopasywna warstwa tlenkowa,
a w przypadku warstwy NT 1G uzyskano charakterystyki impedancyjne typowe
dla elektrod porowatych. Przeprowadzone zostalo modelowanie fizyko-
chemiczne uzyskanych widm impedancyjnych przy uzyciu koncepgji
elektrycznych obwodow zastepczych, ktore pozwolito okresli¢ szczegotowy
mechanizm i kinetyke korozji elektrochemicznej badanych elektrod. Nieznaczny
spadek odpornosci korozyjnej anodowanej elektrody Til3Nb13Zr w poréwnaniu
z elektroda w stanie wyjéciowym wynikat z porowatosci powierzchni warstwy
NT 1G, co zostalo potwierdzone w badaniach lokalnej odpornosci korozyjnej
przeprowadzonych skaningowymi metodami elektrochemicznymi LEIS i SVET.
Charakterystyki potencjodynamiczne elektrody Til3Nb13Zr przed i po

10



anodowaniu nie wykazaly podatnosci na korozje wzerowa az do wartosci
potencjatu 9,4 V, co Swiadczy o bardzo wysokiej odpornosci na dziatanie

agresywnych jondéw chlorkowych w srodowisku biologicznym.

Moj udziat w powyzszym artykule polegal na wytworzeniu materiatu badan
w postaci warstw NT 1G, wspoétudziale w przeprowadzeniu badan odpornosci

korozyjnej, analizie i dyskusji wynikow oraz przygotowaniu tekstu publikacji.

Moj wktad w powstanie tej publikacji wynosi 60%.

[D3]
Smolka A, Rodak K, Dercz G, Dudek K, Losiewicz B. Electrochemical
formation of self-organized nanotubular oxide layers on Ti13Zr13Nb alloy
for biomedical applications. Acta Phys. Pol., 2014, 125(4), 932-935.
DOI:10.12693/APhysPolA.125.932, IFz04: 0,530, MNiSW: 15 pkt

Praca dotyczy zastosowania metody anodowania do elektrochemicznej
modyfikacji powierzchni stopu Til3Nb13Zr w celu otrzymania warstw NT
drugiej generacji (2G) do zastosowan w medycynie regeneracyjnej. Osiagnieciem
tej pracy jest opracowanie sposobu wytwarzania anodowych warstw NT 2G
w elektrolicie zawierajacym 1 M (NH4)2SOs z dodatkiem 1% wag. NH4F przy
napieciu 20 V przez 120 min w temperaturze pokojowej. Wyniki badan fizyko-
chemicznych uzyskane przy zastosowaniu metody STEM, EDS, GIXD i AFM
potwierdzily = mozliwos¢  elektrochemicznego  wytwarzania  warstw
samoorganizujacych sie¢ NT 2G na powierzchni stopu Til3Nb13Zr
w proponowanych warunkach anodowania. Charakterystyka wtasciwosci
fizyko-chemicznych wykazala, ze otrzymane warstwy NT 2G posiadaja
strukture rutylu, a $rednia srednica zewnetrzna jednorodnych i jednosciennych
nanorurek miesci si¢ w zakresie od 10 do 32 nm. Na podstawie uzyskanych
wynikéw zaproponowany zostat trojetapowy mechanizm tworzenia anodowych
warstw NT 2G w elektrolicie na bazie siarczanu amonu z dodatkiem jonow
fluorkowych pochodzacych od fluorku amonu, ktére jest wspomagane
dziataniem pola elektrycznego. Wykazano ponad 20-krotny wzrost
chropowatosci powierzchni anodowanego stopu Til3Nb13Zr w poréwnaniu do

podloza w stanie wyjSciowym, co sugeruje, ze opracowany sposob

11



elektrochemicznej modyfikacji powierzchni moze zapewni¢ poprawe procesu

osteointegracji badanego stopu implantacyjnego.

MJdj udziat w powyzszym artykule polegal na wytworzeniu materiatu badan
w postaci warstw NT 2G, opracowaniu metodologii badan, kierowaniu catoscia
prac eksperymentalnych, analizie i dyskusji wynikow oraz przygotowaniu

tekstu publikagji.

Moéj wktad w powstanie tej publikacji wynosi 70%.

[D4]
Smoltka A, Dercz G, Rodak K, Losiewicz B. Evaluation of corrosion
resistance of nanotubular oxide layers on the Til3Zr13Nb alloy in
physiological saline solution. Arch. Metall. Mater., 2015, 60(4), 2681-2686.
DOI:10.1515/amm-2015-0432, MNiSW: 30 pkt

Praca dotyczy okreslenia wplywu obecnosci warstw NT 2G wytworzonych
metoda anodowania na odpornos$é¢ korozyjng in vitro implantacyjnego stopu
Ti13Nb13Zr w $rodowisku soli fizjologicznej w temperaturze 37 °C. Obecnos¢
anodowych warstw NT 2G o strukturze rutylu otrzymanych w elektrolicie
zawierajacym 1 M (NH4)2SO4 z dodatkiem 1% wag. NHsF przy napieciu 20 V
przez 120 min w temperaturze pokojowej, zostala potwierdzona w badaniach
fizyko-chemicznych wykonanych metoda STEM i SEM. Ocene poréwnawcza
odpornosci korozyjnej elektrody Til3Nb13Zr przed i po procesie anodowania
przeprowadzono w oparciu o badania elektrochemiczne przy uzyciu metody
OCP, krzywych polaryzacji oraz EIS. Do wyznaczenia parametrow odpornosci
korozyjnej badanych elektrod w oparciu o pomiary potencjodynamiczne
zastosowano metode ekstrapolacji prostych Tafela. W  badaniach
impedancyjnych wykazano pojemnosciowe zachowanie badanych elektrod
i wysokie wartosci modutu impedancji, ktére sa typowe dla elektrod
metalicznych pokrytych warstwa tlenkowa o wlasciwosciach barierowych.
W celu okreslenia mechanizmu i kinetyki korozji elektrochemicznej badanych

elektrod przeprowadzono analize charakterystyk impedancyjnych przy

12



zastosowaniu koncepcji elektrycznych obwodow zastepczych.
W zaproponowanym mechanizmie korozji wzerowej zalozono obecnos¢ ciagtej
warstwy tlenkowej na powierzchni elektrody Til3Nb13Zr w stanie wyjsciowym
oraz porowatej warstwy NT 2G o budowie dwuwarstwowej na powierzchni
anodowanej elektrody. Osiagnieciem tej pracy jest potwierdzenie zatozonej tezy,
ze elektrochemiczna modyfikacja powierzchni stopu Til3Nb13Zr na drodze
anodowania pozwala na poprawe jego biofunkcjonalnosci poprzez otrzymanie
warstw NT 2G o wyzszej odpornosci korozyjnej w poréwnaniu do podloza

stopowego.

MJdj udziat w powyzszym artykule polegal na wytworzeniu materiatu badan
w postaci warstw NT 2G, opracowaniu metodologii badan, kierowaniu catoscia
prac eksperymentalnych, wykonaniu pomiaréw odpornosci korozyjnej,

opracowaniu uzyskanych wynikéw i przygotowaniu tekstu publikacji.

Moéj wktad w powstanie tej publikacji wynosi 75%.

[D5]
Stroz A, Dercz G, Chmiela B, Stroz D, Losiewicz B. Electrochemical
formation of second generation TiO2 nanotubes on Til3Nb13Zr alloy for
biomedical applications. Acta Phys. Pol., 2016, 130(4), 1079-1080.
DOI:10.12693/APhysPolA.130.1079, IFz016: 0,469, MNiSW: 15 pkt

Praca dotyczy zastosowania wysokiej zawartosci jondw fluorkowych w skladzie
elektrolitu na bazie siarczanu amonu do wytworzenia warstw NT 2G na
powierzchni biomedycznego stopu Til3Nb13Zr z wykorzystaniem metody
anodowania w celu wytworzenia NT o zwiekszonych parametrach
morfologicznych. Osiagnieciem tej pracy jest opracowanie sposobu wytwarzania
anodowych warstw NT 2G w elektrolicie zawierajacym 1 M (NHi)2SOs4
z dodatkiem 2% wag. NH4F przy napieciu 20 V przez 120 min w temperaturze
pokojowej. Charakterystyka wtasciwosci fizyko-chemicznych otrzymanych
warstw NT 2G przeprowadzona za pomoca metody FE-SEM i GIXD
potwierdzila mozliwos¢ anodowego wytwarzania jednorodnych warstw NT 2G
na powierzchni stopu Til3Nb13Zr w proponowanych warunkach utleniania
elektrochemicznego. Wykazano amorficzng strukture otrzymanych warstw

NT 2G. Stwierdzono, ze w proponowanych warunkach anodowania mozna
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otrzymac jednoscienne NT o $redniej srednicy zewnetrznej 103(16) nm, Sredniej
$rednicy wewnetrznej 61(11) nm oraz $redniej diugosci 3,9(2) um. Uzyskane
wyniki $wiadcza o tym, ze opracowany sposob elektrochemicznej modyfikacji
powierzchni stopu implantacyjnego Til3Nb13Zr zapewnia mozliwosc¢
zwiekszenia powierzchni wlasciwej warstwy NT 2G, co moze wplywac na

poprawe procesu osteointegradji.

Moj udziat w powyzszym artykule polegal na wytworzeniu materiatu badan
w postaci warstw NT 2G, opracowaniu metodologii badan, kierowaniu catoscig
prac eksperymentalnych, opracowaniu uzyskanych wynikow i przygotowaniu

tekstu publikagiji.

Moj wktad w powstanie tej publikacji wynosi 75%.

[Dé]

Stroz A, Luxbacher T, Dudek K, Chmiela B, Osak P, Losiewicz B. In vitro
bioelectrochemical properties of second-generation oxide nanotubes on
Ti-13Zr-13Nb  biomedical alloy. Materials, 2023, 16(4), 1408.
DOI:10.3390/ma16041408, IF2es: 3,748, MEiIN: 140 pkt, Invited Paper

Praca dotyczy charakterystyki wlasciwosci bioelektrochemicznych in wvitro
warstw NT 2G otrzymanych na stopie Til3Nb13Zr metodaq anodowania
w elektrolicie zawierajagcym 1M (NH4)2:SOs z dodatkiem 2% wag. NHsF przy
napieciu 20 V przez 120 min w temperaturze pokojowej. Obecnos¢
bambusopodobnych NT 2G o amorficznej strukturze zostala potwierdzona
w badaniach fizyko-chemicznych wykonanych metodq FE-SEM, EDS oraz GIXD.
Pomiary potencjatu zeta dla stopu Til3Nb13Zr przed i po procesie anodowania
prowadzono w wodnym roztworze KCl, soli fizjologicznej buforowanej
fosforanem (PBS) i sztucznej krwi, charakteryzujacych sie r6zna sila jonowa i pH
w zakresie od ponad 3 do 9. Wykazano wptyw pH elektrolitu i sily jonowej na
potencjal zeta badanych powierzchni. Stwierdzono przesunigcie punktu
izoelektrycznego w obojetnym roztworze KCl od wartosci pH 4,2, ktdra jest
typowa dla hydrofobowej powierzchni bez grupy funkcyjnej do pH 5,4 dla
amorficznej warstwy NT 2G o wlasciwosciach hydrofilowych. Poréwnano
wplyw rodzaju elektrolitow na potencjat zeta przy pH 7,4 dla stopu Til3Nb13Zr
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przed i po anodowaniu. Wykazano silng reakcje jonéw wapnia z powierzchnia
warstwy NT 2G. Jony zloZzone zawarte w sztucznej krwi wykazaly silniejsze
powinowactwo do hydrofobowej powierzchni stopu w stanie wyjsciowym niz
hydrofilowej powierzchni NT 2G. W badaniach odpornosci korozyjnej in vitro
w roztworze PBS przeprowadzonych metoda OCP i anodowych krzywych
polaryzacji wykazano wplyw anodowania na wzrost odpornosci korozyjnej
elektrody Til3Nb13Zr spowodowany obecnoscia stabilnej warstwy NT 2G
o amorficznej strukturze. W badaniach potencjodynamicznych obu typow
elektrod nie stwierdzono podatnosci na korozje wzerowa do wartosci potencjatu
9,4 V. Przeprowadzone badania zachecajg do dalszych modyfikacji powierzchni
stopu Til3Nbl3Zr poprzez anodowanie w nowych warunkach

elektrochemicznych.

MJdj udziat w powyzszym artykule polegal na wytworzeniu materiatu badan
w postaci warstw NT 2G, opracowaniu metodologii badan, kierowaniu catoscig
prac eksperymentalnych, wspdtudziale w przeprowadzonych badaniach
korozyjnych, opracowaniu uzyskanych wynikdw i przygotowaniu tekstu

publikacji.

Moj wktad w powstanie tej publikacji wynosi 75%.

[D7]
Losiewicz B, Skwarek S, Stroz A, Osak P, Dudek K, Kubisztal J,
Maszybrocka J. Production and characterization of the third-generation
oxide nanotubes on Ti-13Zr-13Nb alloy. Materials, 2022, 15(6), 2321.
DOI:10.3390/ma15062321, IF2e1: 3,748, MEIN: 140 pkt, Invited Paper

Praca dotyczy zastosowania elektrochemicznej modyfikacji powierzchni
implantacyjnego stopu Til3Nb13Zr na drodze anodowania do otrzymania
warstw NT trzeciej generacji (3G) oraz okreslenia wplywu anodowania na
wlasciwosci fizyko-chemiczne, elektronowe, mikromechaniczne i chropowatos¢
powierzchni podioza. Osiagnieciem tej pracy jest opracowanie sposobu
wytwarzania anodowych warstw NT 3G w elektrolicie na bazie 1M glikolu
etylenowego z dodatkiem 4% wag. NH4F przy napieciu z zakresu 15-35 V przez
120 min w temperaturze pokojowej. Wyniki badan fizyko-chemicznych
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otrzymane przy uzyciu metody SEM i EDS potwierdzily wytworzenie warstw
NT 3G w nowych warunkach anodowania. Wyznaczono rownania liniowe
opisujace zmiane S$redniej Srednicy zewnetrznej i srednicy wewnetrznej
otrzymanych nanorurek w funkcji napiecia anodowania, ktdre moga znalez¢
zastosowanie do wytwarzania nanorurek o zaloZonych parametrach
morfologicznych. Grubos$¢ warstw NT 3G wyznaczono metoda skanujacej sondy
Kelvina (SKP). Kontrole jakosci warstw NT 3D przeprowadzono
w przyspieszonych badaniach korozyjnych w komorze solnej w obojetnej mgty
solnej. Przeprowadzono pomiary mikrotwardosci metoda Vickers’a przed i po
badaniach w komorze solnej, ktore wykazaly wysoka jakos$¢ otrzymanych
warstw NT 3G i zalezno$¢ mikrotwardosci od napiecia anodowania. Wykazano
wplyw anodowania na poprawe wlasciwosci elektronowych stopu TNZ
okreslonych w badaniach metoda SKP. Stwierdzono wplyw anodowania na
wzrost chropowatosci powierzchni stopu TNZ w pomiarach przy uzyciu metody
profilometrii kontaktowej. W przypadku warstw NT 3G wytworzonych przy
napieciach 25-35 V uzyskano wartos¢ Ra w zakresie 1,07-2,73 um, ktdra jest

optymalna dla materiatow implantacyjnych.

MJdj udziat w powyzszym artykule polegal na wytworzeniu materiatu badan
w postaci warstw NT 3G, opracowaniu metodologii badan, kierowaniu catoscig
prac eksperymentalnych, wspdtudziale w przeprowadzonych badaniach
chropowatosci powierzchni, opracowaniu uzyskanych wynikoéw i wspdtudziale

w przygotowaniu tekstu publikagji.

Moj wktad w powstanie tej publikacji wynosi 70%.
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[D8]
Stroz A, Losiewicz B, Zubko M, Chmiela B, Balin K, Dercz G, Gawlikowski
M, Goryczka T. Production, structure and biocompatible properties of
oxide nanotubes on Til3Nb13Zr alloy for medical applications. Mater.
Charact., 2017, 132, 363-372. DOI:10.1016/j.matchar.2017.09.004, IF207:
2,892, MNiSW: 45 pkt

Praca dotyczy zastosowania elektrochemicznej modyfikacji powierzchni
stopu Til3Nb13Zr metoda anodowania do wytworzenia warstw NT 3G
i okres$lenia wptywu anodowania na jego wilasciwosci fizyko-chemiczne,
hemokompatybilnos¢ i odpornos¢ korozyjna in vitro. Osiagnieciem tej pracy jest
opracowanie sposobu wytwarzania anodowych warstw NT 3G w elektrolicie 1M
glikolu etylenowego z dodatkiem 4% wag. NH4F przy napieciu 50 V przez 80
min w temperaturze pokojowej. Wyniki badan fizyko-chemicznych otrzymane
przy uzyciu metody FE-SEM, TEM, EDS, GIXD, XRD i XPS, potwierdzily
wytworzenie jednosciennych nanorurek o strukturze amorficznej i Sredniej
$rednicy zewnetrznej 362(44) nm, sredniej srednicy wewnetrznej 218(39) nm oraz
$redniej dlugosci 9,7(6) um. Wykazano Ze otrzymane nanorurki sktadaty sie
z tlenkéow skladnikéw stopowych TiO2, Nb20s, ZrO: i ZrOx Istotnym
osiggnieciem bylo wykazanie w biologicznej ocenie biozgodnosci, ze stop
Ti13Nb13Zr po anodowaniu nie wykazuje efektow hemolitycznych i spetia
wymagania do zastosowan klinicznych. Badania odpornosci korozyjnej in vitro
stopu Til3Nb13Zr przed i po anodowaniu przeprowadzono metodgq OCP, EIS
ianodowych krzywych polaryzacji w roztworze soli fizjologicznej
w temperaturze 37 °C. Charakterystyke mechanizmu i kinetyki korozji wzerowej
badanych elektrod przeprowadzono w oparciu o pomiary impedancyjne
z zastosowaniem modelowania fizyko-chemiczne opartego o koncepcje
elektrycznych obwoddw zastepczych przy uzyciu zmodyfikowanego modelu
celki Randles’a. W badaniach potencjodynamicznych wykazano zblizone
wartosci potencjatu korozyjnego i pasywne zachowanie oraz brak inicjacji korozji
wzerowej do potencjatu 9,5 V dla obydwu badanych elektrod. Uzyskane wyniki
wykazaly nieznaczny spadek odpornosci na korozje wzerowa zmodyfikowanej
powierzchniowo elektrody Til3Nb13Zr w pordéwnaniu z elektroda w stanie
wyjéciowym z powodu obecnosci porowatej warstwy NT 3G. Otrzymane
w pracy wyniki moga stanowi¢ nowy wglad w poprawe zdolnosci stopu

implantu Til3Nb13Zr do osteointegracji w srodowisku biologicznym.
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Moj udziat w tym artykule polegal na wytworzeniu materiatu badann w postaci
warstw NT 3G, opracowaniu metodologii badan, kierowaniu catoscig prac
eksperymentalnych, wykonaniu pomiaréw odpornosci korozyjnej, opracowaniu

uzyskanych wynikow i przygotowaniu tekstu publikagji.

Moéj wktad w powstanie tej publikacji wynosi 65%.

[D9I]

Str6z A, Maszybrocka J, Goryczka T, Dudek K, Osak P, Losiewicz B.
Influence of anodizing conditions on biotribological and micromechanical
properties of Ti-13Zr-13Nb alloy. Materials, 2023, 16(3), 1237.
DOI:10.3390/ma16031237, IF2023: 3,748, MEiN: 140 pkt, Invited Paper

Praca dotyczy okreslenia wplywu zaproponowanych warunkéw anodowania
stopu Til3Nb13Zr na jego wlasciwosci fizyko-chemiczne, mikromechaniczne
i biotribologiczne w  srodowisku biologicznym. Mikrostrukture stopu
Ti13Nb13Zr przed i po procesie anodowania scharakteryzowano za pomoca
metody SEM. Istotnym osiggnieciem pracy byla ocena wpltywu warunkow
anodowania na wilasciwosci mikromechaniczne stopu Til3Zr13Nb, z ktorej
wynika, Ze mikrotwardos¢ Vickers’a wyznaczona pod zmiennymi obcigzeniami
zmieniala si¢ w zaleznosci od rodzaju elektrolitu i zastosowanych parametrow
napieciowo-czasowych procesu anodowania. Wykazano, ze mikrotwardos¢
Vickers’a dla nieanodowanego stopu byla niezalezna od zastosowanego
obciazenia i wynosita 302(1). Nalezy podkresli¢, ze dla warstw NT 1G, 2G i 3G
ujawniono zaleznos¢ mikrotwardosci Vickers’a od przylozonego obciazenia ze
wzgledu na roznice w parametrach morfologicznych i dlugosciach NT.
Mikrotwardo$¢ Vickers’a dla warstw NT 1G, 2G i 3G zmieniata sie wraz ze
wzrostem obcigzenia. Ze wzrostem srednicy NT zmniejszata si¢ liczba NT
przenoszacych obcigzenia w obszarze styku badanych powierzchni
z wglebnikiem diamentowym. Wytworzone warstwy NT 1G, 2G i 3G moga
rekompensowac duza twardos¢ stopu Til3Nb13Zr stosowanego do produkcji
implantéw eliminujac naprezenia implant-kos¢. Na podstawie badan
biotribologicznych przeprowadzonych w warunkach tarcia s$lizgowego
w obecnosci roztworu Ringer’a, ktory byt biologicznym plynem smarujacym

wykazano, Zze najwigeksza odpornoscia na zuzycie Scierne cechowal sie¢ stop
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z samopasywna warstwa tlenkowa na powierzchni. Wykazano mniejsza
odpornos¢ na zuzycie scierne dla warstw NT 1G, 2G i 3G w poréwnaniu do
podtoza, co wynikato z porowatosci ich powierzchni. Do interpretacji zuzycia
biotribologicznego stopu Til3Nb13Zr przed i po anodowaniu zaproponowano

mechanizm zuzycia Sciernego trzech ciat.

MJdj udziat w tym artykule polegat na wytworzeniu materiatu badant w postaci
warstw NT 1G, 2G, 3G, opracowaniu metodologii badan, kierowaniu catoscia
prac eksperymentalnych, wspoétudziale w badaniach mikromechanicznych
i biotribologicznych, interpretacji otrzymanych wynikéw i przygotowaniu

tekstu publikagiji.

Moj wktad w powstanie tej publikacji wynosi 75%.

[D10]

Stroz A, Gawlikowski M, Balin K, Osak P, Kubisztal J, Zubko M,
Maszybrocka J, Dudek K, Losiewicz B. Biological activity and
thrombogenic properties of oxide nanotubes on the Ti-13Nb-13Zr
biomedical alloy. J. Funct. Biomater., 2023, Invited Paper

Praca dotyczy okreslenia wplywu przeprowadzonej elektrochemicznej
modyfikacji powierzchni stopu Til3Nb13Zr przy zastosowaniu metody
anodowania w wodnych elektrolitach zawierajacych jony fluorkowe na jego
wlasciwosci  fizyko-chemiczne, elektronowe, biologiczne, zwilzalnos¢
i chropowatos¢ powierzchni. Wyniki uzyskane metoda FE-SEM i TEM
potwierdzily obecnos¢ warstw NT 1G, 2G i 3G na powierzchni stopu
Ti13Nb13Zr. Wyniki badan XPS wykazaly, ze otrzymane warstwy NT trzech
generacji sktadaty sie z TiOz, Nb20s, ZrO: i ZrOx. W badaniach za pomoca metody
SKP wykazano wplyw anodowania na poprawe witasciwosci elektronowych
badanego stopu. Wraz ze wzrostem $rednic otrzymanych NT wzrastata wartos¢
roznicy potencjatow kontaktowych. Wykazano wptyw anodowania na wzrost
chropowatosci powierzchni stopu Til3Nb13Zr. Charakterystyka wiasciwosci
biologicznych obejmowata badania cytotoksycznosci, adhezji, trombogennosci
i hemokompatybilnosci. Istotnym osiggnieciem pracy bylo wykazanie, ze

warstwy NT 2G posiadaja najlepsze wlasciwosci hydrofilowe, jak réwniez
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wykazanie, Ze biologiczna ocena hemokompatybilnosci warstw NT 1G i 2G nie
wykazala efektow hemolitycznych i tym samym spelnita wymagania dla
zastosowan klinicznych. Najlepsza adhezje komdrek wykazano dla warstwy NT
1G i stopu Til3Nb13Zr przed modyfikacja powierzchni. Trombogennos¢ warstw
NT 2G i stopu w stanie wyjSciowym nie rdznita si¢ od siebie, ale materialy te
wykazaly znacznie lepsze wlasciwosci trombogenne niz warstwa NT 1G i 3G.
Zbadano kinetyke uwalniania ibuprofenu z matrycy Hep-DOPA dla trzech
typdw generacji warstw NT. Analiza porownawcza profilu uwalniania
ibuprofenu dla badanych warstw nanorurek tlenkowych wykazata najszybsze
uwalnianie ibuprofenu z warstwy NT 1G. Wykazano mozliwos¢ zastosowania
warstw NT 1G, 2G i 3G jako nosnikéw lekow do aplikacji w systemach

kontrolowanego uwalniania lekow.

MJdj udziat w tym artykule polegal na wytworzeniu materiatu badart w postaci
warstw NT 1G, 2G, 3G, opracowaniu metodologii badan, kierowaniu caloscia
prac eksperymentalnych, wspodtudziale w przeprowadzonych badaniach,

interpretacji otrzymanych wynikow i przygotowaniu tekstu publikagji.

Moj wktad w powstanie tej publikacji wynosi 70%.
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1. Wspdlczesna implantologia i medycyna regeneracyjna

Choroby wieku wspotczesnego stanowia obecnie jedno z najwigkszych
wyzwan w stuzbie zdrowia. Wyniki badan wskazuja, Ze w populacji osob
w wieku powyzej 50 lat, ponad 30% kobiet i 8% mezczyzn cierpi na zaburzenia
narzadu ruchu [1]. Najczesciej wystepuja zmiany zwyrodnieniowe oraz
dyskopatyczne w kregostupie i stawach, gléwnie biodrowych i kolanowych.
Choroby uktadu kostno-stawowego powoduja stany zapalne oraz bdl, co
w konsekwencji znaczaco obniza jako$¢ zycia pacjentow. Jak wynika z doniesien
literaturowych, dolegliwosci zwyrodnieniowe stawow wystepuja coraz czesciej
wérdéd miodszych pokolen, co czesto jest spowodowane nadwyrezeniem
i degeneracja w stawie biodrowym na skutek np. przenoszenia duzych obciazen
statycznych i dynamicznych [1]. Ponadto starzejace sie spoteczenistwo, choroby
cywilizacyjne jak cukrzyca, choroby nowotworowe i sercowo-naczyniowe, czy
siedzacy tryb zycia przyczyniaja si¢ do wzrostu popytu na funkcjonalne
biomateriaty. Medycyna regeneracyjna wykorzystuje wigc implanty jako metode
leczenia wyzej wskazanych schorzen [2-4]. Sposrdd wszystkich wszczepianych
implantéw ortopedycznych, w ponad 95% z nich nadal gtéwnym skfadnikiem
jest metal [5]. Wynika to glownie z wlasciwosci grupy biomateriatow
metalicznych, a w szczegdlnosci z ich duzej odpornosci na pekanie, korozje
w $rodowisku organizmu ludzkiego i og6lng trwatosc.

Postep cywilizacyjny wymusza wzrost wymagan wobec opieki
medycznej, ktora powinna sta¢ sie bardziej efektywna i mniej kosztowna dla
pacjenta. W celu spelnienia tych sprzecznych oczekiwan konieczny jest
zintegrowany, zwigkszony i zorientowany na zdrowie wysitek badawczy
w réznych dyscyplinach naukowych, takich jak inzynieria materialowa,
inzynieria biomedyczna, nauki chemiczne, nauki fizyczne i nauki biologiczne.
Oczekuje si¢, ze w spelnieniu tych wymagan znaczng role moga odegrac
nanotechnologie. Zastosowanie nanotechnologii w medycynie powinno
w zasadniczy sposdb pomoc zaspokoi¢ dzisiejsze potrzeby medyczne
i rozwigzywa¢ w przysziosci wiele problemow zdrowotnych starzejacego sie
spoleczenstwa. Dalszy rozw¢j nanomedycyny wymaga w szczegolnosci
opracowania innowacyjnych bionanomateriatow, ktore beda spetnialy szereg
wymogoéw determinowanych miejscem ich potencjalnej aplikacji. Do
priorytetowych zadan badawczych nanotechnolgii w medycynie nalezy
polaczenie w biomateriale optymalnych wlasciwosci mechanicznych, wysokiej
biozgodnosci, wysokiej odpornosci korozyjnej oraz bioaktywnosci. Od nowej

generacji materiatow medycznych oczekuje sig, aby prowadzily do wlasciwych

22



reakcji organizmu lub dostarczaty w odpowiednim miejscu i czasie substancje
wspomagajace leczenie lub gojenie ran [6]. Jednym z celéw przy opracowywaniu
nowych biomaterialéw przeznaczonych na implanty ortopedyczne bylto i nadal
jest uzyskanie optymalnego stosunku ich modutu sprezystosci w odniesieniu do
kosci. Modul sprezystosci jest waznym zagadnieniem w ortopedycznym
zastosowaniu biomateriatow, szczegdlnie pod wzgledem mechanicznej
interakcji miedzy implantem a koscia.

Nalezy wskazaé, ze naturalna budowa stawu biodrowego, konstrukcja
mechaniczna tozyska w endoprotezach stawu biodrowego i panujace w nim
naprezenia obciazajace oraz szczatkowe, a takze dostepne materialy i zwiazana
z nimi problematyka zniszczen korozyjnych, jednoznacznie definiuja problemy
do rozwiazania w kontekscie wytwarzania implantow biomedycznych [6,7].
Wada biomateriatow metalicznych stosowanych do produkcji implantow jest to,
ze w odniesieniu do naturalnej kosci sa materialami sztucznymi, i co istotne, nie
petnia funkcji biologicznych. Stad tez prowadzone badania naukowe sa
nakierowane na poprawe  wlasciwosci  osteokonduktywnych  oraz
biokompatybilnosci biomaterialdéw metalicznych, ktére moze zapewnic
odpowiednia modyfikacja powierzchni [8]. Warto zaznaczy¢, ze
w konwencjonalnych procesach technologicznych, takich jak topienie,
odlewanie, kucie lub obrobka cieplna nie mozna ksztattowac takich wtasciwosci
biomateriatow, ktére w ortopedii wymagane sa do poprawnego wiazania kosci
w trzpieniu i panewce sztucznych stawdw biodrowych. W przypadku
implantéw dentystycznych wymagana jest kompatybilnos¢ zaréwno tkanek
twardych do tworzenia kosci i jej wiazania jak i tkanek miekkich do adhezji
nabtonka dzigset oraz odpowiednie wiasciwosci antybakteryjne do hamowania
inwazji bakteryjnej. W celu zapewnienia powyzszych wtasciwosci proponowane
sq rozne techniki obrobki powierzchni biomaterialéw metalicznych, a niektore

z nich zostaly juz skomercjalizowane [9,10].

2. Biokompatybilne stopy tytanu - bezwanadowy stop Til13Nb13Zr

W grupie biomaterialdw metalicznych mozna wyrdzni¢ stale
austenityczne, wsrod ktérych najwiekszym zastosowaniem cieszy sig stal
chromowo-niklowo-molibdenowa typu AISI 316L [11]. Stale austenityczne sa
biomateriatami metalicznymi o najnizszej odpornosci na  korozje
elektrochemiczng w $rodowisku biologicznym. Druga grupe biomaterialéw
metalicznych stanowia stopy z pamiecia ksztalttu bedace materiatami
inteligentnymi [11]. Najpowszechniej stosowanymi biomateriatami w tej grupie

sa stopy NiTji, ktére zawieraja kancerogenny nikiel jako skfadnik stopowy i z tego
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wzgledu przeznaczone sa na implanty krotkoterminowe. Do trzeciej grupy
biomateriatéw metalicznych zaliczane sa stopy kobaltu wykazujace znacznie
wyzsza odpornosc na korozje elektrochemiczna w ptynach ustrojowych niz stale
austenityczne i stopy z pamiecia ksztattu, dzigki czemu znajduja zastosowanie
na implanty dltugoterminowe [12]. Najbardziej obiecujaca grupe biomateriatléw
metalicznych wykorzystywanych na implanty dlugoterminowe stanowi tytan
i dwufazowe «a + {3 stopy tytanu, wsrdd ktorych stopy Ti6Al4V oraz Ti6Al7Nb
znalazty = najszersze  zastosowanie @ w  ortopedii  [8,13].  Jednak
w dtugoterminowych badaniach klinicznych stwierdzony zostal szkodliwy
wplyw aluminium i wanadu na organizm ludzki [13-17]. Wykazano, ze jony
wanadu jako produkty korozji elektrochemicznej powoduja reakcje
cytotoksyczne i zaburzenia neurogenne, a jony glinu przyczyniaja si¢ do
rozmigekczania kosci oraz chordob neurologicznych moézgu i naczyn
krwiono$nych. Ponadto wtasciwosci tribologiczne tych stopéw sa
niezadowalajace, poniewaz wykazuja one niewystarczajaca odpornos¢ na
Scieranie oraz korozje w srodowisku biologicznym, co prowadzi do poluzowania
elementéw nosnych endoprotez [12]. Niedostateczna odpornosé biomateriatléw
na korozje i w rezultacie przebieg proceséw korozyjnych moze sta¢ si¢ Zrodlem
pierwiastkow wplywajacych toksycznie na tkanki lub wywotujacych reakcje
kancerogenne organizmu. Dlatego podjeto proby opracowania nowej generagcji
stopow tytanu, w tym bezwanadowego stopu Til3Nb13Zr, w ktérym toksyczne
metale jak Al i V zastapiono biokompatybilnymi metalami w postaci cyrkonu
i niobu [18]. Zastosowanie jako dodatkow stopowych Nb oraz Zr umozliwilo
otrzymanie dwufazowego o + 3 stopu tytanu Til3Nb13Zr, ktéry charakteryzuje
sie wysoka odpornoscia korozyjna w srodowisku fizjologicznym oraz wysoka
biozgodnoscia [1].

O wyborze rodzaju stopu tytanu na implanty krotko- czy dlugoterminowe
decyduje kombinacja najkorzystniejszych cech, takich jak wysoka odpornos¢ na
korozje elektrochemiczna w $rodowisku plyndéw ustrojowych, wysoka
biokompatybilnos¢, mata gestos¢, wysoki stosunek wytrzymatosci do masy oraz
zdolnos¢ do osteointegracji [19,20]. Stopy tytanu wykazuja wyzsza odpornosc na
korozje wzerowa wywolywana przez agresywne jony chlorkowe obecne
w otaczajacych ptynach ustrojowych w poréwnaniu do medycznych stali
nierdzewnych np. REX734 czy AISI 316L, stopodw z pamiecig ksztattu i stopdw
kobaltu [6]. Wynika to z faktu, ze tytan ijego stopy charakteryzuja si¢ wysokim
powinowactwem do tlenu, w wyniku czego na ich powierzchni tworzy sie

ultracienka i samopasywna warstewka tlenkowa, ktdra jest stabilna i Scisle
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przylega do podloza, zapewniajac jego ochrone przed szkodliwym dziataniem
srodowiska ludzkiego ciata [17,21]. Obok wskazanych wyzej problemow
materialowych, nalezy podkresli¢, Ze gtowna barierqg w zastosowaniu stopow
tytanu na implanty jest niestabilno$¢ mechaniczna pomiedzy koscia
a wszczepem. Zwiazane jest to z rdznica w wartosci modutu Young'a.
Przyktadowo dla stopu Ti6Al4V modul Young'a wynosi 110 GPa, podczas gdy
dla kosci jego warto$¢ miesci sie¢ w przedziale 10 - 40 GPa [12]. Stop Til3Nb13Zr
zaliczany jest do najnowszej generacji stopéw tytanu i cechuje si¢ wysoka
biokompatybilnoscia, wysoka wytrzymatoscia, bardzo dobra obrabialnoscig na
gorgco jak i na zimno oraz jednym z najnizszych sposrdd aplikacyjnych
biomateriatéw metalicznych modutem Young’a, wynoszacym 77-79 GPa [18].
Tak niska wartos¢ modutu Young’a jest istotng zaleta w kontekscie aplikacji
medycznej, poniewaz pozwala zapobiega¢ ekranowaniu naprezen w ptytkach
kostnych i trzpieniach sztucznych stawow biodrowych [6,19,22,23].
Ekranowanie naprezen pojawiajace si¢ w stabilizatorach kosci i sztucznych
stawach biodrowych moze powodowac osteolize kosci. Obciazenie jest wiec
przykladane gléwnie do metalowej ptytki i trzpienia. Do kosci korowej
przyktada si¢ mniejsze obciazenie ze wzgledu na réznice w module Young'a
miedzy metalem a koscia korowa. Jesli modut Young’'a plytki metalowej jest
podobny do modutu Young’a kosci korowej, obciazenie jest rownomiernie
przykladane zaréwno do metalu jak i do kosci [1,6]. W przypadku
niedopasowania implantu dochodzi do uwalniania z jego powierzchni czastek
o réznych rozmiarach, morfologii i skfadzie chemicznym, ktdre sa fagocytowane
przez lokalne komorki odpornosciowe, takie jak makrofagi. Wyzwalany jest cykl
$mierci komodrek i lokalnych reakcji tkankowych, w ktorych posrednicza
monocyty, makrofagi i limfocyty, gdzie nagromadzenie czastek powoduje
stresujace srodowisko, ktore jest ostateczna przyczyna przewleklego stanu
zapalnego. Przewlekte wydzielanie cytokin prozapalnych, chemokin, czynnikow
wzrostu i enzymow przez makrofagi po fagocytozie czastek powoduje
rozregulowanie aktywnosci osteoblastow i osteoklastow, prowadzac do resorpcji

kosci i w konsekwencji uszkodzenia implantu [24].

3. Modyfikacja powierzchni a osteointegracja implantu

Istotnym parametrem w zakresie odpowiedniego doboru biomateriatu do
aplikacji medycznej jest biokompatybilnos¢, ktora definiuje si¢ jako ,zdolnosé
materiatu do dziatania z odpowiedniq odpowiedziq gospodarza w okreslonym
zastosowaniu” [8,25]. Bardzo waznym aspektem jest wplyw powierzchni

implantu na rdézne skladniki biologiczne, ktéore wchodzga w kontakt
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z powierzchnia, gdy tylko implant zostaje wprowadzony do chirurgicznie
przygotowanego ubytku. Po wprowadzeniu implantu tkanka kostna, ktora sama
w sobie jest produktem dlugiej, strukturalnej i funkcjonalnej adaptacji do
wszelkiego  rodzaju  wewnetrznych efektow  biologicznych,  zostaje
skonfrontowana ze zdarzeniem fizycznym, do ktérego nie ma wczesniejszego
przygotowania. W optymalnych warunkach sam material implantu szybko
zajmuje wieksza cze$¢ chirurgicznie usunietej kosci, minimalizujac w ten sposob
szeroko$¢  szczeliny miedzy uszkodzonymi  powierzchniami  kosci
i przyczyniajac si¢ do pierwotnej stabilnosci kos¢-implant. Niemniej jednak
wprowadzenie obcej powierzchni stanowi nowy element dla srodowiska kosci,
a wlasciwosci tej powierzchni odgrywaja gldwna role w zachowaniu komorek,
ktére wchodza z nig w kontakt [26]. Badania in vitro potwierdzaja kluczowa role
powierzchni implantu w oddzialywaniu na sekwencje adsorpcji biatek, adhezji
plytek krwi i hemostazy, stanu zapalnego i odpowiedzi komdrek osteogennych
[26,27].

Tytan i jego stopy wykazuja wyjatkowa zdolnos¢ do osteointegracji, ktéra
definiuje sie jako ,utworzenie bezposredniego polqczenia miedzy implantem a koscig,
bez ingerencji w tkanke miekkq” [28]. Osteointegracja implantu tytanowego odbywa
si¢ poprzez naturalng warstwe TiO: [29]. Tlen wystepujacy w tkance kostnej
umozliwia tworzenie warstwy ditlenku tytanu na powierzchni tytanowego
implantu, na ktdrej odklada si¢ nowa, mineralizujaca si¢ tkanka kostna, ktéra
tworzy wlasciwe mocowanie wszczepu. Utrzymanie réwnowagi miedzy
ciagglym procesem resorpcji i absorpci tkanki kostnej zapewniaja sity
biomechaniczne, ktére powstaja w wyniku pracy wszczepu. Pomiedzy koscia
a powierzchnia implantu nie wystepuje tkanka bliznowata, chrzastki ani wtékna
wiezadel. Powodzenie bezposredniego, strukturalnego i czynnosciowego
potaczenia pomiedzy uporzadkowana, zywaq koscig a powierzchnia implantu
jest silnie zalezne od skltadu chemicznego warstwy tlenkowej na powierzchni
wszczepu oraz jej grubosci. Fundamentalne znaczenie dla prawidlowego
przebiegu osteointegracji posiada wigc odpowiednie przygotowanie
powierzchni wszczepu. Na szybkos¢ procesu gojenia wywiera wptyw wielkos¢,
ksztatt oraz chropowato$¢ powierzchni implantu.

Wysoka bioaktywnos¢ implantow tytanowych z tkankami twardymi byta
potwierdzona w badaniach nad ich zdolnoscia do tworzenia fosforanow wapnia
w symulowanych plynach ustrojowych w warunkach in vitro [30]. Badania te
ujawnily Ze, po wszczepieniu implantow tytanowych do kosci, otaczajaca je

tkanka stykala si¢ z powierzchnia metalicznego wszczepu na wczesnym etapie,
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a sita wiazania kosci byla duza [30]. Istotnymi czynnikami regulujacymi
kompatybilnos¢ tkanek twardych sa adhezja i proliferacga komorek
osteogennych, ktére sa silnie zalezne od topografii, chropowatosci oraz
zwilzalno$ci powierzchni implantu [27,31]. Wykazano, Ze osteogeneza zachodzi
w okresie odpowiedzi zapalnej, indukgcji osteoblastow i tworzenia kosci. Wazne
jest rowniez wigzanie miedzy metalami a tkanka miekka w filarach implantow
dentystycznych, kotwicach implantéw ortodontycznych oraz w S$rubach
stabilizatorow zewnetrznych [26]. W tych elementach jony metali przenikaja
z powierzchni biomateriatow w kierunku od wewnatrz na zewnatrz tkanek,
dlatego niewystarczajace wiazanie tkanek miekkich umozliwia inwazje bakterii
wywotlujacych stan zapalny, a nastepnie obluzowanie, ruch i wypadniegcie
implantu. W przypadku implantow dentystycznych zdarzenia te znane sg jako
peri-implantitis. Inne wyroby medyczne catkowicie wszczepione w tkanki moga
by¢ pokryte tkanka wiloknista, chyba Ze wykazano wystarczajaca
kompatybilnos¢ z tkankami miekkimi [30-33]. Udowodniono réwniez, iz
chropowatos$¢ i/lub porowatos¢ powierzchni biomaterialéw odgrywa kluczowa
role w procesie osteointegracji na granicy implant-zywa tkanka. Wykazano, iz
zakres optymalnej wielko$ci poréw, ktore sprzyjaja osteointegracji wynosi 50-450
um [34,35]. W celu poprawy bioaktywnosci wszczepdw osteointegracyjnych
i zwigkszenia szybkos$¢ wzrostu kosci oraz ograniczenia przenikania jonow
metali do srodowiska biologicznego, stosowane sa modyfikacje powierzchni
tytanu i stopow tytanu przy uzyciu réznych metod, w tym mechanicznych,
fizycznych, biochemicznych, chemicznych i elektrochemicznych [36]. Metody
elektrochemiczne posiadaja duzy potencjal rozwojowy, gdyz umozliwiaja
szeroka modyfikacje skladu chemicznego, morfologii powierzchni oraz sa tanie

i fatwe do wdrozenia do produkgji na skale przemystowa.

4. Anodowanie tytanu i jego stopéw

Na przelomie ostatnich lat szczegdlnym  zainteresowaniem
w dynamicznie rozwijajacej si¢ medycynie regeneracyjnej, inzynierii tkanki
i implantologii ciesza si¢ nanotechnologie. Ten obszar nauki pozwala na
otrzymywanie bionanomaterialéw o unikatowych wlasciwosciach i cechach
uzytkowych [2]. Postep w dziedzinie nanotechnologii umozliwia obecnie
precyzyjne projektowanie w nanoskali powierzchni biomateriatow
wykorzystywanych do réznych zastosowan w medycynie, oferujac tym samym
nowe perspektywy lecznicze dla pacjenta [3]. Nanoinzynieryjne powierzchnie
posiadaja wyjatkowa zdolnos¢ bezposredniego oddzialywania komoérkowego na

0gdlna biologiczng odpowiedz wszczepionego biomateriatu, dlatego rozwijane
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sa rozne metody modyfikacji powierzchni, aby wytworzy¢ nanoskalowe
powierzchnie na istniejacych biokompatybilnych materiatach implantacyjnych
[37]. Tytan i jego stopy reprezentujq znane w implantologii biomaterialy na
wszczepy osteointegracyjne. Dodatkowa mozliwos¢ wytworzenia na ich
powierzchni nanotubularnych warstw tlenkowych czyni je jeszcze bardziej
pozadanymi materiatami chirurgicznymi do implantacji. Nanorurki tlenkowe
zaliczane sa do jednowymiarowych (1D) materiatéw, ktore posiadaja co najmniej
jeden wymiar w zakresie od 1 do 100 nm i bardzo duzy wspotczynnik propordji,
czyli stosunek dilugosci do srednicy (ang. high aspect ratio) zapewniajacy
rozwiniecie powierzchni wtasciwej [38]. Jednowymiarowe nanorurki tlenkowe
moga by¢ otrzymywane z wykorzystaniem twardej matrycy [38,39],
hydro/solwotermalnie [40] na drodze elektroprzedzenia [41] i metoda
anodowania [42]. Metoda z wykorzystaniem twardej matrycy pozwala
otrzymywac warstwy nanorurek tlenkowych przy uzyciu matrycy wykonanej
z aluminium, zawierajacej pory o okreslonych rozmiarach, w ktérych przebiega
proces wzrostu jednosciennych nanorurek TiO: [43]. Do osadzania TiO:
w matrycy stosowana jest metoda zol-zZel, elektroosadzania i osadzania warstw
atomowych [44]. Po zakonczonym procesie formowania nanorurek TiO:z
w formie proszku lub cienkiej warstwy wymagane jest usuniecie matrycy przy
zastosowaniu selektywnego rozpuszczania lub odparowania [39]. Negatywna
strong metody z wykorzystaniem twardej matrycy jest uzyskiwanie duzego
rozkladu wielkos$ci wytwarzanych nanorurek. Metoda hydro/solwotermalna
pozwala otrzymywac wieloscienne nanorurki TiO: w formie proszkowej [40].
W procesie syntezy moga by¢ stosowane nanoczastki TiO2 o roznych odmianach
polimorficznych (anataz, rutyl, brukit), ktore poddawane sa dziataniu
roztwordw alkalicznych wodorotlenku potasu lub sodu w temperaturze
z zakresu 100-200 °C przez 1-2 dni. Regulacje pH roztworu z utworzonym
osadem ponizej 7 przeprowadza si¢ przy uzyciu roztworu kwasu solnego.
Metoda hydro/solwotermalna mozna otrzymac rozproszone i nieregularne
nanorurki TiO: o wewnetrznej srednicy 2-20 nm i dlugosci do kilku
mikrometréw, ktore wystepuja pojedynczo lub w postaci skupisk. Metoda
elektroprzedzenia wymaga do wytworzenia nanorurek TiO: zastosowania
stopionych polimeréw lub roztwordéw polimeréw oraz prekursora TiOz, ktére po
wyjsciu z dyszy przedzalniczej sa wyciagane do postaci natadowanych nici przy
wykorzystaniu fadunku elektrycznego [41,45]. Po przylozeniu wysokiego
napiecia rzedu kilkudziesieciu kV w roztworze przedzalniczym indukowane sa

fadunki elektryczne, ktdre przyciaga kolektor o przeciwnej polaryzacji. Ciagle
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nanowltokno prekursorowe jest zbierane na wuziemionym kolektorze.
Elektroprzedzenie jest metoda wytwarzania jednorodnych widkien
o kontrolowanej morfologii i $rednicy wldkna od dziesiatek nanometrow do
setek nanometréw. Wada elektroprzedzenia jest niedokladne pokrywanie
krawedzi elementow o skomplikowanych ksztattach, koniecznos¢ stosowania
wysokich napige¢ oraz obrobki termicznej wytworzonych wioknin w celu
usunigcia zwigzkow organicznych. Przyktadowo, stosujac poli(winylopirolidon)
rozpuszczony w mieszaninie etanolu i kwasu octowego w obecnosci prekursora
TiO2 w postaci tytanianu tetrabutylu mozliwe jest otrzymanie nanorurek TiO:
o $rednicy z zakresu 3-10 nm i strukturze anatazu na drodze elektroprzedzenia
przy napieciu 10 kV w temperaturze pokojowej [45]. Tak otrzymane nanowldkna
prekursorowe wymagaja dodatkowo dwuetapowej obrobki termicznej
w powietrzu w temperaturze 200 °C przez 2h, a nastepnie w 550 °C przez 6 h.
Opisane metody wytwarzania jednowymiarowych nanorurek TiO: sg zlozone,
wieloetapowe, kosztowne i nie zapewniaja wysokiej wydajnosci wytwarzania
nanorurek ze wzgledu na ograniczenie do skali laboratoryjne;.

Z aplikacyjnego punktu widzenia jedna z najbardziej obiecujacych metod
elektrochemicznej modyfikacji samopasywnych warstw tlenkowych na
powierzchni biomaterialéw tytanowych, ktoéra umozliwia kontrolowane
wytwarzanie samoorganizujacych si¢ nanotubularnych struktur tlenkowych
o szerokim wachlarzu parametréw morfologicznych jest anodowanie.
Jednowymiarowe warstwy tlenkowe w postaci matrycy uporzadkowanych,
ustawionych pionowo nanorurek tlenkowych otrzymane metoda anodowania
wykazujq liczne, unikatowe wtasciwosci w poréwnaniu do konwencjonalnych,
ultracienkich i ciaglych warstw tlenkowych [46,47]. Doniesienia literaturowe
wskazuja, Ze obecno$¢ anodowych warstw nanorurek tlenkowych na
powierzchni implantéw tytanowych zwigksza adhezje i proliferacje
osteoblastow oraz poprawia odpornosc korozyjna i bioaktywnos¢ [38,44,47-50].
Ponadto anodowe warstwy nanorurek tlenkowych dzieki swojej unikatowej
budowie moga stanowi¢ systemy kontrolowanego uwalniania substangji
przeciwzapalnych, antybakteryjnych, tkankotworczych, badz
przeciwzakrzepowych [38,44,47-50].

Istotng zaleta anodowania w stosunku do pozostalych metod
wytwarzania warstw nanorurek tlenkowych jest mozliwos¢ precyzyjnej kontroli
ksztaltu, struktury i morfologii otrzymywanych nanorurek poprzez
kontrolowanie parametréw procesu utleniania elektrochemicznego [51-53]. Na

przyktad napiecie anodowania mozna zastosowac¢ do kontrolowania $redniej
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$rednicy wewnetrznej i zewnetrznej nanorurek, podczas gdy za pomoca czasu
anodowania mozna sterowac srednig dtugoscia nanorurek. Z kolei lepkos¢, pH i
stezenie jonow fluorkowych w roztworze wpltywa na rozpuszczanie tlenku
i szybkos¢ reakcji chemicznej. Parametry te maja bezposredni wplyw na
szybkos¢ tworzenia nanorurek, maksymalna osiagalng dlugos¢ nanorurek
i gladkos¢ Scian nanorurek. Natomiast zawartos¢ wody w roztworze pozwala
kontrolowac¢ site przyczepnosci miedzy matrycami nanorurek a utlenianym
podtozem tytanowym.

Nanotubularne struktury tlenkowe mozna wytworzy¢ metoda
anodowania na powierzchni metali wykazujacych zdolnos¢ do samopasywacji,
do ktorych nalezy tytan, niob i cyrkon oraz na powierzchni ich stopéw [50,54].
Roztwor elektrolitu do anodowania zazwyczaj zawiera jony fluorkowe
pochodzace od HF lub NH4F [44,48]. Crawford i in. [55] zaproponowali
mechanizm anodowania tytanu w elektrolitach zawierajacych jony F-, w ktérym
zachodza trzy kolejne etapy. W pierwszym etapie po przylozeniu
odpowiedniego napiecia lub gestosci pradowej do anody zachodzi utlenianie
tytanu (reakcja 1). W wyniku reakgcji jondw Ti* z jonami OH- i O* tworzy sie

cienka i ciggla warstwa TiO2 na powierzchni anody (reakcja 2):
Ti>Ti*" +4e, (1)
Ti* +2H,0 - TiO, + 4H* . )

Wzrost warstwy TiO: jest wspomagany dziatlaniem pola elektrycznego
i zachodzi w wyniku migracji jonow Ti* przez powstajaca warstwe tlenkowa
w kierunku elektrolitu oraz transportu jondw O* w kierunku powierzchni
anody. Pierwszy etap trwa zaledwie od kilku do kilkudziesigeciu sekund
i charakteryzuje si¢ wykladniczym spadkiem gestosci pradu anodowania, ktory
jest spowodowany wzrostem grubosci barierowej warstwy TiO: [56]. W drugim
etapie jony F-zaadsorbowane na powierzchni warstwy tlenkowej migruja w jej
glab, co powoduje lokalne roztwarzanie warstwy TiO: i w konsekwencji
powstanie nieregularnych porow. Wynikiem drugiego etapu jest utworzenie

nierozpuszczalnych kompleksow [TiFs]* (reakcja 3):
TiO, + 6HF — [TiF, |* +2H,0+ 2H" . 3)

W roztworach bezfluorkowych zaréwno grubo$¢ warstwy barierowej jak
i mierzona gestos¢ pradu osiagaja stan ustalony. W elektrolitach zawierajacych

jony fluorkowe zaczyna si¢ tworzy¢ nanoporowata struktura w wyniku
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chemicznego rozpuszczania barierowej warstwy tlenkowej (reakca 3).
W drugim etapie obserwuje si¢ niewielki wzrost wartosci gestosci pradu
anodowania w obecnosci jondw F-, ktédry wynika ze zmniejszenia grubosci
warstwy TiO.. Utworzone pory zaczynaja sie rozgalezia¢, nachodzi¢ na siebie
oraz konkurowa¢ o dostepny prad. W trzecim etapie po ustabilizowaniu
wartosci gestosci pradu anodowania matryca nanorurek ksztaltuje sie
w optymalnych warunkach pradowo-napieciowych, w ktérych prad
rozdzielany jest rOwnomiernie pomiedzy porami prowadzac do samoczynnego
porzadkownia porowatej warstwy. Dalsze anodowanie zwigksza dlugosc¢
nanorurek, a gestos¢ pradu anodowego nie wplywa znaczaco na strukture
otrzymywanych warstw nanorurek TiO: [42,44,53,55]. Tworzenie nanorurek
TiO: w elektrolitach zawierajacych jony F- jest wiec wynikiem dwdch
konkurujacych procesow wspomaganych polem elektrycznym, a mianowicie
hydrolizy Ti z utworzeniem TiO: (reakcja 2) i chemicznego rozpuszczania TiO:
na granicy miedzyfazowej tlenek/elektrolit (reakcja 3), co skutkuje utworzeniem
[TiFe]> (reakcja 3). Proces wzrostu nanorurek TiO: przebiega poprzez tworzenie
poczatkowej warstwy barierowej, tworzenie réwnomiernie rozmieszczonych
pordw oraz rozdzielanie polaczonych ze soba poréw na nanorurki. Szczegotowe
zrozumienie dokladnych mechanizméw powstawania uporzadkowanych
nanorurek tlenkowych wciaz nie jest jasne [55].

Wybor elektrolitu, w ktorym przeprowadza si¢ proces anodowania
wywiera najwiekszy wplyw na mikrostrukture i wiasciwosci uzyskiwanych
warstw nanorurek tlenkowych [57]. Na przestrzeni ostatniej dekady
wyodrebniono cztery generacje nanorurek tlenkowych otrzymywanych na
powierzchni tytanu i jego stopow [34]. Po raz pierwszy warstwa nanorurek
tlenkowych na powierzchni tytanu zostala otrzymana metoda anodowania
w1999 roku przez Zwillinga i in. [58], ktérzy wytworzyli nanotubularne
struktury  przy uzyciu wodnego elektrolitu zawierajacego  kwas
fluorowodorowy oraz kwas chromowy. Otrzymane w tych warunkach warstwy
TiO: byly niejednorodne i charakteryzowaly si¢ niewielka dtugoscia okoto 500-
600 nm ze wzgledu na duza szybkos¢ chemicznego rozpuszczania ditlenku
tytanu w roztworze HF. Gong i in. [59] wykazali, ze elektroda tytanowa
anodowana w 0,5% roztworze HF pod napigciem 20 V przez 6 godzin posiada
taka samag grubo$¢ jak elektroda anodowana tylko przez 20 minut
w identycznych warunkach. Obecnie warstwy nanorurek tlenkowych pierwszej
generacji otrzymuje si¢ z wodnych elektrolitow, ktére zawieraja w swoim

sktadzie kwas fluorowodorowy lub jego sol w ilosci od 0,1 do 1% wag. lub przy
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zastosowaniu mieszanin HF z innymi kwasami, takich jak HNO: + HF, HNO:s
+ HF, H2S04 + HF, H2Cr207 + HF czy HsPOs + HF o stezeniu nie wiekszym niz 1M
[60]. Nanotubularne struktury tlenkowe nalezace do pierwszej generacji moga
by¢ rowniez otrzymywane z elektrolitu na bazie kwasu octowego z dodatkiem
0,2% H20 i 0,5% NHJF [61]. Warstwy nanorurek tlenkowych otrzymywane
w takich elektrolitach maja ograniczona grubos¢ rzedu kilkuset nanometréw
i wykazuja niski stopient uporzadkowania powierzchni.

Wysoce uporzadkowane warstwy nanorurek tlenkowych drugiej
generacji o dlugosci nanorurek do 2-3 um mozna wytworzy¢ z wodnych
roztworéw buforowych o zmiennej wartosci pH, ktore zawieraja w swoim
sktadzie dodatek soli fluoru w postaci NaF, KF lub NH4F zamiast HF w ilosci
okoto 0,5% wag [62]. Zastosowanie tak dobranych elektrolitow ma na celu
spowolnienie szybkosci chemicznego rozpuszczania warstw tlenkowych, ktére
zachodzi szybko w roztworach kwasow, przez co wzrost nanorurek jest
ograniczony. Stezenie jondw fluorkowych okresla szybkos¢ rozpuszczania i musi
by¢ utrzymywane na jak najnizszym poziomie, ale wystarczajaco wysokim, aby
zapewni¢ wzrost nanorurek, gdyz stezenie jonéw F- wpltywa rowniez na pH
roztworu. Najczesciej stosowane elektrolity do otrzymywania nanorurek
tlenkowych drugiej generacji to mieszaniny 1M Na:50: z dodatkiem 0,5% wag.
NaF oraz IM (NHs)H:POs z dodatkiem 0,5%wag. NHsF [61,63]. Optymalna
wartos¢ pH takich roztwordw wynosi 3-5. Przy wartosciach pH powyzej
5 podczas anodowania tytanu i jego stopéw zachodzi zwigkszona hydroliza
jonow tytanu oraz obserwuje si¢ osadzanie mieszaniny wodorotlenkéw tytanu
na powierzchni warstw nanorurek tlenkowych, ktora jest trudna do usuniecia
nawet przy zastosowaniu myjki ultradZwigekowe;j.

Warstwy mnanorurek tlenkowych trzeciej generacji otrzymuje sie
z elektrolitow zawierajacych w swoim skladzie organiczne rozpuszczalniki
polarne, takie jak formamid, N-metyloformamid, glikol etylenowy, glikol
dietylenowy, dimetylosulfotlenek, metanol i glicerol wraz z dodatkiem zZrodta
jondw fluoru w postaci 1-6% wag. HF, 0,6% wag. NH4F lub czwartorzedowych
soli amoniowych fluoru oraz niewielkiej ilosci H20 (1-5%) [52]. Zawartos¢ wody
w wodnych elektrolitach odpowiada za szybkos¢ rozpuszczania gornej
powierzchni nanorurek tlenkowych, dlatego zmniejszenie ilosci wody w tych
elektrolitach powoduje wzrost diugosci uzyskiwanych nanorurek nawet do
1000 pm. W przypadku niektorych elektrolitow zawierajacych glicerol lub
metanol stosuje sie wieksze ilosci H2O (25-50%). Elektrolity na bazie glicerolu

zawierajace rozne ilosci H2O charakteryzuja sie zréznicowana lepkoscia, co
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pozwala  ksztaltowa¢  morfologie i  wlasciwosci  otrzymywanych
nanotubularnych warstw tlenkowych. Wykazano, ze nanorurki tlenkowe trzeciej
generacji o bardzo gtadkich $ciankach mozna otrzymac¢ z elektrolitow
zawierajacych glikol etylenowy [52].

Nanorurki tlenkowe czwartej generacji otrzymywane sg przy
zastosowaniu rozwijanej ostatnio techniki RBA (ang. rapid breakdown anodization)
z elektrolitow, ktore nie zawieraja jondw fluorkowych, gtéwnie z wodnego
roztworu HCl o stezeniu 0,15M lub mieszaniny 0,5M HCl i 0,1-0,4 M H20:[64,65].
Dtugos¢ nanorurek tlenkowych czwartej generacji dochodzi zazwyczaj do
kilkuset nanometréw i wytwarza si¢ je w bardzo krotkim czasie rzedu kilku
minut [66]. Przeprowadzono rowniez anodowanie tytanu w elektrolitach, ktére
byly mieszaning 0,4M NH4Cl i 0,56M HCl, H2S504, C2H204, CH202, CCIsCOOH lub
CsHi2O7  [67]. Dlugos¢ wytworzonych cienkich nanorurek tlenkowych
o niewystarczajacej adhezji do podloza osiggata do 60 um, podobnie jak
w przypadku zastosowania elektrolitu zawierajacego 0,1M HCIOx [65,68].

Warstwy nanorurek tlenkowych na biomedycznym stopie Til3Nb13Zr
wytwarzano dotychczas w procesie anodowania stosujac elektrolit stanowiacy
mieszaning 1M HsPOs oraz 0,3% wag. HF przy napieciu 20 V w czasie 0,5 h
w dwuetapowym utlenianiu [69,70]. Przed procesem anodowania stosowano
gazowe utlenianie w warunkach od 700-1100 °C przez 5 h. W takich warunkach
otrzymano struktury nanorurkowe o srednicy 40-120 nm i dtugosci 1-2 pum.

Do uzyskania nanotubularnych struktur na stopie Til3Nb13Zr stosowano
rowniez elektrolit bedacy mieszaning 1M H2504i 34.5mM HF przy napieciu 20 V
oraz czasie anodowania 5 i 60 min [71]. W trakcie anodowania przez 5 min
otrzymano nanorurki o grubosci 71 nm i srednicy okoto 25 nm. Zwigkszajac 12-
krotnie czas utleniania anodowego uzyskano dtugos¢ nanorurek dochodzaca do
900 nm i srednice nanorurek w zakresie od 75 do 100 nm.

Warto zaznaczy¢, ze geometria nanotubularnych warstw tlenkowych
podczas procesu anodowania moze by¢ réznie modyfikowana poprzez zmiang
napigcia. Mozliwe jest otrzymanie geometrii, takich jak stosy nanorurek,
nanorurki bambusowe, nano-koronki, nanorurki z rozgatezieniami, czy
dwuscienne nanorurki [44]. Natomiast zastosowanie obrdébki termicznej
w atmosferze powietrza, tlenu lub azotu w temperaturze 300-500 °C z powolng
szybkoscia ogrzewania i chtodzenia 1-5 °C/min pozwala ksztattowac strukture
warstw tlenkowych na tytanie i jego stopach [44]. Anodowe warstewki TiO: sa
zazwyczaj rentgenowsko amorficzne, a w wyniku procesu wyzarzania mozliwe

jest uzyskanie struktury anatazu. Ponadto anodowanie jest jedng z najtanszych
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i najprostszych metod uzyskiwania wysoce uporzadkowanych nanorurek
tlenkowych. Metoda ta zapewnia rownomierne pokrywanie warstwa tlenkowa
catej powierzchni implantow o ztozonym ksztalcie, takich jak sruby implantow
dentystycznych lub implanty biodrowe. Anodowe wytwarzanie jednorodnych
warstw nanorurek tlenkowych nie wymaga prowadzenia procesu w atmosferze
ochronnej ani w wysokich temperaturach, ktore moga prowadzi¢ do zmian
strukturalnych w materiale podioza. Cechuje si¢ tez niskim kosztem
odczynnikdw oraz aparatury, tagodnym s$rodowiskiem reakcyjnym, krétkim
czasem procesu anodowania oraz wyeliminowaniem etapu osadzania, poniewaz
warstwy nanorurek tlenkowych wyrastaja bezposrednio na podiozu
tytanowym. Anodowanie jest prosta, optacalna, tatwo skalowalng metoda, ktéra
pozwala otrzymywa¢ wysoce uporzadkowane matryce nanorurek
wyréwnanych pionowo i staje sie standardowa metoda syntezy nanorurek

tlenkowych.

5. Nanorurki tlenkowe i ich biomedyczne zastosowanie

Zywotnoé¢ funkcjonalna obecnie stosowanych tytanowych implantéw
ortopedycznych wynosi zaledwie 10-15 lat, co wynika z réznych przyczyn,
w tym aseptycznego obluzowania powodowanego staba osteointegracja lub
braku dlugotrwalego wiazania implantu z sasiadujaca koscia, infekcji
i osteolizy [20]. W celu poprawy poimplantacyjnej integracji wszczepow
z otaczajacymi tkankami, mozliwe jest zastosowanie anodowych warstw
nanorurek tlenkowych, ktére moga dodatkowo peii¢ role nosnika lekéw
w systemach kontrolowanego dostarczania lekéw, zmniejszajacych infekcje
(np. penicylina/streptomycyna)  lub  wygaszajacych ~ stany  zapalne
(np. deksametazon) z czasem elucji leku do 3 dni. W badaniach in vitro
wykazano, iz topografia warstw nanorurek tlenowych obecnych na powierzchni
implantu tytanowego poprawila proliferacje i adhezje osteoblastow
w porownaniu z powierzchnia wszczepu tytanowego, ktory nie byt poddany
anodowaniu [72]. Zwiekszona aktywnos¢ komdrkowa in vitro wykazana dla
nanorurek TiO: przetozyta si¢ rowniez na wiazanie kosci in vivo. Powierzchnie
warstw nanorurek tlenkowych poprawily az dziewigciokrotnie site wigzania
kosci w pordéwnaniu z powierzchniami poddanymi obrdbce strumieniowo-
Sciernej [73]. Wyniki badan in vitro anodowych warstw nanorurek tlenkowych,
ktore byly otrzymane na réznych stopach tytanu sugeruja mozliwos¢ ich
zastosowania w ortopedycznej terapii komdrkowej [74]. Wykazano tez, ze
modyfikacja powierzchni tytanowych stentéw pecherza moczowego metoda

anodowania pozwolita otrzyma¢ warstwe nanorurek tlenkowych o $rednicy
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20 nm, ktorej topografia powierzchni wptywa na zwiekszenie adhezji i wzrostu
ludzkich komorek nabtonka drég moczowych do 3 dni w przeprowadzonej
hodowli [47]. Uzyskane wyniki wskazuja, ze badania w zakresie
elektrochemicznej modyfikacji powierzchni tytanu i jego stopéw w celu
wytwarzania nanotubularnych struktur tlenkowych sa obiecujace i konieczne do
dalszego rozwoju bionanomateriatow. Warstwy nanorurek TiO: wydaja si¢ by¢
rowniez obiecujagcym materiatem stykowym, zapewniajacym dtugotrwatly
sukces implantow majacych kontakt z krwia. Badania nad interakcjami
komoérkowymi zaleznymi od wielkosci nanorurek tlenkowych wykazaty, Ze
mezenchymalne komodrki macierzyste reaguja w bardzo wyrazny sposob na
$rednice nanorurek [75]. Nanorurki TiO: o $rednicy wynoszacej okoto 15 nm
silnie promowaty adhezje komorek, proliferacje i roznicowanie, natomiast
nanorurki tlenkowe o srednicy okoto 100 nm okazaly si¢ szkodliwe, poniewaz
indukowaly zaprogramowang smier¢ komorkowa (apoptoze) [47,76]. Wynikiem
tych prac byly dalsze badania, ktére przyniosty czesciowo sprzeczne wyniki i w
zwigzku z tym postawiono szereg pytan dotyczacych roli struktury krystalicznej
TiOg, stezenia jondw F- czy typu i rodzaju komdrek oraz obrdbki wstepnej [47,77].
Jednak pozniejsze prace wykazaly wyraznie, ze efekt wielkosci, czyli wplyw
stymulujacy komorki w przypadku warstw nanorurek tlenkowych o $rednicy
15nm, posiada charakter praktycznie uniwersalny [78]. Nie tylko
mezenchymalne komorki macierzyste, ale takze hematopoetyczne komorki
macierzyste, komorki srodblonka, a takze osteoblasty i osteoklasty wykazuja te
selektywna pod wzgledem wielko$ci odpowiedz. W rzeczywistosci efekt
rozmiaru nanorurek tlenkowych dominuje nad struktura krystaliczna TiO:
(amorficzna/anataz/rutyl). Podobne efekty obserwowano dla nanorurek ZrO:
otrzymanych metoda anodowania na powierzchni cyrkonu. Ze wzgledu na
szybka integracje biomedycznych implantéw z koscia, kluczowym czynnikiem
jest szybka kinetyka tworzenia si¢ na powierzchni implantéw hydroksyapatytu
(HAp) w ptynach ustrojowych [79,80]. Szereg badan potwierdzito, ze tworzenie
HAp moze byc¢ znacznie przyspieszone na powierzchniach nanorurek
tlenkowych w porownaniu z samopasywna warstewka TiO2 na powierzchni
implantow tytanowych, i takze w tym przypadku obserwuje sie silny efekt
zaleznosci od wielkosci $rednicy [81-84]. Ponadto geometria nanorurek
tlenkowych jest optymalna do osadzania prekursoréw HAp, ktore dodatkowo
promuja zarodkowanie HAp [82]. W badaniach in vivo z dorostymi swiniami
domowymi wykazano tez, ze powierzchnie warstw nanorurek tlenkowych moga

zwigkszac ekspresje kolagenu typu I i BMP-2 oraz ze mozna uzyskaé wieksza
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powierzchnie kontaktu implantu z koscia, jesli powierzchnia implantow jest
pokryta warstwa nanorurek TiO: [44]. Shrestha i in. [85] wykazali, ze nanorurki
TiO: moga by¢ wypelniane czastkami FesOs i dzieki temu moga by¢
magnetycznie kierowane w wybrane miejsca organizmu. Takie probéwki mozna
nastepnie tatwo powleka¢ lekami, ktore sa przylaczane przez odpowiednie
czasteczki tacznikowe. Uwalnianie leku nie ogranicza si¢ do reakcji UV, ale moze
by¢ réwniez wyzwalane elektrycznie (kataliza indukowana napigciem) lub co
wazniejsze, za pomocg promieni rentgenowskich, co umozliwia leczenie in vivo
przez zywa tkanke. Takie magnetyczne nanorurki TiO: mozna stosowac
bezposrednio do reakcji fotokatalitycznych z komdrkami lub tkankami, na
przyktad do selektywnego zabijania komdrek nowotworowych [85]. Najnowsze
prace pokazuja, ze w celu osiagniecia powolnego uwalniania substancji
leczniczej, wymagane jest zamkniecie wypetionych lekiem ukladow
nanorurkowych lub porowatych biopolimerem jak np. poli(kwas mlekowy) [86].
Zmodyfikowane w ten sposéb cylindryczne lub jeszcze lepiej mezoporowate
warstwy anodowe na powierzchni tytanowych implantach lub stentach moga
stanowi¢ wydajne i obiecujace systemy uwalniania leku. W przypadku
zastosowan nanorurek tlenkowych dotyczacych stentow istotng wada jest nieco
ograniczona elastyczno$¢ mechaniczna warstw nanorurek w poréwnaniu
zinnymi mezoporowatymi warstwami tlenkowymi [44]. Doniesienia
literaturowe wskazuja tez, ze nanorurki tlenkowe o kontrolowanej srednicy
(amorficzne lub krystaliczne) wykazuja znaczaco zmienione reakcje zaréwno dla
Staphylococcus epidermidis (S. epidermidis) jak i Staphylococcus aureus (S. aureus) —
patogenow istotnych dla infekcji ortopedycznych [87]. Podobna tendencja
obserwowana byla w przypadku bakterii, poniewaz nanorurki tlenkowe
o $rednicy wigkszej niz 20 nm zmniejszaly liczbe zywych bakterii (S. aureus
i S. epidermidis). Dalsze badania wykazaly, Ze niezaleznie od zastosowanej
techniki sterylizacji, warstwy nanorurek tlenkowych o mniejszej srednicy (20
nm) silniej ograniczaly wzrost bakterii w porownaniu z warstwami nanorurek
o wigkszej $rednicy (80 nm). W przypadku stosowania stopodw tytanu
zawierajacych pierwiastki mogace hamowac¢ rozwdj bakterii (np. cyrkon),
nanorurki tlenkowe o mniejszej $rednicy wykazywaly zwigkszone dziatanie
przeciwbakteryjne wobec E. coli [87].

Wychodzac na przeciw wspolczesnym wyzwaniom dynamicznie

rozwijajacej si¢ medycyny regeneracyjnej i implantologii w ponizszej pracy

doktorskiej podjeta zostala proba opracowania innowacyjnego biomateriatu na
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bazie biomedycznego stopu Til3Nb13Zr do zastosowan na implanty

osteointegracyine o zwiekszonej biofunkcjonalnosci.
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1. Cel pracy

Wychodzac na przeciw wspdtczesnym wyzwaniom dynamicznie
rozwijajacej si¢ medycyny regeneracyjnej i implantologii w ponizszej pracy
doktorskiej podjeta zostata proba opracowania innowacyjnego biomateriatu na
bazie biomedycznego stopu TNZ do zastosowan na implanty osteointegracyjne
o zwiekszonej biofunkcjonalnosci. Na podstawie przeprowadzonej analizy
literatury przyjeto w niniejszej dysertacji nastepujaca teze badawcza: istnieje
mozliwos$¢ poprawy biofunkcjonalnosci stopu TNZ poprzez wytworzenie na

jego powierzchni warstw nanorurek tlenkowych za pomoca anodowania.

Na podstawie tak sformulowanej tezy zostaly zaproponowane

nastepujace cele badawcze:

* opracowanie sposobu anodowego wytwarzania warstw nanorurek
tlenkowych pierwszej, drugiej i trzeciej generacji na powierzchni
biomedycznego stopu TNZ,

» charakterystyka wlasciwosci fizyko-chemicznych, biotribologicznych,
mikromechanicznych, elektronowych, bioelektrochemicznych,
biologicznych oraz chropowatosci powierzchni stopu TNZ przed i po
procesie anodowania,

* kontrola jakosci stopu TNZ przed i po procesie anodowania
w przyspieszonych badaniach korozyjnych w komorze solnej,

* zastosowanie wytworzonych warstw nanorurek tlenkowych na powierzchni

stopu TNZ jako potencjalny nosnik lekéw.
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2. Metody badawcze

Material badan w stanie wyjsciowym jak i po elektrochemicznej

modyfikacji powierzchni zostat scharakteryzowany za pomoca licznych metod

badawczych, ktore pozwolity na okreslenie miedzy innymi sktadu fazowego,

chemicznego, mikrostruktury oraz wplywu przeprowadzonej modyfikacji

powierzchni na biofunkcjonalnos¢ stopu TNZ. Zastosowano ponizsze metody

badawcze:

YV VYV V V VYV V VY V YV VYV V VYV V V VY V

VvV VYV V V VYV V

Skaningowa transmisyjna mikroskopia elektronowa (STEM)
Transmisyjna mikroskopia elektronowa (TEM)

Skaningowa mikroskopia elektronowa (SEM)

Spektroskopia dyspersji energii (EDS)

Mikroskopia sit atomowych (AFM)

Dyfrakcja rentgenowska w geometrii Bragga- Brentano (XRD)
Metoda statego kata padania wigzki pierwotnej (GIXRD)
Rentgenowska spektroskopia fotoelektrondéw (XPS)

Fourierowska spektroskopia ostabionego catkowitego odbicia
w podczerwieni (ATR-FTIR)

Badania biotribologiczne w roztworze Ringer’a

Badania mikrotwardosci metoda Vickers'a

Metoda potencjatu obwodu otwartego (OCP)

Metoda krzywych polaryzagcji

Elektrochemiczna spektroskopia impedangji (EIS)

Zlokalizowana elektrochemiczna spektroskopia impedancji (LEIS)
Skanujaca sonda Kelvina (SKP)

Wibrujaca elektroda skanujaca (SVET)

Przyspieszone badania korozyjne w sztucznej atmosferze obojetne;j
mgly solnej (test NSS)

Profilometria kontaktowa

Badania kata zwilZzania metoda siedzacej kropli

Badania wlasciwos$ci hemolitycznych

Badania adhezji komorek do podtoza

Badania cytotoksycznosci (test MTT)

Badania trombogennosci

Badania kinetyki uwalniania lekow
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3. Omdwienie prac wchodzgcych w cykl publikacyjny oraz przedstawienie

osiagnietych wynikow

Przeanalizowana literatura dotyczaca stopdéw tytanu stosowanych
obecnie w medycynie skupia si¢ na wyeliminowaniu toksycznych dodatkow
stopowych, takich jak wanad oraz aluminium. Uwalnianie jonow tych
pierwiastkow do organizmu czlowieka moze prowadzi¢ do wzrostu ilosci
zachorowan, min. na chorobe Alzheimera, neuropati¢, metaloze czy alergie.
W celu ograniczenia powyzszych probleméw zdrowotnych w ostatnich latach
rozpoczeto badania nad trzecia generacja stopow tytanu, ktére posiadajq
w swoim skladzie bardziej biokompatybilne pierwiastki, takie jak tantal, niob
czy cyrkon [1-3]. Stop TNZ nalezy do stopdw tytanu najnowszej generacji i jest
innowacyjnym biomaterialem o niskiej toksycznosci dla tkanek ludzkich.
Ponadto, zaletami tego stopu sa dobre wlasciwosci mechaniczne przy
stosunkowo matej gestosci (tab. 1), wysoka biokompatybilnos¢, bardzo dobra
odporno$¢ na scieranie oraz wysoka odpornos¢ na korozje elektrochemiczna
w Srodowisku biologicznym. Stop TNZ charakteryzuje sie tez jednym

z najnizszych modutéw Young’a [1,4].

Tabela 1. Wlasciwosci mechaniczne stopu TNZ [5].

Wyt tos¢ i
. Modut Young'a ytrzymalosc Granica , . | Wydtuzenie | Wspdtczynnik
Materiat E [GPa] na rozciaganie plastycznosci A [%] Poissona
Rm [MPa] Re [MPa] ° 01850
TNZ 79 1030 900 10-16 0,36

W oparciu o szerokie studia literaturowe jako material badan w niniejszej
dysertacji wybrano implantacyjny stop TNZ, ktory jest stosowany zaréwno

w medycynie regeneracyjnej jak i spersonalizowanej. Analizujac stan

dotychczasowych badarn nad doborem skladu chemicznego i fazowego
implantow wykonanych z tytanu lub jego stopow widocznym jest, ze osiagnieto
pewien pulap mozliwosci wplywania na wlasciwosci uzytkowe wyrobéw
medycznych produkowanych z pierwiastkdw metalicznych. Rozwigzaniem tego

problemu moze by¢ modyfikacja  powierzchni = bezwanadowych

i bezaluminiowych stopow tytanu, ktoéra zapewnia mozliwos¢ poprawy ich

biofunkcjonalnosci, a zwlaszcza wlasciwosci mechanicznych  oraz

osteokonduktywnych. Majac na uwadze, ze biomateriaty tytanowe sa stosowane

47



gléwnie jako implanty kostne, istotne znaczenie ma poprawa przebiegu
procesow laczenia ich powierzchni z koscig. Na podstawie przeprowadzonej
analizy literatury dotyczacej wielu metod modyfikacji powierzchni
biomateriatéw tytanowych w niniejszej rozprawie zastosowano anodowanie.
Metoda anodowania jako jedna z nielicznych zapewnia mozliwo$¢ wytwarzania
jednorodnych nanotubularnych struktur tlenkowych o zréznicowanych
parametrach morfologicznych w zaleznosci od zastosowanych warunkow
utleniania elektrochemicznego. Nowe, dodatkowo wytworzone porowate
warstwy NT moga wplywa¢ na przyspieszenie procesu osteointegracji,
ograniczenie ryzyka uwalniania szkodliwych jondw metali z powierzchni
implantu do organizmu i wystgpienia stanu zapalnego. Zgodnie z najnowszymi
trendami w implantologii, warstwy NT wytworzone na powierzchni wszczepow
osteointegracyjnych moga wspomagacd proces regeneracji poprzez stymulowanie
odbudowy tkanek otaczajacych wszczep oraz stanowi¢ nosnik substancji
leczniczych w inteligentnych systemach dostarczania lekéw. Wybor tej
elektrochemicznej metody modyfikacji powierzchni opierat si¢ tez na szeregu
zalet, takich jak szybkos¢ i prostota prowadzenia procesu, mozliwos¢ pracy
w temperaturze pokojowej, niski koszt, niewielkie wymagania aparaturowe oraz
rownomierna modyfikacja powierzchni implantu posiadajacego dowolny
ksztatt. Wada metody anodowania biomateriatow tytanowych jest praca z czesto
stosowanym do otrzymywania warstw NT roztworem zawierajacym kwas
fluorowodorowy, ktdry jest jednym z najbardziej zracych i toksycznych kwasoéw
nieorganicznych.

Wyniki badann dotyczacych opracowania nowatorskiego sposobu
wytwarzania warstw NT 1G, 2G i 3G na powierzchni samopasywnego stopu
TNZ przy uzyciu metody anodowania oraz ich szerokiej charakterystyki zostaly
opublikowane w jednotematycznym cyklu publikadji pt. ,, Anodowe wytwarzanie
i biofunkcjonalnos¢ warstw nanorurek tlenkowych na stopie Til3Nb13Zr” [D1-D10].

Artykut na temat “Electrochemical synthesis of oxide nanotubes on biomedical
Ti13Nb13Zr alloy with potential use as bone implant” [D1] dotyczyl opracowania
sposobu otrzymywania warstw NT 1G na podlozu stopu TNZ. Proces
elektrochemicznej modyfikacji powierzchni przy zastosowaniu metody
anodowania byl prowadzony w elektrolicie zwierajagcym 0,5% roztwdr kwasu
fluorowodorowego w temperaturze pokojowej. Anodowanie odbywalo sie przy
napieciu 20 V w czasie 120 min. Otrzymanie warstw NT 1G potwierdzily
charakterystyki przedstawiajace zaleznos¢ gestosci pradu anodowania od czasu,

na ktdérych widoczna byta typowa niecka tworzaca sie w pierwszych sekundach
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procesu anodowania ([D1] rys. 1b). Dobdér warunkéw procesu anodowania
pozwolit na uzyskanie jednorodnych i prostopadlych do podloza NT 1G
o $redniej Srednicy zewnetrznej 87(10) nm oraz sredniej Srednicy wewnetrznej
71(7) nm. Srednie wartodci $rednicy zewnetrznej i $rednicy wewnetrznej
wyznaczono w oparciu o histogramy rozkltadu empirycznego ([D1] rys. 3a i b).
Srednia dtugo$¢ uzyskanych NT wynosita 0,94(9) um, podczas gdy dostepna w
literaturze przedmiotu dlugos¢ nanorurek pierwszej generacji na tytanie
wynosita maksymalnie okoto 500 nm [6,7]. Morfologie powierzchni uzyskanych
warstw NT 1G na powierzchni stopu TNZ przedstawia zdjecie mikroskopowe
otrzymane metoda FE-SEM ([D1] rys. 2a) w ogdélnym widoku "z gory". Zdjecie
mikroskopowe ([D1] rys. 2b) uwidacznia dltugos¢ anodowych warstw NT 1G.
Zgodnie z doniesieniami literaturowymi anodowanie folii tytanowej
w roztworze 0,5% HF przy napieciach ponizej 20 V umozliwiato otrzymanie NT
o srednicy od 15 do 30 nm. Anodowanie prowadzone przy 20 V zapewnialo
otrzymanie NT o srednicy wewnetrznej okoto 76 nm [6].

Anodowe warstwy NT 1G otrzymane w zaproponowanych warunkach
elektrochemicznego utleniania poddano analizie powierzchniowego skladu
chemicznego metoda EDS. Widmo EDS ([D1] rys. 1a) wykazato obecnos¢ pikow
pochodzacych od sktadnikow stopowych w postaci Ti, Nb i Zr. Dodatkowo
stwierdzono obecno$¢ piku pochodzacego od tlenu, ktéry potwierdzit
wytworzenie warstewki tlenkowej na powierzchni stopu TNZ. Charakterystyka
strukturalna otrzymanych warstw NT 1G przeprowadzona metoda GIXD
wykazata obecnos¢ TiO: (rutyl), TiOsi TiO na podtozu dwufazowego (o + B)
stopu TNZ ([D1] rys. 4b). W badaniach chropowatosci powierzchni
zrealizowanych metoda AFM wyznaczono warto$¢ parametru Ra oznaczajacego
$rednig arytmetyczna rzednych profilu chropowatosci, ktéra w przypadku
warstwy NT 1G wynosita Ra = 64,8 nm ([D1] rys. 4a). Uzyskany wynik wskazuje
na ponad 15-krotne zwigkszenie chropowatosci powierzchni w poréwnaniu ze
stopem TNZ przed anodowaniem. Zastosowany do otrzymywania warstw NT
1G kwas fluorowodorowy jest agresywny, w zwigzku z czym trawil
i rozpuszczat wiekszos$¢ rosnacego tlenku, zapobiegajac tworzeniu si¢ dtugich
nanorurek podczas utleniania elektrochemicznego. Nalezy podkresli¢, ze
pomimo to w niniejszych badaniach w proponowanych nowych warunkach
anodowania mozna uzyska¢ dwukrotny wzrost dlugosci NT na stopie TNZ
w poréwnaniu z badaniami opisywanymi w literaturze [6]. Otrzymane

parametry morfologiczne warstw NT 1G zapewniaja dobre rokowania
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w badaniach in vitro tworzenia kosci i ekspresji gendw zwigzanych z tworzeniem
i przebudowa kosci w okresie osteointegragji [8,9].

Glownym osiagnieciem w przedstawionym artykule [D1] bylo
opracowanie nowatorskiego sposobu otrzymywania warstw NT 1G na
powierzchni stopu TZN przy zastosowaniu metody anodowania, ktdry
zapewnia wytwarzanie anodowych warstw charakteryzuja si¢ dlugoscia NT
ponad 2-krotnie wieksza w porownaniu do NT 1G opisanych w literaturze
i ponad 15-krotnie wieksza chropowatoscia powierzchni w odniesieniu do
stopu TNZ w stanie wyjsciowym.

Nowatorskie zastosowanie metody FEIS i LEIS do charakterystyki
impedancyjnej odpornosci korozyjnej in vitro anodowo wytworzonych warstw
NT 1G na powierzchni stopu TNZ stanowito podstawe opracowania publikacji
nt. "EIS and LEIS study on in vitro corrosion resistance of anodic oxide nanotubes on
Ti-13Zr-13Nb alloy in saline solution” [D2].

Warstwy NT 1G zostaly wytworzone zgodnie ze sposobem
zaproponowanym w [D1]. Morfologie powierzchni uzyskanych warstw NT
scharakteryzowano za pomocgq metody TEM ([D2] rys. 2 a i b), co pozwolito
wykazac¢ rownomierny rozktad gesto upakowanych NT o pojedynczych i bardzo
gladkich sciankach oraz ich wysoki stopient samoorganizacji. Obraz TEM
uzyskany dla pojedynczej nanorurki tlenkowej uwidocznit jej regularny ksztatt,
bez widocznego strzepienia w gdérnej czesci ([D2] rys. 2c). Dodatkowo wykazano,
ze przekrdj poprzeczny pojedynczej nanorurki tlenkowej posiadat ksztatt
cylindryczny.

Do charakterystyki fizyko-chemicznej stopu TNZ przed i po modyfikacji
elektrochemicznej zastosowano réwniez metode ATR-FTIR. Uzyskane wyniki
pozwolily na przypisanie poszczegdlnych grup funkcyjnych do konkretnych
obszarow o charakterystycznych pasmach absorpci w przypadku
nieanodowanego podloza oraz stopu TNZ wraz z warstwa NT 1G. Rejestracje
widm ATR-FTIR przeprowadzono w zakresie 4000-400 cm™ ([D2] rys. 3).
Uzyskano charakterystyczne pasma dla TiO:, ktére byly widoczne dla obydwu
badanych materialéw. Pik w zakresie 873-558 cm? dla warstwy NT 1G
wskazywat na obecnos¢ anodowego tlenku TiO2[10]. Pasma w zakresie 495-453
cm! odpowiadaly czestotliwosci TiO: w fazie rutylowej, co zostato potwierdzone
w ([D1] rys. 4b) za pomoca badant metodaq GIXD.

Wplyw przeprowadzonego procesu anodowania na odpornosé korozyjna
in vitro stopu TNZ w srodowisku soli fizjologicznej w temperaturze 37 °C

okre$lono w badaniach elektrochemicznych. W pierwszym etapie badan
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wyznaczono warto$¢ potencjalu obwodu otwartego (Eoc), ktdra dla elektrody
TNZ wynosita -42 mV(8) V a dla NT 1G -486 mV(24) V ([D2] rys. 4). Uzyskane
wyniki wskazuja, ze inicjacja korozji elektrochemicznej dla anodowanej
elektrody TNZ bedzie zachodzita szybciej ze wzgledu na porowatosc
powierzchni. Nastepnie zarejestrowane zostaly krzywe polaryzacji w waskim
zakresie potencjaldéw +50 mV wzgledem Eoc, ktore byly podstawq analizy przy
zastosowaniu metody ekstrapolacji prostych Tafela ([D2] rys. 5). W oparciu
o wyznaczone parametry odpornosci korozyjnej takie, jak potencjal korozyjny
(Ecor), gestos¢ pradu korozyjnego (jeor), katodowy wspotczynnik nachylenia
prostej Tafela (bc), anodowy wspotczynnik nachylenia prostej Tafela (ba), opor
polaryzacji (Rp) oraz szybkos¢ korozji (CR) w potencjale Ecor, przeprowadzono
ocene porownawcza badanych elektrod ([D2] tab. 1). Dla wytworzonych
bambusopodobych NT 1G Ecor wynosit -0,497(26) V, natomiast elektroda TNZ
w stanie wyjsciowym charakteryzowata si¢ wartoscia Ecr réwna 0,038(8) V, co
zostalo wyznaczone w [D4]. Takie zachowanie elektrochemiczne badanych
elektrod wskazuje na wyzsza odpornos¢ korozyjna elektrody nieanodowanej,
ktdérej powierzchnia jest pokryta samopasywna i ciagla warstwa tlenkowa
o silniejszych wtasciwosciach barierowych niz porowata warstwa NT 1G [11,12].
Wartosc¢ jeor dla elektrody z warstwa NT 1G na powierzchni jest okoto 15 razy
wieksza w poréwnaniu do jeor okreslonego dla nieanodowanego podloza
([D2] tab. 1). Wskazuje to na szybsze tempo rozpuszczania anodowej warstwy
NT 1G w poréwnaniu do natywnej warstwy tlenku utworzonej spontanicznie.
Nalezy jednak podkresli¢, Ze wyznaczona wartos¢ parametru CR dla obu
badanych elektrod jest na tym samym poziomie rzedu 10° mm/rok?. Wartosci
parametru bc i ba wyznaczono odpowiednio na podstawie réwnan (4) i (5).
Elektroda NT 1G charakteryzuje si¢ szybszym procesem anodowym
w poréwnaniu do elektrody TNZ ([D2] tab. 1). Na podstawie uzyskanych
wynikdw zaproponowany zostal mechanizm korozji elektrochemicznej
elektrody TNZ przed i po procesie anodowania, ktdry jest zgodny z pasywnym
rozpuszczaniem warstwy tlenkowej w warunkach beztlenowych [13].
Szczegbdtowy mechanizm i kinetyka korozji elektrochemicznej wraz
z pojemnosciowa charakterystyka badanej elektrody TNZ przed i po
wytworzeniu warstwy NT 1G byl charakteryzowany za pomoca
komplementarnej metody EIS. Na doswiadczalnych widmach EIS
zarejestrowanych przy Eoc w zakresie czestotliwosci od 50 kHz do 1 mHz
obserwowano jedna statg czasowq w obwodzie elektrycznym dla elektrody TZN,

co jest charakterystyczne dla tytanu i jego stopdw pokrytych samopasywna
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warstwa tlenkowa ([D2] rys. 6a), ([D2] rys. 7a). W przypadku elektrody NT 1G
na widmach EIS stwierdzono pojawienie si¢ dwdch stalych czasowych
w obwodzie elektrycznym wskazujace na porowata powierzchnie materiatu
([D2] rys. 6b), ([D2] rys. 7b). Dla obydwu rodzajow elektrod uzyskano wysokie
wartosci modutu impedancji |Z|:is0, ktére sa typowe dla materialéw
wykazujacych pojemnosciowe zachowanie i wysoka odpornos¢ na korozje [14].
Modelowanie fizyko-chemiczne otrzymanych charakterystyk impedancyjnych
przeprowadzono przy zastosowaniu koncepcji elektrycznych obwodow
zastepczych. Symulacje odpowiedzi elektrycznych obwodow zastepczych
i dopasowanie = parametrow obwoddéw do zarejestrowanych danych
impedancyjnych zrealizowano przy pomocy metody zlozonej nieliniowej
metody najmniejszych kwadratéw (ang. complex non-linear least squares, CNLS).
W procedurze dopasowania w miejsce kondensatora stosowano element stato-
fazowy (ang. constant phase element, CPE), ktorego impedancje opisano
w rownaniu (9). W przypadku elektrody TNZ zastosowano model elektrycznego
obwodu zastepczego dla korozji wzerowej samopasywnych metali i ich stopow
zawierajacy jeden element stalo-fazowy, dla ktdrego na diagramie Nyquista
obserwuje si¢ pojedyncze potkole ([D2] rys. 6a). Jako wynik dopasowania
uzyskano wartosci parametréw elektrycznego obwodu zastepczego, takich jak:
Ri oznaczajacy opor elektrolitu, CPE:-T stanowiacy parametr pojemnosciowy,
CPEi-¢ bedacy eksponentem CPE: zwigzanego z pojemnoscia warstwy
podwdjnej oraz R: odpowiadajacy oporowi przeniesienia fadunku przez granice
miedzyfazowq elektroda TNZ | samopasywna warstwa tlenkowa | elektrolit
([D2] tab. 2). W procedurze dopasowania dla elektrody NT 1G zastosowano
model elektrycznego obwodu zastepczego dla korozji wzerowej elektrod
metalicznych  pokrytych  porowata warstwg tlenkowa o budowie
dwuwarstwowej, w ktérym uwzglednione zostaly dwa elementy stato-fazowe,
ana diagramie Nyquista wystepuja dwa podtkola ([D2] rys. 6b). Wynikiem
dopasowania tego modelu do danych eksperymentalnych EIS byty wartosci
parametrow elektrycznego obwodu zastepczego ([D2] tab. 3). Parametry Ry,
CPE:-T, CPE1-¢ i R opisuja podtkole wysokoczestotliwosciowe i sa zwigzane
z obecnoscig zewnetrznej warstwy NT 1G o porowatej strukturze, natomiast
parametry CPE:-T, CPE2-¢ i Rs opisuja potkole niskoczestotliwosciowe, ktore
przypisane jest wewnetrznej warstwie tlenkowej o wtasciwosciach barierowych,
bezposrednio przylegajacej do podtoza elektrody TZN. W przypadku elektrody
TNZ z warstwa NT 1G na powierzchni opor przeniesienia tadunku zwigzany

z wewnetrzna warstwa tlenku wynosi Rs = 916(12) QO cm? i jest ponad 627 razy
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wigkszy w pordwnaniu z wartoscia R: przypisang oporowi przeniesienia
fadunku przez zewnetrzng warstwe tlenku ([D2] tab. 3). Zjawisko to moze
wynikac z faktu, Ze lokalne stezenie elektrolitu wewnatrz nanorurek tlenkowych
silnie wzrasta w porownaniu z pH elektrolitu, co nasila si¢ procesy korozyjne na
dnie nanorurek tlenkowych. Nieznaczne obnizenie odpornosci korozyjnej
elektrody TNZ po anodowaniu w odniesieniu do elektrody, ktora nie byta
poddana utlenianiu elektrochemicznemu wynika z porowatosci powierzchni
warstwy NT 1G, co potwierdzily wyniki badan lokalnej odpornosci korozyjnej
przeprowadzone za pomoca skaningowych metod elektrochemicznych, takich
jak LEIS i SVET. Wyniki otrzymane metoda LEIS w postaci map rozkladu
modutu impedancji i kata przesuniecia fazowego (¢) rejestrowanych przy Eoc
w roztworze soli fizjologicznej wykazaly niejednorodny rozklad wartosci
mierzonych parametréw dla elektrody NTZ w poréwnaniu do elektrody NT 1G
([D2] rys. 8). Przyczyna lokalnych fluktuacji wartosci |Z| i ¢ byla
prawdopodobnie nieréwnomierna grubos¢ naturalnej warstwy samopasywnej
na powierzchni biomedycznego stopu TNZ. Srednia wartoé¢ |Z| wyznaczona
dla nieanodowanej elektrody byla ponad 8 razy wieksza w pordéwnaniu do
elektrody po modyfikacji elektrochemicznej. Dla elektrody TNZ w stanie
wyjsciowym $rednia wartos$¢ | Z| wynosita 20,3 kQ cm?, a dla elektrody NT 1G
byta rowna 2,5 kQ cm?. Efekt ten byt zwiazany z tworzeniem si¢ porowatej
warstwy NT 1G jako zewnetrznej czesci warstwy pasywnej.

Do pomiaru lokalnego przeptywu pradu nad powierzchnia badanych
materialdéw w roztworze soli fizjologicznej zastosowano metode SVET. Wyniki
uzyskane w postaci map rozktadu gestosci pradu jonowego wykazaly, iz srednia
warto$¢ gestosci pradu jonowego (j) okreslona dla stopu TNZ w stanie
wyjsciowym wynosita 81 pA cm™ i byla okoto 2 razy wigksza w poréwnaniu
z wartoscia j dla warstwy NT 1G ([D2] rys. 9). Zaobserwowana roéznica
w wartosciach  gestosci pradu anodowego wskazywata, ze proces
elektrochemicznego utleniania byl szybszy/latwiejszy na nieanodowanej
powierzchni stopu TNZ w poréwnaniu do materiatu, na ktérym warstwa tlenku
zostata juz utworzona. Dowodzilo to, ze latwiej jest utleni¢ samopasywna
powierzchnie stopu TNZ niz pogrubi¢ juz wytworzona anodowa warstwe
tlenku. Srednia warto$¢ nieregularnoéci gestoéci pradu okreslona dla stopu TNZ
przed i po anodowaniu wynosita odpowiednio okoto 10 HA cm?21i 9 pA cm?, co
sugerowalo, ze zard6wno badany stop w stanie wyjsciowym jak i po utlenianiu
elektrochemicznym, charakteryzowat si¢ jednorodnym rozkladem wartosci

gestosci pradu jonowego. W badaniach potencjodynamicznych zaréwno dla
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samopasywnej elektrody TNT jak i z uformowanymi jednosciennymi NT 1G nie
stwierdzono ich podatnosci na korozje wzerowa az do potencjatu 9,4 V,
potwierdzajac tym samym wysoka odpornosc na korozje w roztworze 0,9% NaCl
(ID2] rys. 10).

Osiagniecie w przedstawionym artykule [D2] stanowi nowatorskie
zastosowanie metody EIS, LEIS i SVET do okreslenia mechanizmu i kinetyki
korozji wzerowej stopu TNT oraz nowoopracowanych warstw NT 1G
otrzymanych na jego powierzchni w S$rodowisku biologicznym oraz
wykazanie braku podatnosci na korozje wzerowa badanych biomaterialow do
potencjalu 9,4 V w roztworze soli fizjologicznej, co pozwala rekomendowac je
do zastosowan na implanty dlugoterminowe.

Uzyskane wstepne wyniki dotyczace wytwarzania warstw 1G NT na
powierzchni stopu TNT przyczynily sie¢ do podjecia dalszych prac nad
otrzymaniem warstw NT 2G, ktore byly przedmiotem badan w artykule
"Electrochemical formation of self-organized nanotubular oxide layers on Til3Zr13Nb
alloy for biomedical applications” [D3].

Celem badan podjetych w powyzszej publikacji byta préba wytworzenia
warstw NT 2G na powierzchni stopu TNT w nowych warunkach anodowania.
Na podstawie doniesien literaturowych zostal wytypowany elektrolit oraz
zawarto$¢ jonow fluorkowych. Proces anodowania byl prowadzony
w roztworze 1M (NH4):SO: z dodatkiem 1% wag. NHs«&F w temperaturze
pokojowej. Napiecie procesu utleniania elektrochemicznego wynosito 20 V a czas
120 min. Zmiana elektrolitu z roztworu kwasu fluorowodorowego na roztwor
soli nieorganicznej z dodatkiem jondéw fluorkowych skutkowata uzyskaniem
jednorodnych i jednosciennych NT 2G o innych parametrach morfologicznych
w poréwnaniu do NT 1G. Zaproponowane nowe warunki anodowania
pozwolily na wytworzenie jednosciennych NT o S$rednicy wewnetrznej
mieszczacej sie¢ w zakresie od 12 - 32 nm jak okreslono w badaniach
mikroskopowych przy zastosowaniu metody STEM ([D3] rys. 1).

Powierzchniowy sklad chemiczny wytworzonych warstw NT 2G
analizowano metoda EDS. Widoczna na widmie EDS obecnos¢ piku
pochodzacego od tlenu wskazuje na obecno$¢ warstwy tlenkowej na
powierzchni stopu TNT ([D3] rys. 2). Analiza otrzymanego widma EDS
wykazata rowniez obecnos¢ pikéw pochodzacych od sktadnikow stopu (Ti, Nb,
Zr). Zastosowanie mniej agresywnego elektrolitu w poréwnaniu do 0,5% HF
pozwolilo na uzyskanie warstw NT 2G, ktérych charakterystyka strukturalna

przeprowadzona metoda GIXD wykazata obecnos¢ TiO: o strukturze rutylu
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([D3] rys. 3). W badaniach porownawczych chropowatosci powierzchni stopu
TNT przed i po anodowaniu przy zastosowaniu metody AFM wykazano, ze
wartos¢ parametru Ra. dla nieanodowanego podloza wynosita 4,3 nm
([D3] rys.4), co swiadczyto o bardzo gladkiej morfologii powierzchni.
W przypadku badanego stopu po procesie anodowania w proponowanych
warunkach stwierdzono ponad 20-krotny wzrost chropowatosci powierzchni
w poréwnaniu do stopu TNZ przed utworzeniem warstwy NT 2G ([D3] rys. 5).
Wyznaczony wspolczynnik Ra dla anodowanego stopu TNT wynosit 92,9 nm.
Uzyskane wyniki pozwolily na zaproponowanie mechanizmu formowania NT
2G w zastosowanym elektrolicie zawierajacym jony fluorkowe ([D3] rys. 6).
Dyskutowany mechanizm jest zgodny 2z doniesieniami literaturowymi
dotyczacymi wytwarzania NT na powierzchni tytanu [15]. Proces wytwarzania
nanotubularnych struktur tlenkowych 2G na stopie TNZ metoda anodowania
wymaga obecnosci samopasywnej warstwy tlenkowej, ktéra po przytozeniu
odpowiednio wysokiego napiecia do anody wskutek procesu utleniania
elektrochemicznego poczatkowo jest pogrubiana, a nastepnie w wyniku
rozpuszczania ulega peknigeciom, ktére wraz z wydtuzaniem czasu anodowania
poglebiaja sie az do powstania nanoporéw. W kolejnym etapie nastepuje wzrost
poréw i granic miedzy nimi, a nastepnie formowanie catkowicie rozwinietej
warstwy nanorurek na powierzchni stopu TNZ. Istota powstawania struktur
nanorurkowych jest odpowiednie stezenie jonow fluorkowych w elektrolicie,
ktdre tatwo si¢ adsorbuja w zagtebieniach powierzchni i powoduja jej trawienie
a w konsekwengji pojawianie si¢ wyodrebnionych granic miedzy nanorurkami
[16]. W obecnosci jondw fluorkowych ([D3] rys. 7b) zgodnie z reakcja (2)
powstaja rozpuszczalne w wodzie kompleksy TiFg™ [D3]. Ze wzgledu na maty
promien jonowy, jony fluorkowe przechodza przez warstewke tlenkowa
w wyniku przylozonego pola elektrycznego.

Gléwnym osiagnieciem w przedstawionym artykule [D3] bylo
opracowanie nowatorskiego sposobu otrzymywania warstw NT 2G na
powierzchni  implantacyjnego stopu TNZ metoda anodowania
w zaproponowanych warunkach, ktore zapewniaja ponad 20-krotny wzrost
chropowatosci powierzchni w pordwnaniu do samopasywnego stopu TNZ, co
moze odgrywac kluczowa role w poprawie procesu osteointegracji.

Charakterystyka odpornosci korozyjnej in vitro otrzymanych warstw NT 2G
na powierzchni biomedycznego stopu TNZ byta przedmiotem badan
w kolejnym artykule pt. “Evaluation of corrosion resistance of nanotubular oxide

layers on the Til3Zr13Nb alloy in physiological saline solution” [D4]. Anodowe
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warstwy NT 2G o strukturze rutylu zostaly wytworze w procesie utleniania
elektrochemicznego zgodnie ze sposobem opisanym w publikacji [D3].
Obecnos¢  otrzymanych  warstw  tlenkowych  potwierdzona  zostata
w obserwacjach mikroskopowych wykonanych metoda STEM i SEM. Oceneg
wplywu zastosowanej modyfikacji powierzchni na odpornos¢ korozyjna stopu
TNZ w roztworze soli fizjologicznej w temperaturze 37 °C przeprowadzono
w oparciu o badania elektrochemiczne przy uzyciu metody OCP i krzywych
polaryzacji oraz zmiennopradowej metody EIS. Parametry odpornosci
korozyjnej w postaci Ecor, jeor, Rp, be, ba i CR W Ecor wyznaczone zostaly na
podstawie krzywych polaryzacji zarejestrowanych w oknie potencjatu +50 mV
wzgledem FEoc przy zastosowaniu metody ekstrapolacji prostych Tafela
([DA4] rys. 2). Widocznym byto, ze dla elektrody TNZ po procesie anodowania
Ecwr byl nieznacznie przesuniety w kierunku potencjaléw anodowych
i zaobserwowano wzrost wartosci jor W poréwnaniu z odpowiednimi
parametrami wyznaczonymi dla elektrody niemodyfikowanej ([D4] tab. 1).
Oznacza to, iz proces korozji elektrochemicznej na elektrodzie z obecng warstwa
NT 2G na powierzchni bedzie rozpoczynac sie¢ pozniej. Mniejsza wartos¢ Rp
i wigksze zuzycie materialu w skali roku wyrazone parametrem CR
w przypadku anodowanej elektrody mozna wytlumaczy¢ obecnoscia porowatej,
nanotubularnej struktury tlenkowej. Proces korozji wewnatrz nanorurek bedzie
przebiegat szybciej ze wzgledu na lokalng zmiane pH elektrolitu. Jednak
obecnos¢ barierowej warstwy tlenkowej $SciSle przylegajacej do podtoza
zapewnia wysoka odporno$¢ korozyjng anodowanej elektrody. Wyniki
uzyskane przy zastosowaniu pomiaréw stalopradowych potwierdzaja, Zze stop
TNZ w stanie wyjsciowym charakteryzuje si¢ nizsza odpornoscig na korozje
elektrochemicznag w poréwnaniu do stopu z wytworzong warstwa NT 2G na
powierzchni, co jest spojne z danymi literaturowymi, wedlug ktérych obecnos¢
nanotubularnych struktur tlenkowych na tytanie i jego stopach zwigksza
odpornos¢ korozyjna w srodowisku biologicznym [16,17].

Wyniki badant EIS wykazaly pojemnosciowe zachowanie elektrody TNZ
zarowno przed jak i po procesie anodowania oraz wysokie wartosci modutu
impedangji, co jest typowym zachowaniem dla metalicznych elektrod z obecna
warstwa tlenkowa na powierzchni w roztworach zawierajacych chlorki [11]. Na
wykresie Nyquista dla elektrody TNZ przed anodowaniem zaobserwowano
jedno poétkole w catym zakresie badanych czestotliwosci, a w przypadku
elektrody poddanej modyfikacji powierzchni widoczne byly dwa pdétkola, gdzie
$rednica pierwszego podtkola zarejestrowana przy wysokich czestotliwosciach
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byla znacznie wigksza niz srednica drugiego potkola obecnego przy niskich
czestotliwosciach. ([D4] rys. 3). Uzyskane zaleznosci logarytmu modutu
impedangji w funkgji logarytmu czestotliwosci dla badanych elektrod wykazaty
obnizenie wartosci |Z| przy niskich czestotliwosciach w przypadku elektrody
TNZ przed anodowaniem, co swiadczylo o jej nizszej odpornosci korozyjnej
w poréwnaniu do elektrody po anodowaniu ([D4] rys. 5). Na diagramach Bode
ilustrujacych zaleznos¢ kata przesuniecia fazowego w funkcji logarytmu
czestotliwosci wykazano obecno$¢ jednej stalej czasowej w obwodzie
elektrycznym dla elektrody TNZ w stanie wyjsciowym, podczas gdy dla
anodowanej elektrody widoczne byly dwie state czasowe ([D4] rys. 6). Ksztatt
otrzymanych widm FEIS wskazywal na typowe zachowanie impedancyjne
samopasywnej elektrody metalicznej w przypadku niemodyfikowanego stopu
TNZ oraz elektrody porowatej dla stopu z wytworzona warstwa NT 2G.
Szczegotowy mechanizm i kinetyke korozji elektrochemicznej badanych elektrod
okreslono przy zastosowaniu modelowania fizyko-chemicznego opartego na
koncepgji elektrycznych obwodow zastepczych. Do interpretacji uzyskanych
charakterystyk impedancyjnych zaproponowano model dla korozji wzerowej
stopu tytanu pokrytego warstwa tlenkowa w roztworze zawierajacym
agresywne jony chlorkowe. W zastosowanym modelu zatozono obecnos¢
warstwy tlenkowej utworzonej na powierzchni elektrody TNZ w procesie
spontanicznej pasywacji oraz warstwy NT 2G zbudowanej z porowatej warstwy
zewnetrznej oraz ciaglej warstwy wewnetrznej przylegajacej bezposrednio do
powierzchni elektrody TNZ poddanej utlenianiu elektrochemicznemu. Do
symulacji elektrycznych obwoddéw zastepczych i dopasowania parametrow
obwoddw do eksperymentalnych widm EIS zastosowano metode CNLS oraz
CPE, ktérego impedancja zostala opisana réwnaniem (2). Wynikiem
dopasowania elektrycznego obwodu zastepczego do widm EIS otrzymanych dla
elektrody TNZ przed anodowaniem byl parametr Rs przypisany do oporu
elektrolitu, Rox zwigzany z oporem przeniesienia fadunku przez granice
miedzyfazowa samopasywna warstwa tlenkowa | elektrolit oraz parametry
CPE-Ta i CPE-¢a bedace odpowiednio parametrem pojemnosciowym
i eksponentem CPE zwigzanym z pojemnoscia warstwy podwdjnej ([D4] tab. 2).
Wynikiem  dopasowania  elektrycznego  obwodu  zastepczego  do
eksperymentalnych widm EIS uzyskanych dla anodowanej elektrody TNZ byty
parametry w postaci Ri, CPE-T:, CPE-¢: i R, ktore opisywaly potkole przy
wysokich czestotliwo$ciach i byly przypisane do zewnetrznej czesci warstwy NT

2G oraz parametry, takie jak CPE-Tv, CPE-¢v i Ro, ktore opisywaty potkole przy
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niskich czestotliwos$ciach i byly przypisane do barierowej warstwy tlenkowej
w wewnetrznej czesci warstwy NT 2G ([D4] tab. 3). Uzyskane wyniki wskazaly,
ze warto$¢ parametru kinetycznego Rox wyniosta 1,01 k() cm?i byta nieznacznie
mniejsza w odniesieniu do wartosci Rt wynoszacej 1,03 k() cm? oraz znaczaco
wyzsza w pordwnaniu do wartosci Re rownej 0,707 kQ cm? Oznacza to, ze
kinetyka korozji elektrochemicznej warstwy barierowej stanowiacej wewnetrzna
czes¢ warstwy NT 2G byla wolniejsza w poréwnaniu do kinetyki korozji
samopasywnej warstwy tlenkowej. Warto zaznaczy¢, ze wyniki uzyskane
metoda EIS byly zgodne z wynikami uzyskanymi metoda ekstrapolacji prostych
Tafela ([D4] tab. 1).

Gléwnym osiagnieciem naukowym w przedstawionym artykule [D4]
bylo wykazanie wplywu zastosowanej modyfikacji powierzchni przy
wykorzystaniu metody anodowania na poprawe odpornosci korozyjnej
biomedycznego stopu TNZ w symulowanym srodowisku ciala ludzkiego.

Kolejne badania podjete w dysertacji dotyczyly okreslenia wptywu
wzrostu stezenia jonéw fluorkowych w elektrolicie stosowanym w procesie
anodowania na morfologie warstw NT 2G otrzymanych na powierzchni
biomedycznego stopu TNZ, co zostalo przedstawione w artykule pt.
"Electrochemical formation of second generation TiO: nanotubes on Til13Nb13Zr alloy
for biomedical applications” [D5]. Na podstawie dokonanego przegladu literatury
oraz wstepnych badan wlasnych zaproponowano w powyzszej pracy nowy
sktad elektrolitu o podwyzszonej zawartosci jonow fluorkowych. Utlenianie
elektrochemiczne przeprowadzono w roztworze 1M (NH4)250s z dodatkiem 2%
wag. NHsF. Napiecie procesu anodowania wynositlo 20 V a czas 120 min.
Dodatek jonéw fluorkowych, ktérych Zréditem byt fluorek amonu odpowiadat za
wytwarzanie bardziej jednorodnych nanorurek o podobnej $rednicy
w poréwnaniu z niejednorodnymi nanorurkami otrzymywanymi dotychczas
z innych elektrolitéw o mniejszej zawartosci jonéw fluorkowych ([D5] rys. 2).
W badaniach za pomoca metody FE-SEM wykazano, ze zaproponowane nowe
warunki anodowania pozwolily na uzyskanie jednosciennych nanorurek
o $redniej $rednicy zewnetrznej rownej 103(16) nm oraz sredniej srednicy
wewnetrznej wynoszacej 61(11) nm. Srednie wartoéci $rednic otrzymanych
nanorurek byly wyznaczone na podstawie histogramow rozktadu empirycznego
([D5] rys. 3). Stwierdzono, ze zwiekszona zawartos¢ jonow fluorkowych
w elektrolicie na bazie siarczanu amonu przy zastosowaniu takich samych
warunkOéw napieciowo-czasowych spowodowata blisko dwukrotny wzrost

$redniej $rednicy wewnetrznej NT 2G w poréownaniu do $redniej $rednicy
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wewnetrznej NT 2G otrzymanej na powierzchni stopu TNZ w publikagji [D3].
Srednia dtugo$é NT otrzymanych w elektrolicie o zwigkszonej zawartosci jonéw
fluorkowych zostata oszacowana na poziomie 3,9(2) um ([D5] rys. 2).

Wytworzone anodowe warstwy NT 2G scharakteryzowano w badaniach
strukturalnych przeprowadzonych metoda GIXD, a uwidocznione halo
amorficzne na dyfraktogramie wskazato na rentgenowsko amorficzny charakter
otrzymanych NT ([D5] rys. 1). Co istotne, zwigkszenie zawartosci jonow
fluorkowych w elektrolicie spowodowalo zmiane struktury uzyskanych warstw
NT 2G. Warstwy NT 2G otrzymane z elektrolitu zawierajacego dodatek tylko
1% wag. NH4F wykazaty obecnos¢ TiO: o strukturze rutylu ([D3] rys. 3).

Glownym osiagnieciem naukowym w publikacji [D5] bylo wykazanie
wplywu zwiekszenia stezenia jonow fluorkowych w elektrolicie na bazie
siarczanu amonu na wzrost parametrow morfologicznych warstw NT 2G
otrzymanych metoda anodowania na powierzchni stopu TNZ. Opracowany
sposob elektrochemicznej modyfikacji powierzchni implantacyjnego stopu
TNZ zapewnia mozliwos¢ zwiekszenia powierzchni wlasciwej oraz
ksztaltowania struktury warstw NT 2G, co moze wplywac na poprawe procesu
osteointegracji.

Charakterystyka wplywu anodowania na wlasciwosci
bioelektrochemiczne in vitro implantacyjnego stopu TNZ zostata przedstawiona
w pracy pt. “In vitro bioelectrochemical properties of second-generation oxide nanotubes
on Ti—13Zr-13Nb biomedical alloy” [D6].

Proces anodowania byt prowadzony zgodnie ze sposobem opisanym
w pracy [D4]. Lokalny sklad chemiczny wuzyskanej warstwy NT 2G
scharakteryzowano przy uzyciu metody EDS. Na widmie EDS zaobserwowano
obecnos¢ pikéw pochodzacych od Ti, Nb i Zr jako sktadnikéw stopowych
([D6] rys. 5a). Zidentyfikowano rowniez pik o wysokiej intensywnosci
pochodzacy od tlenu, ktérego obecnos¢ swiadczyla o wytworzeniu warstwy
tlenkowej. Analiza uzyskanego widma EDS ujawnila tez S$ladowe ilosci
pierwiastkow zawartych w elektrolicie stosowanym do anodowania (F, Cl),
ultracienkiej warstwie zastosowanej w celu poprawy przewodnosci testowanej
probki (Cr) i zanieczyszczen (C). Otrzymane mapy EDS rozktadu pierwiastkow
potwierdzily rownomierne rozmieszczone zidentyfikowanych pierwiastkow na
powierzchni warstwy NT 2G w badanym mikroobszarze ([D6] rys. 5b).

Pomiary potencjatu zeta (C) byly prowadzone dla stopu TZN przed i po
anodowaniu naprzemiennie w obu kierunkach przeplywu elektrolitu.

Stosowano wodne roztwory KCl, soli fizjologicznej buforowanej fosforanem
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(PBS) i sztucznej krwi, ktore charakteryzowaly sie rdzna sila jonowa i pH
w zakresie 3-9. Wykazano doswiadczalnie liniowa zaleznos¢ pradu
strumieniowego od zastosowanej roznicy cisnien o wspodtczynniku regres;ji
liniowej R? rownym 0,99 ([D6] rys. 6). Stwierdzono réwniez zaleznos$¢ liniowa
pomiedzy szybkoscig przeptywu elektrolitu i cisnieniem, ktora wskazywata na
przeptyw laminarny ([D6] rys. 7). Potencjat zeta dla stopu zarowno przed jak i po
wytworzeniu warstw NT 2G byt wyznaczony w obecnosci roztworu KCI. Dla
nieanodowanego stopu TNZ wyznaczono punkt izoelektryczny (IEP) na
poziomie 4,2. Wartos¢ ta jest typowa dla hydrofobowej powierzchni, nie
wykazujacej w ogodle obecnosci grup funkcyjnych lub charakteryzujacej sie
obecnoscia tylko nielicznych grup funkcyjnych [18]. Wytworzenie amorficznych
warstw NT 2G na powierzchni stopu TNZ spowodowalo przesuniecie IEP do
wartosci 5,4, ktora jest obserwowana dla powierzchni o wlasciwosciach
hydrofilowych ([D6] rys. 8). Dodatkowo poréwnano wptyw réznych roztwordw
buforowych o pH 7,4 na potencjal zeta stopu TNZ przed i po anodowaniu
([D6] rys. 9). Uzyskane wyniki wykazaty wzrost C dla stopu TNZ z warstwg NT
2G na powierzchni, co moglo by¢ zwigzane z silnym oddzialywaniem jonow
fosforanowych z powierzchnia amorficznego tlenku. Dla stopu w stanie
wyjsciowym nie zaobserwowano zmian w wartosci (. Inne zachowanie
zaobserwowano w roztworze sztucznej krwi, w ktérym stwierdzono
zmniejszenie wartosci ujemnego potencjatlu zeta dla wszystkich badanych
probek. Stwierdzono, ze jony zlozone zawarte w sztucznej krwi wykazuja
wieksze powinowactwo do powierzchni hydrofobowych niz hydrofilowych [18].
Wykazano tez, ze jony zawarte w symulowanym pltynie ustrojowym
adsorbowaty sie na powierzchni stopu TNZ zaréwno przed jak i po anodowaniu
([D6] rys. 10). Warto jednak zauwazy¢, ze wplyw symulowanego ptynu
ustrojowego byl mniejszy w przypadku nieutlenionego stopu TNZ. Znajomos¢
C zwigzanego z fadunkiem powierzchniowym na granicy faz biomateriat
| elektrolit pozwala¢ bedzie na przewidywanie biologicznej odpowiedzi
organizmu na wszczepiony implant i wulatwi projektowane nowych
biomateriatow.

W dalszych badaniach scharakteryzowano wplyw anodowania na
odporno$¢ korozyjna in vitro stopu TNZ w symulowanym plynie ustrojowym.
Metoda OCP okreslono wstepng odpornos¢ elektrody TNZ przed i po
anodowaniu na korozje elektrochemiczna w warunkach bardzo zblizonych do
warunkow in vivo, ktore panuja w ludzkim ciele. Wartosci Eoc wyznaczono

w roztworze PBS o fizjologicznym pH 7,4 oraz pH 5,5 w temperaturze 37 °C.
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Kwasny roztwér PBS symulowat w pomiarach elektrochemicznych stan zapalny
pojawiajacy si¢ w organizmie po zabiegu implantacji. Wszystkie wyznaczone
wartosci Eoc dla obydwu badanych elektrod byly ujemne. Nieanodowana
elektroda TZN wykazala mniejsza odpornos¢ na korozje w PBS w poréwnaniu
z elektroda po anodowaniu, zarowno w obojetnym jak i kwasnym elektrolicie.
Taki charakter zmian w wartosci Eoc wskazywal na zmniejszenie tendencji
termodynamicznej do korozji elektrochemicznej elektrody TNZ z wytworzona
warstwa NT 2G. Najmniejsza odpornos¢ korozyjna wykazano dla
nieanodowanej elektrody TZN w roztworze PBS o pH 5,5, dla ktorej srednia
warto$¢ Eoc wynosita -0,513(30) V. Oznaczalo to, ze wzrost zawartosci
agresywnych jondw chlorkowych w elektrolicie przyspieszyl proces korozji.
Najwieksza srednia wartos¢ Eoc wynoszaca -0,397(19) V zostala wyznaczona dla
elektrody TNZ po anodowaniu w roztworze PBS o pH 7,4, co swiadczylo o tym,
ze otrzymana anodowa warstwa NT 2G wykazata silniejsze wlasciwosci
barierowe w poréwnaniu do natywnej warstwy tlenkowej ([D6] rys. 11).
Wplyw anodowania na podatno$¢ na korozje wzerowa stopu TNZ
okreslony zostal w pomiarach potencjodynamicznych. Otrzymane anodowe
krzywe polaryzacji przedstawione w postaci potlogarytmicznej wykazaty
podobny przebieg dla obydwu rodzajow badanych elektrod z widocznym
pasywnym zachowaniem ([D6] rys. 12a). Obserwowano przesunigcie
anodowych krzywych polaryzagji otrzymanych zaréwno dla nieanodowanej, jak
i anodowanej elektrody TNZ w kierunku potencjaléw katodowych w kwasnym
roztworze PBS, co $wiadczylo o zmniejszeniu odpornosci badanych elektrod
w poréwnaniu do wynikéw uzyskanych w roztworze PBS o fizjologicznym pH.
Przyczyna takiego anodowego zachowania badanych elektrod byl wzrost
agresywnosci srodowiska korozyjnego. Z drugiej strony mozna bylo zauwazy¢,
ze wytworzenie warstwy NT 2G o amorficznej strukturze spowodowato
pozadane przesuniecie anodowych krzywych polaryzacji w kierunku
potencjaléw anodowych zaréwno w fizjologicznym, jak i kwasnym roztworze
PBS w poréwnaniu z nieanodowang elektroda TNZ ([D6] rys. 12b). Wykazano,
ze w badanym zakresie potencjaldow z limitem potencjalu anodowego
wynoszacym 9,4 V nie nastapito przebicie warstw tlenkowych do podioza
w roztworze PBS o pH 7,4 i 5,5, co $wiadczylo o braku podatnosci na korozje
wzerowa elektrody TNZ zarowno przed, jak i po anodowaniu. Uzyskane wyniki
$wiadcza o wysokiej odpornosci korozyjnej badanych biomaterialéw
w Srodowisku biologicznym zawierajacym jony chlorkowe, ktére moga by¢

proponowane do produkgcji dtugoterminowych implantéw.
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Gléwnym osiagnieciem naukowym w publikacji [D6] bylo wykazanie
wplywu zastosowanego procesu anodowania na poprawe wlasciwosci
bioelektrochemicznych in wvitro stopu TNZ. Wykazany zostal wplyw
anodowania na potencjal zeta stopu TNZ oraz mozliwos¢ otrzymania
hydrofilowej powierzchni warstw NT 2G. Wykazano réwniez wplyw
anodowania na poprawe odpornosci stopu TNZ na korozje wzerowa
w srodowisku biologicznym w wyniku wytworzenia amorficznych warstw
NT 2G.

Uzyskane perspektywiczne wyniki badan dotyczacych wytwarzania
warstw NT 1G i 2G na powierzchni stopu TNZ metodq anodowania przyczynity
sie¢ do podjecia prac nad otrzymaniem warstw NT 3G, ktore byly przedmiotem
badan w publikagji pt. “Production and characterization of the third-generation oxide
nanotubes on Ti-13Zr-13Nb alloy” [D7]. Artykul ten dotyczyt opracowania
sposobu otrzymywania warstw NT 3G na powierzchni stopu TNZ na drodze
anodowania w nowych warunkach elektrochemicznych. Z szeregu elektrolitow
stosowanych do wytwarzania warstw NT 3G na tytanie i jego stopach wybrano
elektrolit na bazie 1M glikolu etylenowego, ktéry charakteryzowat sie wieksza
gestoscia w poréwnaniu do elektrolitow uzywanych do otrzymywania warstw
NT 1G oraz 2G. Jako Zrodto jonow fluorkowych zastosowano dodatek w postaci
4% wag. NH4F. Anodowanie bylo prowadzone przy napieciu 5-35 V przy statym
czasie procesu wynoszacym 120 min. Charakterystyki pradowe zarejestrowane
w procesie anodowania stopu TNZ w funkcji czasu w elektrolicie 1M C2HeO2
+4% wag. NHsF wykazaty, ze wzrost napigcia anodowania w zakresie od 5 do
35 V powodowal wzrost gestosci pradu anodowego ([D7] rys. 2a). Ksztatt
uzyskanych krzywych nie byl podobny do charakterystyk pradowych
obserwowanych w procesie anodowego wytwarzania nanotubularnych struktur
tlenkowych na tytanie w elektrolicie glikolu etylenowego bez i z dodatkiem 0,13—
1% wag. wody w obecnosci jondw fluorkowych [19]. Przebieg gestosci pradu
anodowego jako funkcji czasu wykazal podobienstwo do charakterystyk
pradowych zaobserwowanych w procesie anodowania elektrody TNZ
w elektrolicie 0,5% wag. HF (D1 rys. 1b). Zaobserwowano poczatkowe
zmniejszenie gestosci pradu anodowego a nastepnie jej wzrost przed
osiagnieciem wartosci odpowiadajacej quasi-ustalonemu stanowi. Na podstawie
uzyskanych wynikoéw dla pierwszych 80 s anodowania stwierdzono, ze warunki
quasi-ustalone byly osiagane szybciej wraz ze wzrostem napigcia anodowania
([D7] rys. 2b). Taki ksztalt charakterystyk pradowych byl zwiazany z réznymi

stadiami procesu tworzenia poréw na powierzchni stopu TNZ. W pierwszym
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etapie anodowania powstala warstwa tlenkowa o silnych wlasciwosciach
barierowych, ktorej obecnos¢ byla potwierdzona przez spadek gestosci pradu
anodowego. W nastepnym etapie powierzchnia tlenku bylta lokalnie
rozpuszczana z powodu aktywnosci jonéw fluorkowych, a utworzone losowo
pory zwiekszaly swoja wielkos¢. W wyniku wzrostu poréw powierzchnia
aktywna byla zwigkszana, co powodowalo wzrost gestosci pradu anodowego.
W ostatnim etapie powstale pory dzielily dostepny prad rownomiernie miedzy
soba i nastepowat proces samoorganizacji w warunkach stanu quasi-ustalonego.
Mechanizm otrzymywania NT 3G na dwufazowym stopie TNZ szczegdtowo
opisano za pomoca reakgcji elektrochemicznych (1-5). W mechanizmie tym jony
fluorkowe obecne w elektrolicie tworza z Ti, Nb oraz Zr rozpuszczalne w wodzie
kompleksy zgodnie z reakcjami (1-3). Przytozone napiecie do anody powoduje
migracje jondw F- w glab utworzonej warstwy tlenkowej, co opisuje reakcja (4).
Proces, ktory konczy ciag reakcji zachodzacych w elektrolicie stanowi reakcja
uwalniania tlenu z wody zgodnie z reakcja (5).

W badaniach SEM mikrostruktury stopu TNZ poddanego trawieniu
w roztworze Kroll’a zaobserwowano charakterystyczne "igly" martenzytyczne
pochodzace od fazy a — Ti, ktore byly ulozone w réznych kierunkach i osadzone
w matrycy stanowiacej faze B — Ti ([D7] rys. 3a). Obserwacje mikrostruktury
stopu TNZ anodowanego przy napieciu 5 V ujawnily obecnos¢ warstwy
tlenkowej o stabo rozwinietej morfologii powierzchni, ktéra charakteryzowata
si¢ brakiem nanorurkowej struktury ([D7] rys. 3b). Stwierdzono, ze zwigkszenie
napigcia anodowania do 10 V spowodowalo uzyskanie porowatej powierzchni
warstwy tlenkowej, ktéra ulegta intensywnemu pekaniu i zwigkszyta grubosé,
jednak obecnos¢ nanorurek tlenkowych nadal nie byta widoczna ([D7] rys. 3c).
Obrazy SEM mikrostruktury stopu TNZ anodowanego w zakresie napie¢ od 15
do 35 V potwierdzily obecnos¢ warstw NT 3G ([D7] rys. 4). Otrzymano
jednoscienne NT o eliptycznym ksztalcie przekroju i gtadkich $ciankach, ktore
byly réwnomiernie rozmieszczone na powierzchni warstw tlenkowych. Srednica
uzyskanych NT i ich uporzadkowanie rosto wraz z napigeciem anodowania. Na
podstawie obrazéw SEM mikrostruktury wykazano, ze $rednia $rednica
zewnetrzna NT 3G wahata si¢ od 104(13) nm dla stopu TNZ anodowanego przy
15 V do 230(30) nm dla prébki utlenionej przy 35 V ([D7] rys. 4). W przypadku
$redniej srednicy wewnetrznej obserwowano odpowiednio wzrost od 39(5) nm
do 93(13) nm. Wykazano liniowos¢ wzrostu $redniej $rednicy wewnetrznej
i sredniej Srednicy zewnetrznej NT 3G wraz ze wzrostem napie¢ anodowania

([D7] rys. 5). Dwukrotnie wigksza szybkos¢ wzrostu obserwowano dla $redniej
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srednicy zewnetrznej NT 3G. Co istotne, wyznaczone zostaly réwnania liniowe
opisujace zmiang sredniej srednicy zewnetrznej NT 3G w funkgji napiecia
anodowania ([D7] rys. 5a) oraz sredniej srednicy wewnetrznej w zaleznosci od
napiecia anodowania ([D7] rys. 5b). Poréwnujac wyznaczone rdéwnania
z rOwnaniami okreslonymi dla NT 2G otrzymanych na stopie TNZ [19] i NT 2G
na stopie Ti6 Al7Nb [20] wytworzonych w elektrolicie 1M (NH4)2SOs + 0,5% wag.
NHsF stwierdzono najszybszy wzrost sredniej $Srednicy zewnetrznej
w przypadku NT 3G wytworzonych na stopie TZN w zaproponowanym
elektrolicie IM C2HeO2 + 4% wag. NH4F, podczas gdy wzrost sredniej srednicy
wewnetrznej byt najwolniejszy. Uzyskane wyniki wskazuja, Ze najgrubsze
$cianki nanorurek posiadaty NT 3G na stopie TNZ. Wyprowadzone réwnania
liniowe moga by¢ stosowane w przysztosci do wytwarzania warstw NT 3G na
stopie TNZ o zalozonych parametrach morfologicznych. Grubos¢ otrzymanych
warstw NT 3G na stopie TNZ wyznaczono w nowatorski sposob stosujac metode
skanujacej sondy Kelvina ([D7] rys. 6). Wykazano, ze dlugos$¢ nanorurek
zmieniata si¢ od 15,64(71) um dla prébki anodowanej przy napieciu 5 V do
167,52(60) um dla prébki utlenionej przy 35 V. Uzyskane wyniki wskazuja, ze
NT 3G otrzymane w proponowanych warunkach anodowania sa znacznie
dtuzsze niz NT 1G [D1] i 2G [D3] ([D7]. Na podstawie uzyskanych wynikow
mozna stwierdzi¢, ze zastosowane napiecie anodowania i elektrolit odgrywaja
kluczowa role w ksztattowaniu parametréw morfologicznych i dtugosci NT 3G
na powierzchni stopu TNZ.

Catkowita powierzchnia (Atwta) uzyskanych NT 3G zostata wyznaczona w
oparciu o réwnanie (6). Awwl przyjmowata wartosci od 3,78(19)x107 cm? dla
warstwy NT 3G otrzymanej przy 15 V do 3,39(17)x10¢ cm? dla probki utlenionej
przy 35 V, co swiadczylo o 9-krotnym wzroscie wartosci tego parametru
w badanym zakresie napigcia ([D7] rys. 7). Uzyskane wyniki sugeruja, ze wzrost
Al zapewniaé bedzie wzrost powierzchni kontaktu miedzy warstwa NT 3G
a tkanka, znacznie przyspieszajac proces osseointegracji. Uzyskane wyniki moga
mie¢ szczegdlne znaczenie dla medycyny spersonalizowanej. Zgodnie
z najnowszymi trendami w implantologii, warstwa NT moze by¢ nosnikiem
lekéw dostarczanych do okreslonego miejsca i umozliwi¢ ich kontrolowane
uwalnianie do organizmu z okreslong szybkoscia, w zaleznosci od parametréw
morfologicznych. Nanorurki tlenkowe moga by¢ rowniez nosnikiem
bakterycydow lub substancji tworzacych tkanki.

Analize kontrolng sktadu chemicznego komercyjnego stopu TNZ przed

ipo anodowaniu w proponowanych warunkach elektrochemicznych
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wyznaczono metoda EDS. Otrzymane widma EDS w wybranych
mikroobszarach na powierzchni obydwu badanych materialow potwierdzity
obecnos¢ pikow pochodzacych od Ti, Nb i Zr, ktore stanowily sktadniki stopowe
([D7] rys. 8). W przypadku widma EDS uzyskanego dla anodowanego stopu
TNZ dodatkowo zidentyfikowano pik pochodzacy od tlenu, potwierdzajacy
obecnos¢ warstewki tlenkowej wytworzonej na powierzchni badanego stopu
przy napieciu 35 V. Analiza ilosciowa widma EDS dla powierzchni
nieanodowanego stopu wykazata zawartosc¢ 74,3(6) %wag. Ti, 12,9(6) %wag. Zr
i 12,8(7) %wag. Nb. Uzyskane wyniki byly zgodne ze skladem chemicznym
okreslonym przez producenta stopu. Zakladany sklad chemiczny stopu TNZ
zapewnia optymalne wlasciwosci biokompatybilne i dlugoterminowa
odpornos¢ na korozje w srodowisku biologicznym, co jest niezbedne
w zastosowaniach medycznych.

W  kolejnym etapie badann okreSlono wtasciwosci elektronowe
powierzchni stopu TNZ przed i po modyfikacji elektrochemicznej przy napieciu
5-35 V za pomoca metody SKP ([D7] rys. 9). Stwierdzono, ze wzrost lokalnej
roznicy potencjatow kontaktowych (ang. contact potential difference, CPD)
korelowal ze wzrostem grubosci warstwy tlenkowej utworzonej na powierzchni
stopu TNZ i przyjmowal najnizsza wartos¢ dla nieanodowanego stopu, co
dowodzilo najnizszej stabilnosci wsrdd testowanych materiatow ([D7] rys. 9a).
Analiza statystyczna otrzymanych map CPD pozwolita wyznaczy¢ m.in.
zalezno$¢ Sredniej arytmetycznej CPD (ang. arithmetic average, CPDav)
i odchylenia od sredniej kwadratowej (ang. root mean square deviation, CPDims)
jako funkcje napiecia anodowania (D7] rys. 10). Parametr CPDmms okreslat
odchylenie wysokosci CPD w stosunku do $redniej arytmetycznej. CPDav
i CPDms pozwolily opisa¢ ilosciowo wlasciwosci elektryczne badanych
powierzchni. Stop TNZ w stanie wyjSciowym charakteryzowal sie
najmniejszymi warto$ciami CPDav i CPDms. Anodowanie powierzchni stopu
przy napieciu od 5 do 35 V powodowato wzrost CPDav w zakresie od 0,729 do
—0,543 Vi CPDmsod 21,49 do 28,47 mV. Stwierdzono, ze do wartosci 10 V wartos¢
parametru CPDav wzrosta o okoto 40%, podczas gdy dla napiecia anodowania od
15 do 35 V, zmiana CPDa. wynosita okoto 2%. Wykazano, ze wzrost CPD
korelowat ze wzrostem grubosci warstwy tlenkowej utworzonej na stopie TNZ.
Anodowanie stopu TNZ przy napieciach powyzej 10 V powodowato niewielki
wzrost parametru CPDms okoto 1,2 razy, co $wiadczylo o jedynie niewielkim
wzroscie wysokosci pikdw i dolin CPD. Uzyskane wyniki wykazaty, ze

powierzchnie warstw tlenkowych utworzonych przy napieciach anodowania od
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5do 35V charakteryzowaly si¢ podobnymi nieregularnosciami wysokosci wokot
$rednie;j.

Ocene wplywu anodowania na chropowatos¢ powierzchni stopu TNZ
przeprowadzono przy zastosowaniu metody profilometrii kontaktowe;.
Otrzymane profile 2D dla badanego stopu przed i po anodowaniu przy napieciu
15,25135 V byly podstawa do wyznaczenia parametréw amplitudowych, takich
jak $rednia arytmetyczna rzednych profilu chropowatosci (R.), najwyzsza
wysokos¢ profilu chropowatosci (Rz), wysokos¢ najwyzszego wzniesienia profilu
chropowatosci (Rp) i maksymalna gtebokos¢ wglebienia profilu chropowatosci (Rv)
(D7] rys. 11). Wykazano, ze podstawowe parametry tekstury powierzchni Ra,
Rz, Rp i Rv byly funkcjami wykladniczymi napigecia anodowania (D7] rys. 12).
Najnizsza wartos¢ Ra réwna 0,10 pm zaobserwowano dla stopu TNZ przed
utlenianiem, ktéry posiadat gladka powierzchnie. W przypadku warstw NT 3G
otrzymanych przy napieciach 25-35 V uzyskano wartos¢ Ra w zakresie 1.07-2.73
um, co wykazato mikrochropowatos¢ powierzchni. Najwyzsza wartos¢ Ra
uzyskana dla stopu TNZ anodowanego przy 35 V $wiadczyla o najbardziej
chropowatej powierzchni z licznymi porami o glebokosci 10 pm. Zgodnie
z doniesieniami literaturowymi optymalna warto$¢ Ra powierzchni, ktéra moze
zapewni¢ stabilnos¢ implantu, wspomagac osteointegracje oraz zmniejszac
ryzyko uwalniania jonéw metali w wyniku proceséw korozyjnych powinna
miescic sie w zakresie 1-3 um [20,21].

Kontrola jakosci wytworzonych warstw NT 3D przeprowadzona
zostalaw przyspieszonych badaniach korozyjnych w komorze solnej
w sztucznej atmosferze obojetnej mgly solnej. Akredytowane badania
przeprowadzono zgodnie z norma PN-EN ISO 9227-06 (test NSS) (D7] rys. 1).
Czas ekspozycji badanych prébek na dziatanie obojetnej mgly solnej wynosit
168 h (D7] tab. 1). Metoda oceny wizualnej wykazano nieznaczne zmiany
w makroskopowym wygladzie probek po tescie NSS ([D7] rys. 13).
W przypadku stopu TNZ w stanie wyjSciowym stwierdzono pojawienie sie
przebarwien,, ktore mogly mie¢ zwigzek ze sposobem przygotowania
powierzchni i/lub lokalnymi niejednorodnosciami chemicznymi ([D7] rys. 13a).
Zaobserwowano tez zmniejszenie intensywnosci niebieskiej barwy powierzchni
probek po anodowaniu przy napieciu 15 V ([D7] rys. 13b), 25 V ([D7] rys. 13c)
i35 V ([D7] rys. 13d), co mogto by¢ spowodowane rozpuszczaniem nanorurek.
Obserwacje makroskopowe ujawnily réwniez miejscowe przebarwienia
i odpryski warstw tlenkowych na krawedziach podloza, co moglto wynikac

zkruchosci NT 3G wytworzonych zwlaszcza przy wyzszych napigciach
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anodowania. Najwyzsza jakos¢ wykazano dla warstwy NT 3G uzyskanej
w wyniku anodowania stopu TNZ przy napieciu 35 V. Ilosciowa ocene wplywu
obojetnej mgly solnej na jakos¢ wytworzonych warstw NT 3G oparto o badania
wlasciwosci mikromechanicznych w pomiarach mikrotwardosci metoda
Vickers’a przed i po przyspieszonych badaniach w komorze solnej. Wykazano,
ze s$rednia mikrotwardos¢ Vickers’a silnie zalezala od napiecia anodowania
([D7] rys. 14). Przed testem NSS $rednia mikrotwardos¢ Vickers’a malata wraz
ze wzrostem napiecia anodowania z 271 dla nieutlenionego podtoza do 65 dla
stopu TNZ anodowanego przy 35 V, co moglo by¢ spowodowane wzrostem
$rednicy nanorurek. Tylko nieznacznie nizsze wartosci HVo.1 okreslono po tescie
NSS, co potwierdzilo wysoka odpornos¢ na korozje badanych warstw NT 3G
w atmosferze obojetnej mgly solne;j.

Gléownym osiagnieciem naukowym w publikacji [D7] bylo
opracowanie sposobu otrzymywania warstw NT 3G na powierzchni stopu
TZN metoda anodowania w nowych warunkach elektrochemicznych, ktory
zapewnia wytwarzanie warstw tlenkowych charakteryzujacych sie wysoka
jakoscia. Wyznaczono rOwnania liniowe opisujace zmiane Sredniej srednicy
zewnetrznej oraz Sredniej Srednicy wewnetrznej NT 3G w funkcji napiecia
anodowania, ktore moga by¢ stosowane do otrzymywania warstw NT 3G na
stopie TNZ o zalozonych parametrach morfologicznych. Wykazano wplyw
anodowania w zaproponowanych warunkach na poprawe wlasciwosci
elektronowych i wzrost chropowatosci powierzchni implantacyjnego stopu
TNZ.

Artykulem wnoszacym istotny wklad w proces optymalizacji warunkéw
anodowego wytwarzania warstw NT 3G na biomedycznym stopie TNZ byta
publikacja pt. “Production, structure and biocompatible properties of oxide nanotubes
on Til3Nb13Zr alloy for medical applications” [D8]. Powyzszy artykul dotyczyt
opracowania sposobu otrzymywania warstw NT 3G na powierzchni stopu TNZ
metoda anodowania w nowych warunkach elektrochemicznych. Podobnie jak w
artykule [D7] zastosowano elektrolit 1M C2H¢O:2 + 4% wag. NH4F, lecz proces
anodowania przeprowadzono przy napieciu 50 V przez 80 min w temperaturze
pokojowej. Na podstawie wynikow uzyskanych metoda FE-SEM ([D8] rys. 3)
wykazano, ze zastosowane nowe warunki anodowania stopu TNZ pozwolily na
otrzymanie NT 3G charakteryzujacych sie srednia Srednica zewnetrzna
362(44) nm oraz érednia $rednica wewnetrzng 218(39) nm. Srednie wartoéci
$rednic NT 3G wyznaczono na podstawie histogramow rozktadu empirycznego

([D8] rys. 5). Srednia dlugo$¢ wytworzonych NT 3G wyniosta 9,7(6) um.
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Uwidoczniona morfologia powierzchni warstw NT 3G wykazata obecnos¢
jednosciennych, prostopadle ukierunkowanych do podloza nanorurek
tlenkowych. Sktad chemiczny otrzymanej warstwy NT 3G zostal okreslony za
pomoca metody EDS ([D8] rys. 1b). Uzyskane widmo EDS ujawnilo obecnos¢
pikow pochodzacych od Ti, Nb i Zr wchodzacych w skiad podioza, podobnie jak
w przypadku stopu TNZ przed anodowaniem ([D8] rys. 1la). Ponadto pik
pochodzacy od tlenu potwierdzil obecnos¢ warstewki tlenkowej na powierzchni
anodowanego stopu. Analiza strukturalna przeprowadzona metoda GIXD
wykazala poszerzone maksimum dyfrakcyjne miedzy 20 a 35° 20 wskazujace na
rentgenowsko amorficzny charakter warstwy NT 3G ([D8] rys. 2b). Analiza
fazowa XRD stopu TNZ w stanie wyjsciowym potwierdzita dwufazowa o + 3
strukture stosowanego podioza ([D8] rys. 2a). Na otrzymanym widmie
rentgenowskim wykazano wystepowanie linii dyfrakcyjnych odpowiadajacych
fazie a - Ti oraz g - Ti.

Uwidoczniona pojedyncza nanorurka na obrazie TEM ([D8] rys. 4a, b, c)
potwierdzila wytworzenie calkowicie wyodrebnionych struktur. Zarejestrowane
widmo dyfrakcyjne dla pojedynczej nanorurki wykazalo jej amorficzny
charakter ([D8] rys. 4d). Widmo EDS otrzymane dla pojedynczej nanorurki
ujawnito, ze powstale NT 3G skladajq si¢ z Ti, Nb, Zr oraz tlenu ([D8] rys. 4i).
Uzyskane mapy EDS wykazaly, iz obecne tlenki w pojedynczej nanorurce sg
rownomiernie rozmieszczone ([D8] rys. 4e-h). Badania przeprowadzone metoda
XPS ujawnily, ze w sktad otrzymanej warstwy NT 3G wchodzi TiO2, Nb20s oraz
ZrO2 1 ZrO« ([D8] rys. 6b, d, f). Analiza widm XPS otrzymanych dla stopu TNZ
przed anodowaniem uwidocznita stany chemiczne Tizp, Nbada i Zrsa badanych
sktadnikow stopu. Samopasywna warstewka tlenkowa obecna na powierzchni
stopu TNZ sktadata si¢ z tytanu wystepujacego w dwoch stanach chemicznych:
tlenku tytanu TiO: oraz tlenku zredukowanego Ti* ([D8] rys. 6a). Potozenie
i ksztalt linii Nbsa dla niobu wskazat jego wystepowanie w dwodch stanach
chemicznych: tlenku Nb20Os i niobu w stanie metalicznym. Niob wystepowat
najprawdopodobniej w zwiazku z cyrkonem ([D8] rys. 6¢c). Cyrkon w natywnej
warstewce tlenkowej pojawiat si¢ w trzech stanach energetycznych: w stanie
metalicznym, najprawdopodobniej w kompleksie z niobem, jako tlenek cyrkonu
ZrO: oraz tlenek cyrkonu ZrOx ([D8] rys. 6e). Zaréwno niob jak i cyrkon naleza
do pierwiastkow wysoce biozgodnych, stad tez zbudowana z trzech wysoce
biozgodnych pierwiastkow warstwa samopasywana podwyzsza biotolerancje

materialu w kontakcie z srodowiskiem okotowszczepowym [22,23].
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Wytworzone warstwy NT 3G poddano ocenie hemokompatybilnosci
zgodnie z norma ASTM F756-00. W tescie hemolizy wykazano, Ze indeks
hemolityczny dla stopu TNZ przed modyfikacja powierzchni wynosit 0,30(8), co
swiadczylo o pozytywnej odpowiedzi hemokompatybilnej, a w przypadku
stopu z wytworzona warstwa NT 3G osiagnal wartos¢ 0,00 ([D8] rys. 7). Na
podstawie uzyskanych wynikow mozna stwierdzi¢, Ze zastosowanie
elektrochemicznej modyfikacji powierzchni stopu TNZ na drodze anodowania
pozwolito praktycznie catkowicie wyeliminowac proces hemolizy.

Badania odpornosci korozyjnej in vitro stopu TNZ przed i po anodowaniu
przeprowadzono metoda OCP, EIS i anodowych krzywych polaryzacji
w roztworze 0,9% NaCl w temperaturze 37 °C. Wyznaczona warto$¢ Eoc, ktora
moze by¢ w przyblizeniu traktowana jako potencjat korozyjny, wynosita -0,143 V
dla elektrody TNZi-0,183 V w przypadku elektrody z wytworzona warstwa NT
3G na powierzchni, co wskazuje na szybsze rozpuszczanie warstwy NT 3G
w poréwnaniu do samopasywnej warstwy tlenkowej ([D8] rys. 8). Otrzymana
krzywa przedstawiajaca zaleznos¢ Eoc w funkgji czasu zanurzenia dla elektrody
TNZ wykazala typowe zachowanie charakterystyczne dla spontanicznego
tworzenia pasywnej warstwy tlenkowej na tytanie i jego stopach w $rodowisku
biologicznym. W przypadku anodowanej elektrody TNZ uzyskano inny
przebieg Eoc w czasie z gwaltownym obnizeniem wartosci potencjalu obwodu
otwartego w pierwszych 30 minutach i pdzniejszym ciagtym wzrostem jego
warto$ci az do konca pomiaru. Takie zachowanie moglo by¢ zwigzane
z porowata powierzchnig badanej elektrody i powolnym wnikaniem elektrolitu
do wnetrza nanorurek.

Szczegdlowa charakterystyke mechanizmu i kinetyki korozji
elektrochemicznej in vitro badanych elektrod przeprowadzono w oparciu
o pomiary impedancyjne. Eksperymentalne widma EIS otrzymane przy Eoc
przedstawiono w postaci diagramoéw Bode w postaci zaleznosci logarytmu | Z|
w funkgji logarytmu czestotliwosci (D8] rys. 9a) oraz kata przesunigcia fazowego
od logarytmu czestotliwosci (D8] rys. 9b). W przypadku obydwu badanych
elektrod otrzymano wysokie wartosci |Zleso i ¢ bliskie -90 °, co swiadczylo
o typowym pojemnosciowym zachowaniu materiatéw o wysokiej odpornosci na
korozje. Nieco wyzsze wartosci loglZl w calym zakresie badanych
czestotliwosci wykazano dla elektrody TNZ w stanie wyjSciowym, ktdra
charakteryzowata si¢ wyzsza odpornoscia korozyjna zapewniong przez
obecno$¢ samopasywnej warstwy tlenkowej o wlasciwosciach barierowych.

W przypadku obydwu badanych elektrod widoczna byta tylko jedna stala
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czasowa w obwodzie elektrycznym. Do interpretacji wszystkich otrzymanych
widm EIS zastosowano modelowanie fizyko-chemiczne oparte o koncepcje
elektrycznych obwoddw zastepczych przy uzyciu zmodyfikowanego modelu
celki Randles’a ([D8] rys. 9c). W procedurze dopasowania elektrycznego
obwodu zastepczego do eksperymentalnych widm EIS stosowana byta metoda
CNLS i CPE o impedancji opisanej réwnaniem (4). W wyniku
przeprowadzonego dopasowania otrzymano parametry elektrycznego obwodu
zastepczego, takie jak Rs, Rox, Tar i ¢par ([D8] tab. 1). Wykazano, ze wartos¢ Rox
oznaczajaca opor przeniesienia tadunku dla granicy miedzyfazowej TNZ
| samopasywna warstwa tlenku | elektrolit wynosita 1,24-107 Q2 cm? i byta okoto
dwa rzedy wielkosci wigksza niz dla granicy miedzyfazowej TNZ | NT 3G
lelektrolit. Oznacza to, ze kinetyka korozji elektrochemicznej w roztworze soli
fizjologicznej byta wolniejsza na gladkiej powierzchni elektrody TNZ w stanie
wyjsciowym w poréwnaniu z anodowana elektroda TNZ o porowatej
powierzchni. Wartosci ¢a  wykazaly, ze chropowatos¢ powierzchni
i heterogenicznosci warstwy NT 3G nie powodowaly znaczacych zmian
w zachowaniu impedancyjnym anodowanej elektrody TNZ. Stop TNZ swojq
wysoka odpornos¢ na korozje oraz wysoka biokompatybilnoé¢ zawdziecza
obecnosci spontanicznie tworzacej sie na powierzchni cienkiej, samopasywnej
warstewce tlenkowej o grubosci 1-8 nm [24]. Warstwa ta odpowiada za
biologiczna obojetnos¢ i biotolerancje wyrobow medycznych z tytanu i jego
stopow.

Podatno$¢ na korozje wzerowa stopu TNZ przed i po anodowaniu
scharakteryzowano w pomiarach potencjodynamicznych ([D8] rys. 10). Na
uzyskanych anodowych krzywych polaryzacji stwierdzono zbliZone wartosci
Ecr i pasywne zachowanie dla obydwu badanych elektrod. Jedyna roznica
w otrzymanych anodowych krzywych polaryzacji sa wieksze wartosci gestosci
pradu anodowego przy potencjatach powyzej 5,5 V dla elektrody TNZ w stanie
wyjsciowym. Sugeruje to, ze anodowe rozpuszczanie samopasywnej warstwy
tlenkowej przy wysokich potencjalach jest szybsze niz warstwy NT 3G.
W przeprowadzonych pomiarach potencjodynamicznych nie zaobserwowano
przebicia warstewek tlenkowych swiadczacego o inicjacji korozji wzerowej, co
jest charakterystyczne dla tytanowych implantow w srodowisku zawierajacym
agresywne jony chlorkowe [12].

Gléwnym osiagnieciem naukowym w publikacji [D8] bylo
opracowanie sposobu otrzymywania warstw NT 3G na powierzchni stopu
TZN metoda anodowania w elektrolicie 1M C2HsO2 + 4% wag. NHsF w nowych
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warunkach  napieciowo-czasowych. = Wykazano, Ze  zastosowanie
proponowanej elektrochemicznej modyfikacji powierzchni pozwala
calkowicie wyeliminowac¢ hemolize stopu TNZ.

W kolejnym etapie badan przeprowadzona zostala ocena porownawcza
wlasciwosci biotribologicznych i mikromechanicznych otrzymanych warstw NT
1G, 2G i 3G na biomedycznym stopie TNZ. Ze wzgledu na fakt, ze
w doniesieniach literaturowych dominuja badania stopéw tytanu prowadzone
w warunkach tarcia suchego, podjeta zostala prdba oceny zuzycia
biotribologicznego stopu TNZ przed i po proponowanej modyfikagji
powierzchni w srodowisku biologicznym. Celem pracy “Influence of anodizing
conditions on biotribological and micromechanical properties of Ti—13Zr-13Nb alloy”
[D9] bylo okreslenie, w jaki sposdéb warunki anodowania determinuja
wlasciwosci mikromechaniczne i biotribologiczne implantacyjnego stopu TNZ.

Warstwy nanorurek tlenkowych wytworzono przy zastosowaniu
opracowanych sposobow modyfikacji elektrochemicznej stopu TNZ opisanych
dla NT 1G w artykule [D1], NT 2G w publikagji [D5] oraz NT 3G w pracy [D8].
Obecnos¢ wytworzonych warstw NT 1G, 2G i 3G na powierzchni podioza
potwierdzono w badaniach mikroskopowych przeprowadzonych metoda SEM
([D9] rys. 2). W powyzszym artykule zamieszczono wyniki badan
mikromechanicznych polegajacych na wyznaczeniu mikrotwardosci stopu TNZ
przed i po anodowaniu metoda Vickers’a. Znajomos¢ mikrotwardosci moze by¢
szczegOlnie przydatna do oceny integralnosci strukturalnej tkanki kostnej na
powierzchni porowatej warstwy NT oraz tkanki kostnej otaczajacej implant
w procesie osteointegracji [25,26]. Dlatego zasadnym bylo porédwnanie
wlasciwosci mikromechanicznych stopu TNZ w stanie wyjsciowym i po procesie
utleniania elektrochemicznego. Mikrotwardos¢ badanych materialéw zmieniata
sie¢ w zaleznosci od zastosowanego obciazenia ([D9] rys. 3). Dla stopu
nieanodowanego wraz ze wzrostem obcigzenia w zakresie od 490 do 4900 mN
zaobserwowano stala wartos¢ mikrotwardosci, ktéra w granicach btedu
wynosita 302(1). W przypadku warstw NT 1G, 2G i 3G mikrotwardo$¢ zalezata
od przylozonego obcigzenia, co wynikalo z réznych dlugosci badanych
nanorurek i ich parametréw morfologicznych. W przypadku warstwy NT 1G
zaobserwowano wzrost mikrotwardosci w poréwnaniu ze stopem TNZ, ktorej
wartos¢ zmniejszata sie¢ w zakresie od 433(1) do 340(7) wraz z rosnacym
obcigzeniem. Takie wtasciwosci mikromechaniczne warstwy NT 1G wynikaly
z najmniejszej zewnetrznej Srednicy nanorurek i ich najkroétszej dtugosci sposréd

wszystkich badanych generacji warstw NT. Warstwa NT 1G charakteryzowata
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si¢ najwieksza liczba nanorurek na powierzchni, a zatem wykazywata
najwieksza nosnos¢ [27]. Warto$¢ mikrotwardnosci malata dla warstw NT 2G
i 3G w pordéwnaniu z podlozem i warstwa NT 1G. Warstwy NT 2G wykazaly
najmniejsza mikrotwardos¢ w zakresie od 181(5) do 252(6) wraz ze wzrostem
obcigzenia od 490 do 4900 mN. Warstwy NT 3G ujawnily nieco wigksza
mikrotwardo$é niz warstwy NT 2G, ktora zmieniata si¢ od 254(3) do 221(3) wraz
ze wzrostem obcigzenia. Wieksze zewnetrzne srednice NT 2G i 3G i ich wieksza
dtugos¢ powodowaly tatwiejsze odksztalcanie i pekanie uzyskanych nanorurek.
Wraz ze wzrostem srednicy NT na powierzchni stopu TNZ, zmniejszata sie
liczba NT przenoszacych obcigzenia w obszarze styku badanych powierzchni
z wglebnikiem diamentowym. Z drugiej strony wytworzone NT byly w stanie
zrekompensowac¢ duza twardos¢ biomedycznego stopu TNZ stosowanego do
produkgji implantow. Warstwy NT moga eliminowac naprezenia implant-kos¢
ograniczajac zjawisko , stress shielding” [28,29].

Badania biotribologiczne stopu TNZ przed i po procesie anodowania
przeprowadzono w warunkach tarcia slizgowego w obecnosci roztworu
Ringer’a, ktéry byl biologicznym plynem smarujacym. Charakteryzowane
materialy badano w ruchu posuwisto-zwrotnym w ukladzie kula-tarcza
([D9] rys. 1). Analiza mikroskopowa $ladow wytarcia przeciwprobek po testach
biotribologicznych wykazata kierunek uszkodzenia kulki ZrO: w kierunku od
gory do dotu dla wszystkich badanych materiatéw ([D9] rys. 4). Na podstawie
przeprowadzonych obserwacji mikroskopowych wyznaczono $rednia wartos¢
$rednicy $ladu wytarcia przeciwprobki (dav) ([D9] rys. 5a) i obliczono $rednie
zuzycie objetosciowe kulki (Vv) ([D9] rys. 5b). Wartos¢ dav dla stopu TNZ w stanie
wyjsciowym wyniosta 650(11) um. Parametr dav charakteryzowat sie wigkszymi
wartosciami w obecnosci warstw NT trzech generacji wytworzonych na podiozu
stopu wskazujac wzrost Vo. W oparciu o parametr dav obliczono srednia
powierzchnie zuzycia (Aa), ktora przyjeta najmniejsza wartos¢ réwna
6814(64) um? dla stopu TNZ wyjsciowym ([D9] rys. 8a). Wraz ze wzrostem
$redniej $rednicy zewnetrznej NT i ich dlugosci obserwowano wzrost Aav.
Wartos¢ Aav okreslona dla nieanodowanego podtoza byta ponad 2 razy mniejsza
niz w przypadku warstw NT 2G i 3G. Na podstawie otrzymanych profili
przekrojow poprzecznych sladow wytarcia dla badanych materiatéw po tescie
zuzycia biotribologicznego wykazano, ze zuzycie biotribologiczne powierzchni
materiatu zalezato od warunkéw anodowania ([D9] rys. 6). Powierzchnia stopu
TNZ w stanie wyjsciowym wykazata mniejsze zuzycia materialu w porownaniu

z anodowanymi powierzchniami. Szerokos¢ sladu zuzycia dla nieanodowanej
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powierzchni stopu wynosita 665(7) um, a dla elektrochemicznie utlenionych
powierzchni wzrastata, osiagajac najwieksza wartos¢ 827(8) um dla warstwy NT
2G ([D9] rys. 7a). Najmniejsza gtebokos¢ sladu zuzycia wykazano dla podtoza
stopu, ktdra osiagnela wartosc 14(1) um ([D9] rys. 7a). Stwierdzono, ze wszystkie
generacje warstw NT wykazaly wieksza glebokos¢ sladu zuzycia w poréwnaniu
z nieanodyzowanym podiozem, przy czym najwieksza wartosc gtebokosci sladu
zuzycia wynoszaca 25(1) um zaobserwowano dla warstwy NT 2G. Najwieksza
odpornoscia na zuzycie Scierne charakteryzowat si¢ stop TNZ z samopasywna
warstwa tlenkowa na powierzchni, dla ktorego srednie zuzycie objetosciowe
materiatu (Vm) wyniosto 8,20(4)-104 mm3/Nm ([D9] rys. 8b). Odpornos¢ na
zuzycie scierne dla warstw NT 1G, 2G i 3G byla mniejsza w poréwnaniu do
podtoza. Najwigksza wartos¢ Vm réwna 1,79(9)-10-° mm3/Nm wyznaczono dla
warstwy NT 2G. Tak duze zuzycie NT wynikalo z porowatosci badanych
warstw. Podczas procesu tarcia cienkie $cianki NT 2G i 3G o mniejszej
mikrotwardo$ci w poréwnaniu z podiozem i warstwg NT 1G tatwiej pekaty, co
powodowato wigksze zuzycie materiatu ([D9] rys. 3). Okreslono kinetyczny
wspotczynnik tarcia (pv) dla podtoza TNZ oraz trzech generacji NT ([D9] rys. 9).
Im mniejsza warto$¢ p byta obserwowana dla badanych materiatéw, tym
wigksze zuzycie objetosciowe materiatu i mniejsza odpornosé na zuzycie Scierne
mialy miejsce. Warstwy NT 2G charakteryzowaly si¢ najmniejsza wartoscia pu
rowna 0,86(6), co przelozylo sie na jej najwigksze zuzycie objetosciowe wsréd
badanych materiatéw ([D9] rys. 9 e, f). Podobne wartosci px obserwowano
w literaturze dla piaskowanej i sterylizowanej powierzchni tytanu [30,31].
Najwyzsza wartoscia px wynoszaca 0,94(1) charakteryzowata si¢ powierzchnia
NT 1G o najmniejszej srednicy i dlugosci nanorurek ([D9] rys. 10).
Mikroskopowe obrazy sladéw zuzycia badanych materiatow ujawnity obecnos¢
zadrapan i bruzd, ktére byly wynikiem ruchu produktéw zuzycia wzdtuz sciezki
roboczej przeciwprobki ([D9] rys. 11). Powierzchnia stopu TNZ w stanie
wyjsciowym charakteryzowata si¢ licznymi zaglebieniami wypelnionymi
resztkami Scieranego materialu i smarem w postaci roztworu Ringera
([D9] rys. 11a, b). Powierzchnia warstwy NT 1G ([D9] rys. 11¢, d) i warstwy NT
2G ([D9Y] rys. 11e, f) réwniez wykazata duze straty materialu. Nagromadzenie
Scieranego materialu bylo widoczne w obszarze kontaktu przeciwprobki ze
Sciezka wytarcia. Powierzchnia NT 3G NT wykazata rozwarstwienie warstwy
tlenku ([D9] rys. 11g, h) i peknigecia, ktore byly spowodowane cyklicznym
obcigzeniem podczas testu biotribologicznego. Pekniecia poprzeczne widoczne

na obrazie zuzycia dla warstwy NT 3G wskazaly na dodatkowe zuzycie
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zmeczeniowe. Analiza mikroskopowych Sciezek wytarcia wykazala, Ze zuzycie
Scierne bylo dominujacym mechanizmem. Na podstawie uzyskanych wynikéw
zaproponowano mechanizm zuzycia Sciernego trzech cial (ang. three-body
abrasion wear mechanism) dla stopu TNZ przed i po anodowaniu ([D9] rys.
12).W proponowanym mechanizmie, pomiedzy powierzchnia stopu TNZ
z warstwa tlenkowa i powierzchnig kulki ZrO: znajduja sie czastki zuzytego
materiatu, ktére dzialaja jako nosnik Scierny. Zuzycie wynika ze stopniowej
utraty materiatu na powierzchni. Zuzyte resztki powstaja gtownie w postaci
pojedynczych lub zagregowanych NT w wyniku pekania warstw tlenkowych.

Gléwnym osiagnieciem naukowym w pracy [D9] bylo wykazanie
silnego wplywu przeprowadzonej elektrochemicznej modyfikacji
powierzchni stopu TNZ przy uzyciu metody anodowania w proponowanych
warunkach elektrochemicznych na jego wlasciwosci mikromechaniczne
i biotribologiczne w roztworze Ringer'a. Wykazano, ze mikrotwardos¢
i odpornos¢ na zuzycie biotribologiczne otrzymanych warstw NT maleje ze
wzrostem i dlugoscia nanorurek. Zmniejszenie mikrotwardosci anodowanego
stopu TNZ moze w praktyce klinicznej eliminowac¢ niepozadane naprezenia
implant-kos¢.

Badania dotyczace poprawy biofunkcjonalnosci implantacyjnego stopu
TNZ byty kontynuowane w publikacji pt.”Biological activity and thrombogenic
properties of oxide nanotubes on the Ti-13Nb-13Zr biomedical alloy” [D10]. Podjete
badania mialy na celu okreslenie wplywu opracowanych warunkéw
anodowania na wlasciwosci biologiczne in vitro stopu TNZ. Anodowe warstwy
nanorurek tlenkowych na powierzchni stopu TNZ otrzymano w wodnych
elektrolitach zawierajacych aktywne jony fluorkowe ([D10] rys. 1) zgodnie
z zaproponowanym sposobem wytwarzania NT 1G [D1], NT 2G [D5] i NT 3G
[D8]. Charakterystyka wlasciwosci biologicznych stopu TNZ przed i po procesie
anodowania obejmowata badania cytotoksycznosci, adhezji, trombogennosci,
hemokompatybilnosci i zwilzalnosci. Ponadto podjeto probe zastosowania
wytworzonych warstw NT 1G, 2G i 3G jako nosniki lekow do zastosowan
w systemach kontrolowanego uwalniania lekow.

Obecnos¢ wytworzonych warstw NT byla potwierdzona w badaniach
mikroskopowych przy uzyciu metody FE-SEM i TEM ([D10] rys. 2).
Z obserwowanych obszaréw NT na obrazach mikroskopowych TEM otrzymano
i zanalizowano obrazy dyfrakcji elektronéw (SAED), na podstawie ktérych

wykazano amorficzny charakter nanorurek kazdej badanej generacji.
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Ze wzgledu na fakt, ze chropowatos¢ powierzchni materialéw
implantacyjnych wptywa na przyczepnos¢, a zatem site potaczenia implant-kos¢,
przeprowadzone zostaly badania wplywu warunkéw anodowania na
chropowato$¢ powierzchni stopu TNZ. Istotnym elementem uzyskania dobrego
polaczenia adhezyjnego jest odpowiednie rozwinigcie powierzchni styku
projektowanych biomaterialéw. Geometryczng strukture powierzchni stopu
TNZ po procesie anodowania scharakteryzowano w  badaniach
profilometrycznych przeprowadzonych metoda profilometrii kontaktowej.
Otrzymano profile 2D dla warstw NT 1G, 2G i 3G na powierzchni stopu TNZ,
ktdére byty poddane analizie w celu wyznaczenia parametréw amplitudowych
([D10] rys. 3). Wszystkie uzyskane profile powierzchni byly symetryczne.
Omowienie wpltywu warunkéw anodowania na chropowato$¢ powierzchni
stopu TNZ oparto na wybranym parametrze R.. W przypadku warstwy NT 1G
wartos¢ Ra wynosita 0,16(01) um, a dla warstwy NT 2G osiagneta zblizona
warto$¢ 0,13(01) um. Warstwa NT 3G charakteryzowata sie najwigkszg wartoscia
parametru R. réwna 1,34(04) um. Wzrost Ra dla warstwy NT 3G wynika
z bardziej rozwinietej powierzchni i grubszej warstwy tlenkowej w porownaniu
zwarstwami NT 1G i NT 2G ([D10] tab. 2). W przypadku nieanodowanego stopu
TNZ o gtadkiej powierzchni warto$¢ Ra wynosita 0,10 um [D7 rys. 1]. Na
podstawie uzyskanych wynikéw mozna oczekiwa¢, ze warstwa NT 3G bedzie
umozliwiad najlepsza stabilno$¢ potaczenia implant-tkanka kostna. Dodatkowo
moze przyspieszaé proces osteointegracji oraz zmniejsza¢ ryzyko uwalniania
jonow metali w wyniku proceséw korozyjnych i zuzycia biotribologicznego.
Wyznaczona warto$¢ Radla warstwy NT 3G miesci si¢ w optymalnym zakresie
wymaganym dla dobrego zakotwiczenia implantu. Badania aktywnosci tkanki
kostnej po wszczepieniu krdlikom tytanowych implantow o gladkiej
i chropowatej powierzchni wykazaly, ze lepszy kontakt implantu z koscia oraz
wieksza objetos¢ tkanki kostnej uzyskano dla powierzchni chropowatych
w porownaniu do powierzchni gtadkich [32,33].

Badania warstw NT 1G i 2G przeprowadzone przy zastosowaniu metody
XPS podobnie, jak w przypadku warstw NT 3G w pracy [D7] wykazaty, ze tytan
wystepuje gtownie w postaci TiO:21i zredukowanego tlenku ([D10] rys. 4a-b).
Linia Nb3d dla warstw NT 1G i 2G wskazuje na obecno$¢ niobu w jednym stanie
chemicznym Nb2Os ([D10] rys. 4c-d). Taki sam wynik dla niobu zaobserwowano
rowniez dla warstw NT 3G w pracy [D7]. Analiza linii cyrkonu ujawnita pewne
podobienistwa miedzy powierzchniami warstw NT 1G i 2G ([D10] rys. 4e-f).
Polozenie i ksztalt linii wykazaly obecnos¢ cyrkonu w dwoch stanach
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chemicznych: ZrO: oraz Zr(OH). Ponadto wyznaczono udzialy poszczegdlnych
stanow chemicznych dla warstw NT 1G, 2G i 3G oraz stopu TNZ przed
modyfikacja powierzchni ([D10] rys. 4g). Mozna zaobserwowad, ze Nb i Zr
zwigzany z tlenem lub grupa OH w anodowych warstwach NT sa wzglednie
stabilne. Ich ilos¢ nie zalezy od zastosowanej procedury modyfikacji
elektrochemicznej. W przypadku tytanu zastosowane anodowanie zasadniczo
wplywa na ilo$¢ tytanu, ale takze na stany chemiczne tytanu. Warto zauwazyc,
ze zastosowane procedury elektrochemicznego utleniania stopu TNZ we
wszystkich trzech generacjach prowadza do zmian wzglednych stosunkow
rozpatrywanych pierwiastkéw ([D10] rys. 4h). Zmiany te sa zwiazane z tytanem,
gdyz zmieniaja si¢ jedynie wzgledne stosunki Ti/Zr i Ti/Nb w poréwnaniu
z probka referencyjna. Na podstawie badan warstw NT 1G i 2G mozna rowniez
zaobserwowac, ze nawet jesli wzgledna ilos¢ skladnikow probek jest prawie
identyczna, jak zaobserwowano dla warstw NT 1G i 3G, ich sktad chemiczny jest
rozny.

Wilasciwosci  elektronowe uzyskanych warstw 1G, 2G i 3G
scharakteryzowano w badaniach przy zastosowaniu metody SKP w pomiarach
CPD i poréwnano z wynikami uzyskanymi dla stopu TNZ w stanie wyjsciowym
([D10] rys. 5). Analiza statystyczna map CPD pozwolita na okreslenie
parametrow CPDav, CPDim, CPDsk, CPDiku i CPDa. Parametry te pozwolily
ilosciowo opisa¢ wilasciwosci elektroniczne powierzchni stopu TNZ przed i po
anodowaniu. Uzyskane wyniki wykazaly, Ze wraz ze wzrostem srednic
otrzymanych NT wzrasta warto$¢ parametru CPDav. Najmniejszgq warto$¢ CPDav
dla wytworzonych warstw NT wykazata warstwa NT 1G. Parametry CPDims
uzyskane dla badanych powierzchni wykazaty rosnace wysokosci CPD
w kolejnosci TNZ, NT 1G, NT 2G i NT 3G. Jednoczesnie wartosci parametru
CPDa pokazaly, ze dlugosc¢ korelacji jest najwieksza dla podioza TNZ i malata
w przypadku powierzchni stopu pokrytej nanorurkami ([D10] tab. 3). Parametry
CPDms i CPDa wykazaly, ze podioze TNZ charakteryzowato si¢ najbardziej
jednorodna powierzchnia sposrod wszystkich badanych materialéw, a takze, ze
wytwarzanie nanorurek na powierzchni TNZ zwieksza jej niejednorodnos¢
elektryczna [34-36]. Wzrost CPD:ms i CPDa wyznaczonych dla powierzchni stopu
z wytworzonymi warstwami NT mozna wyttumaczy¢ zwigkszeniem wymiarow
zewnetrznych srednic nanorurek, ktoére wynosity 87(10) nm dla NT 1G,
103(10) nm dla 2G i 342(34) nm 3G ([D10] tab. 2). Parametr CPDs« i CPDxu
dostarczyly dodatkowych informacji na temat profilu pikéw lub dolin.

Histogramy wartosci CPD z dopasowanymi rozkladami Gaussa pozwolily na
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okreslanie S$redniej arytmetycznej CPDa.v i odchylenia standardowego
([D10] rys. 6). Uzyskane wyniki wykazaly, iz cala powierzchnia
bezwanadowego stopu TNZ byla réwnomiernie pokryta warstwami NT,
niezaleZnie od rodzajéw zastosowanych roztwordéw i parametréw anodowania
(ID10] rys. 6).

W ksztaltowaniu wiasciwosci powierzchni implantéw nalezy rowniez
wzig¢ pod uwage zwilzalnos¢, ktora jest istotna dla procesu osteoindukgji
poprzedzajacego osseointegracje. Ponadto zwilzalnos¢ wplywa na absorpcje
czasteczek sprzyjajacych adhezji fibroblastow i/lub bakterii [37,38]. Dlatego
w dalszej czesci pracy [D10] przeprowadzono badania kata zwilzania metoda
siedzacej kropli w powietrzu dla otrzymanych warstw NT 1G, 2G i 3G oraz stopu
TNZ w stanie wyjSciowym. Wyniki badan zwilzalnosci powierzchni
wytworzonych warstw NT wykazaty, ze kat zwilzania (©) wyznaczony dla
nieanodowanego stopu TNZ wynosit 62,9(9) °, a dla warstw NT 1G, 2G i 3G
przyjmowat kolejno wartos¢ 25,3(5) °, 11,9(1) ° i 14,7(2) ° ([D10] rys. 7).
Przeprowadzone pomiary © wykazaly korzystny, hydrofilowy charakter
powierzchni stopu TNZ zaréwno przed jak i po anodowaniu. Zmniejszenie
wartosci © zaobserwowane dla anodowych warstw NT wskazuje na wzrost
hydrofilowosci w poréwnaniu do wyniku uzyskanego dla podioza.
Najkorzystniejsze wlasciwosci hydrofilowe wykazala warstwa NT 2G,
anastepnie NT 3G i NT 1G. Najmniejsza warto$¢ © okreslono dla stopu TNZ.
Uzyskane wyniki zwilZzalnosci powierzchni warstw nanorurek tlenkowych na
tytanie sa podobne [39]. Powierzchnie hydrofilowe wykazuja wyzsza aktywnos¢
biologiczna w kontakcie z plynami ustrojowymi, a tym samym zapewniajq
lepsza osteointegracje [40].

Badania wptywu anodowania na hemokompatybilnos¢ in vitro stopu TNZ
przeprowadzono w teScie hemolizy wedlug normy F756-00, zgodnie z ktora
warto$¢ indeksu hemolitycznego mniejsza niz 2 wskazuje, ze biomateriatl jest
niehemolityczny. Wyniki testu hemolizy uzyskane dla nieanodowanego stopu
TNZ wykazaly najwyzszy indeks hemolityczny rowny 0,30 ([D8] rys. 7).
Uzyskane wyniki badari hemokompatybilnosci dla warstw NT 1G i 2G ujawnity
w obydwu przypadkach nizsza wartos¢ indeksu hemolitycznego wynoszaca 0,05
w porownaniu do stopu NTZ ([D10] rys. 8), ktéra byta tylko nieznacznie wyzsza
niz indeks hemolityczny dla warstwy NT 3G wynoszacy 0,00 ([D8 rys. 7]).
Uzyskane wyniki dowodza, ze zaproponowana modyfikacja elektrochemiczna
zapewnia wyjatkowa zgodnosc¢ stopu TNZ z krwia.
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Charakterystyke wplywu anodowania na interakcje stopu TNZ ze
srodowiskiem biologicznym przeprowadzono przy zastosowaniu hodowli
komorkowych i odpowiedzi komdrkowej. W przeprowadzonych badaniach
biologicznych in wvitro okreslono cytotoksycznos¢ stopu TNZ przed i po
anodowaniu. W te$cie MTT nie wykazano cytotoksycznosci dla linii mysich
komorek fibroblastow L-929 zaréwno dla nieanodowanego podloza jaki
i otrzymanych warstw NT 1G, 2G i 3G ([D10] tab. 4). Mozna tez zauwazyg¢, ze
w przypadku trzech generacji warstw NT wytworzonych na stopie TNZ
uzyskane wyniki sa podobne. Adhezja, proliferacja i migracja komorek
tworzacych tkanke kostna jest zwiazana ze srednicami nanorurek. Potwierdzaja
to liczne badania wskazujace, ze powierzchnia NT sprzyja wzrostowi komorek.
Nalezy zauwazy¢, ze rozne grupy badawcze stosowaly rozne kolonie komorek,
co wptywalo na wyniki badan [41,42]. Przeprowadzono rowniez badania adhezji
komorek do powierzchni anodowych warstw NT 1G, 2G i 3G oraz stopu TNZ
w stanie wyjsciowym. Wykazano, ze komorki przylegaly z r6zngq wydajnoscia
([D10] tab. 5). Dla samopasywnej warstwy tlenkowej obecnej na stopie TNZ
i warstwy NT 1G uzyskano wysoka przyczepnosé. W przypadku warstw NT 2G
i 3G stwierdzono $rednia adhezje¢. Uzyskane wyniki mozna powigzaé z réznymi
$rednicami i dlugosciami otrzymanych nanorurek w zaleznosci od generacji.
Adhezja komdrek zmniejszata si¢ wraz ze wzrostem i dtugoscia NT. W licznych
badaniach udowodniono, ze komdrki kosciotwdrcze (osteoblasty) przylegaja do
powierzchni, ktéra jest morfologicznie i chemicznie podobna do naturalnej
tkanki kostnej [43,44]. Wykazano, ze nanorurki tlenkowe o mniejszej srednicy
wykazywaty bardziej stymulujacy wplyw na wzrost i réznicowanie komorek
[45].

Badania trombogennosci przeprowadzono dla stopu TNZ przed i po
anodowaniu ([D10] rys. 8). Krew uzyta w badaniach pochodzita od zdrowych
ludzkich ochotnikow po upewnieniu si¢, ze mnie przyjeli zadnych
antykoagulantow, w tym m.in. kwasu acetylosalicylowego, przez co najmniej
14 dni przed pobraniem. Analiza uzyskanych wynikow wykazata, ze
trombogennos¢ warstw NT 1G i 3G nie rdznita sie od siebie a badane
biomaterialy silnie, czyli niekorzystnie, wplywaly na aktywacje czynnikow
krzepniecia. Biomaterialy te zostaly zaszeregowane odpowiednio do 4 i 5 klasy
([D10] tab. 1). Klasa 5 zawiera probki kontroli dodatniej, tak wiec warstwy NT
3G aktywuja uklad krzepnigcia w takim samym stopniu jak silnie trombogenny
kolagen. Wtasnosci atrombogenne warstwy NT 1G sa tylko nieznacznie lepsze

niz warstwy NT 3G. Wyniki uzyskane dla warstwy NT 2G i stopu TNZ nie r6znig
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si¢ od siebie, jednak wykazuja znacznie lepsze wlasciwosci atrombogenne niz
w przypadku warstwy NT 1G i 3G. Warstwa NT 2G i stop TNZ zostaly
zaszeregowane odpowiednio do klasy 1 i 3. Klasa 1 zawiera biomaterialy
nieznacznie gorsze od kontroli ujemnej ([D10] tab. 1). Wykazano, ze warstwa NT
2G ma niewielki wptyw na uklad krzepniecia.

Obecnie nanotubularne struktury tlenkowe proponowane sa jako
perspektywiczne nosniki lekow w systemach kontrolowanego uwalniania
lekow, stad tez w ramach niniejszej dysertacji podjeto badania dotyczace kinetyki
uwalniania ibuprofenu z matrycy Hep-DOPA dla warstw NT 1G, 2G i 3G
([D10] rys. 10). Analiza poréwnawcza profilu uwalniania ibuprofenu dla warstw
NT 1G, 2G i 3G wykazala szybki wzrost uwalnionego ibuprofenu w pierwszych
10 minutach dla warstwy NT 1G. Ciagly wzrost uwalnianego leku obserwowano
do 30 minut. Po uptywie 60 minut zawartos¢ leku spadia do zera. W przypadku
warstwy 2G i 3G ibuprofen w pierwszych 10 minutach uwalniat si¢ na poziomie
od 16,25% dla warstwy NT 2G i 10,96% dla warstwy NT 3G. W czasie od 20 do
30 minut nastepowal wzrost uwolnionego leku do okoto 35 i 36%. Od 40 minut
nastepowato zmniejszenie uwalniania leku wynoszac przy 60 minutach ponizej
10%. Wysoka dawka ibuprofenu uwolnionego z nanorurek tlenkowych 1G
w pierwszych minutach $wiadczy o mozliwosci szybkiego dziatania
przeciwzapalnego i przeciwbdlowego poprzez uwolnianie substancji
z nanotubularnej warstwy, co jest niezbedne w celu u$mierzenia bodlu
w tkankach okotoimplantacyjnych oraz zmniejszenia stanu zapalnego
z pominigciem stosowania doustnej terapii przeciwbolowej [46,47]. Ibuprofen
z otrzymanych nanorurek uwalniany jest poprzez tzw. "burst effect", czyli szybkie
uwalnianie leku w ciggu pierwszych 15 minut [48]. Na podstawie uzyskanych
wynikdw zaproponowany zostal mechanizm kinetyki uwalniania leku na
przyktadzie ibuprofenu z otrzymanych struktur nanorurkowych na stopie TNZ.
Uwalnianie leku oparto o dwustopniowy model Gallaghera-Corrigana, ktéry
zaklada dwustopniowa kinetyke uwalniania leku. Zgodnie z zaproponowanym
modelem, pierwsza faza uwalniania leku jest jego uwolnienie z polimerowej
matrycy. Druga faze stanowi powolne uwalnianie determinowane przez
degradacje matrycy. Szybkos¢ procesu uwalniania leku w tego typu systemach
kontrolowanego uwalniania lekéw jest wysoka w poczatkowym okresie,
a nastepnie maleje [48].

Gléwnym osiagnieciem naukowym w pracy [D10] bylo wykazanie
wplywu anodowania biomedycznego stopu TNZ w proponowanych

warunkach elektrochemicznych na wzrost chropowatosci powierzchni oraz
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poprawe wlasciwosci elektronowych, zwilzalnosci powierzchni oraz
wlasciwosci biologicznych. Wykazano, ze proponowana elektrochemiczna
modyfikacja powierzchni stopu TNZ na drodze anodowania zapewnia jego
wyjatkowa zgodnos¢ z krwia. Nowoscia bylo przeprowadzenie unikatowych
badan trombogennosci badanych materialow, ktére moga stanowi¢ wazny
aspekt w ich zastosowaniu jako matryce przeciwzakrzepowe. Wykazano, ze
otrzymane warstwy NT 1G, 2G i 3G moga stanowi¢ potencjalny nosnik lekow
w systemach kontrolowanego uwalniania lekow.
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4. Whnioski

Wykonane badania stanowiace podstawe realizowanej pracy doktorskiej,
udowodnily postawiona tezg, ze istnieje mozliwos¢ poprawy biofunkcjonalnosci
stopu TNZ poprzez wytworzenie na jego powierzchni warstw nanorurek
tlenkowych za pomoca anodowania. Opracowany zostal nowatorski sposob
wytwarzania warstw nanorurek tlenkowych 1G, 2G oraz 3G na biomedycznym
stopie TNZ, wykazujacych optymalne parametry morfologiczne: NT 1G (0,5%
HF) - $rednia srednica zewnetrzna 87(10) nm, $rednia srednica wewnetrzna
71(7) nm, dtugosc¢ 0,94(9) nm; NT 2G (2% NH4F) - $rednia $rednica zewnetrzna
103(10) nm, Srednia $rednica wewnetrzna 61(6) nm, dtugosc 3,9(5) um; NT 3G
(4% NH4F) - $rednia srednica zewnetrzna 342(34) nm, $rednia S$rednica
wewnetrzna 169(17) nm, dtugos¢ 9,7(9) um. Wyznaczone zostaly rownania
liniowe opisujace zmiane Sredniej Srednicy zewnetrznej oraz sredniej Srednicy
wewnetrznej NT 3G w funkgji napiecia anodowania w zakresie 15-35 V, ktore
moga stuzy¢ do wytwarzania warstw NT 3G o zalozonych parametrach
morfologicznych. Udowodniono wplyw zwigkszenia stezenia jonow
fluorkowych w elektrolicie na wzrost parametrow morfologicznych warstw NT
2G. Opracowany sposob elektrochemicznej modyfikacji powierzchni stopu TNZ
zapewnia zwigkszenie powierzchni wiasciwej oraz ksztaltowania struktury
warstw NT 2G.

Wykazano wplyw warunkow anodowania na poprawe wlasciwosci
mikromechanicznych, elektronowych i bioelektrochemicznych oraz wzrost
chropowatos$ci powierzchni stopu TNZ. Wykazana zostata wysoka odpornos¢
korozyjna in vitro oraz niska podatnos¢ na korozje wzerowa w warunkach
symulowanych ptyndéw ustrojowych dla stopu TNZ oraz wytworzonych trzech
generacji warstw nanorurek tlenkowych. Okreslony zostal mechanizm korozji
wzerowej oparty o budowe warstw tlenkowych. Wykazano wptyw parametréw
morfologicznych otrzymanych warstw NT 1G, 2G i 3G na zmniejszenie
odpornosci na zuzycie $cierne stopu TNZ w kolejnosci: 1G - 2G - 3G NT oraz
zostal zaproponowany mechanizm zuzycia biotribologicznego w roztworze
Ringera’. Anodowanie poprawilo wlasciwosci hydrofilowe stopu TNZ.
Udowodniono, ze powierzchnie warstw NT 1G, 2G i 3G o zwigkszonej
hydrofilowosci wykazuja wigeksza aktywnos$é biologiczna w kontakcie z ptynami
ustrojowymi, a tym samym zapewniaja lepsza osteointegracje. Przeprowadzone
badania biologiczne wykazaty hemokompatybilnos¢ oraz brak cytotoksycznosci
w hodowli komoérkowej przy uzyciu fibroblastéw mysich dla stopu TNZ oraz

warstw NT 1G, 2G i 3G. Wykazano wptyw rosnacej dtugosci oraz srednic NT na
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zmniejszenie adhezji komdrek do podloza w kolejnosci: 1G> 2G - 3G.
Nowatorskie badania trombogennosci uzyskanych warstw pozwolity okresli¢
warstwy NT 2G jako materialy atrombogenne, klasyfikujac je do 1 Kklasy
materialéw przeciwzakrzepowych. Zblizone wiasciwosci trombogenne warstw
NT 1G i 3G, ktore silnie wplywaja na aktywacje czynnikdw krzepniegcia,
zaklasyfikowaty je do klasy 4 i 5. Ponadto badania kinetyki uwalniania
ibuprofenu wykazaly mozliwos¢ zastosowania warstw NT 1G, 2G i 3G jako
uniwersalne nosniki lekdw w systemach kontrolowanego uwalniania lekéw.
Przedstawione wyniki badan wnosza nowy wklad w rozwoj implantow
osteointegracyjnych o zwigkszonej biofunkcjonalnosci do zastosowan

w medycynie regeneracyjnej i spersonalizowanej.
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Abstract. Human movement organs are exposed to numerous loads that may lead to discomforts, injuries, as a result, the
necessity of replacing the traumatized or used joints with artificial implants improving health and comfort of life.
Application of anodic oxidation as a method of surface modification of new titanium alloys based on biocompatible alloy
components allows to obtain oxide nanotubes that will improve the osseointegration process at the border of the live
tissue - implant. In this paper, the production technology of oxide nanotubes of the first generation on the Til3Nb13Zr
biomedical alloy using anodic oxidation in hydrofluoric acid electrolyte at 20 V for 120 min, is developed. Under
proposed conditions single-walled oxide nanotubes were produced with an average outer diameter of 87 nm, inner
diameter of 71 nm and about lpm length. The physical and chemical properties of the anodized surface of the
Til13Nb13Zr alloy were characterized using grazing incidence X-ray diffraction, scanning electron microscopy with field
emission and atomic force microscopy. The obtained results give a new insight into improvement of the ability of the
Ti13Nb13Zr implant alloy for better osseointegration.

INTRODUCTION

Disorders of the musculoskeletal system is a serious medical and economic problem. The World Health
Organization (WHO) recognized the decade 2001 + 2010 for the Decade of Bones and Ponds. According to the
WHO several hundred thousand people around the world suffer from these disorders. It is estimated that 90% of the
population above aged 40 years suffer from degenerative diseases such as osteoarthritis and osteoporosis which can
cause to bone fractures and immobilization, negatively affecting the quality of life [1].

Titanium based implants have been intensively investigated for bone repair since many years. Although titanium
implants have the most desirable mechanical properties compared to other metallic implants, they still do not
provide long-term use due to insufficient biocompatibility and lack of specific bioactivity [2].

Biomaterials made of titanium alloys are biocompatible in relative to the human body without creating a direct
connection to the bone tissue in the early stages after implantation. Their surfaces play an important role in the
response of artificial implants in the biological environment and it is necessary to modify the surface to improve the
properties determined by clinical requirements. It leads to faster and more effective osseointegration, that is, the
connection of an artificial implant with the surrounding tissue. The best way to ensure connection with bone tissue
and to ensure the bioactivity of the titanium implant is to modify its surface. The consequence of striving to improve
the contact between the surface of the titanium implant and the living tissue is the use of nanotechnology. Advances
in the field of nanotechnology now allow precise nanoscale design of materials used for various applications in
medicine. The nanoengineered surfaces have the unique ability of direct cellular interaction on the overall biological
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response of the implanted material. Thanks to this unique property, various techniques based on nanotechnology
have been developed to generate nanoscale surfaces on existing biocompatible titanium implants [3-5].

Anodization becoming a realistic approach for the fabrication of hierarchical single walled nanotubes (SWNTs)
[6]. Dependently on the type and concentration of the electrolyte four generations (4G) of the oxide nanotubes can
be produced. Our last articles focused on electrochemical formation of second (2G) and third (3G) generation
SWNTs on the surface of the Til13Nb13Zr biomedical alloy [7-9].

Oxides nanotube layers have many advantages that provide increase in the bioactivity of the implant surface.
Basically, they increase the roughness of the surface in nanoscale, creating a structure similar to the naturally rough
bone tissue. As demonstrated in numerous studies, bone-forming cells (osteoblasts) tend to adhere to the surface that
is morphologically and chemically similar to natural bone [10].

The aim of this study was surface modification of the new developed titanium based alloy for biomedical
applications. The present study was undertaken in order to obtain the first generation (1G) SWNTs on the
Ti13Nb13Zr biomedical alloy using anodic oxidation under new electrochemical conditions. In available databases
the number of articles based on surface modification of the Til3Nb13Zr alloy where the main topic are oxide
nanotubes is very low. This article shows the original research based on new electrochemical conditions for
production of oxide nanotubes on this alloy which are not observed in literature.

MATERIAL AND METHODS

Material Preparation

The examined samples of the Til3Nb13Zr (wt.%) alloy were cut in the form of disks from the rod of 0.9 mm in
diameter. The samples were ground with 1200 and 2500# grit silicon carbide paper, polished using OP-S suspension,
and then sonicated for 20 min using nanopure water (Milli-Q, 18.2 MQ cm? < 2 ppb total organic carbon).
Anodization was performed at room temperature in 0.5% hydrofluoric acid (48% HF, Sigma Aldrich). The optimal
voltage and time of anodic oxidation were determined in the initial tests to be 20 V and 120 min, respectively.
Process was carried out using a Kikusui PWR800OH Regulated DC Power Supply in the two-electrode system
consisting of the working electrode (WE) which was the sample under study and the counter electrode (CE) in the
form of a platinum foil being spaced from the WE for a distance of 25 mm.

Material Characterization

The surface morphology and cross-section observations of the Til3Nb13Zr alloy with formed layers of SWNTs
were investigated using a scanning electron microscopy with field emission (FE-SEM) using the HITACHI HD-
2300A. The chemical composition after anodization was analyzed by energy dispersive X-ray spectroscopy (EDXS)
used in conjunction with FE-SEM. The X-ray structure of SWNTs was determined using the grazing incidence X-
ray diffraction (GIXD) method on the X'Pert Philips PW 3040/60 diffractometer operating at 30 mA and 40 kV (Cu
Ka radiation), which was equipped with a vertical goniometer and an Eulerian cradle. The GIXD diffraction patterns
were registered in 20 range from 20 to 90° and 0.05° step for the incident angle o of 1.00°. The QScope ™ 250
atomic force microscope (AFM) (Quesant Instrument Corporation, Agoura Hills, CA) with integrated into the
Hysitron TI 950 TriboIndenter was used to study the topography and roughness of the tested surface.

RESULTS AND DISCUSSION

The investigated alloy subjected to anodization belongs to the new generation of vanadium-free titanium alloys.
It has been shown that elimination of toxic elements such as vanadium, aluminum and nickel from composition of
titanium alloys and replacing them with non-toxic elements like zirconium and niobium decreases the risk of
neurodegenerative disease. In addition, it provides higher biocompatibility and corrosion resistance [7,8,11]. EDXS
spectrum (Figure 1a) showed the presence of peaks coming from the substrate - Ti, Nb and Zr. The presence of
oxygen peak in the EDXS spectrum for the alloy anodized under proposed conditions showed that on the surface of
the test material an oxide layer is present.
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FIGURE 1. a) EDXS spectrum of the Til3Nb13Zr alloy after anodization, and b) density current - time characteristic during
the first 200 seconds of the anodization at 20 V for 120 min in 0.5% HF electrolyte.

In order to confirm the occurrence of the anodization process allowing the formation of oxide nanotubes, the
course of the study was recorded as a graph (Figure 1b) of current density versus time. The results confirm the
presence of an oxide barrier layer, which is the reason for the decrease in the current density in the first seconds of
the process. Afterwards the current density increases as a result of the fluoride ion activity.

The precisely and vertically oriented oxide nanotubes fabricated under proposed conditions via anodization of the
Ti13Nb13Zr alloy have been shown in Figure 2a. Cross-section of the SWNTs layer is shown in Figure 2b and the
thickness of the oxide layer about 1 um can be observed. Under controlled conditions the SWNTs develop
perpendicular to the metal substrate. The detailed mechanism of the multistep formation of 1G SWNTs is similar to
that for 2G and 3G SWNTs on the Ti13Nb13Zr alloy reported in our previous works [7,8].

FIGURE 2. FE-SEM image of the microstructure of 1G SWNTs layer formed on the Til3Nb13Zr alloy: a) top general view, and
b) cross-section of the material.

Based on the FE-SEM images (Figure 2) recorded from the selected areas of the Til13Nb13Zr alloy surface after
anodic oxidation, the morphological parameters of the obtained nanotubes were determined. The SWNTs length (L)
was 0.94(9) um. Empirical distribution histograms of the outer (D) and inner (D;) diameter of the SWNTs is shown
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in Figure 3a and b, respectively. Average Dy and D; of the SWNTs was estimated by Gaussian fit to the diameter
histogram to be 87(10) nm and 71(7) nm, respectively.

Based on literature it can be concluded that the composition of the electrolyte for anodization strongly influences
the microstructure of the obtained oxide nanotubes. Nanotubular oxide layers form when electrolytes contain
fluoride ions. First generation of oxide nanotubes is based on aqueous electrolytes of hydrofluoric acid [12,13]. First
report of using HF based electrolytes for formation of nanotubes on Ti and Ti6Al4V alloy appeared in 1999 [14].
Zwilling and co-workers in HF based electrolytes achieved self-organized oxide nanotubes on Ti and Ti6Al4V alloy
via anodization where pore thickness were about 75 nm [14]. The lengths of nanotubes in first generation were
maximum approximately 500 nm. Anodization of titanium foil in 0.5% HF at low voltage allowed to obtain
nanotubes with pore size from 15 to 30 nm. Increasing the voltage up to 20 V, the nanotubes of inner diameter about
76 nm were produced [15].

404 A I Histogram b B Histogram |

—— Gaussian fit —— Gaussian fit

120 140 180 30 40 50 60 70 80
Outer diameter [nm] Inner diameter [nm]

FIGURE 3. Histogram of: a) outer and b) internal diameter distribution of the SWNTSs on the surface of the Til3Nb13Zr alloy
and Gaussian fitting curve.

A typical AFM image of the surface of the Til3Nb13Zr alloy after anodization in 3D view is presented in Figure
4a. After anodization of the Ti13Nb13Zr alloy in the appropriate conditions, the surface development has changed.
The surface roughness significantly increased and Ra = 64.8 nm. The obtained results point that anodization of the
tested alloy caused the increase in surface roughness more than 15 times as compared to the Til3Zr13Nb alloy
before anodization which was the subject of research in our previous article [8].
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FIGURE 4. a) The 3D AFM image, and b) X-ray pattern diffraction of the Til3Nb13Zr alloy after anodization in 0.5% HF at
20 V for 120 min.
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Hydrofluoric acid is relatively aggressive, consequently it etches and dissolves most of the growing oxide,
preventing the formation of long nanotubes during the anodization process. It needs to be highlighted that in this
study in proposed new conditions, two-fold increase in the length of the SWNTs on the Til3Nb13Zr alloy can be
obtained compared to research reported in literature [14]. The received morphological parameters of the SWNTs
ensure good results for in vitro research for bone formation and gene expression associated with bone formation and
remodeling during the osseointegration period [16,17].

Figure 4b presents the diffraction pattern of the Til3Nb13Zr alloy after anodization in 0.5% HF at 20 V for 120
min. The phase analysis show the presence of phases from the substrate: o - Ti (PDF ICDD 00-044-1288) and 3 - Ti
(PDF ICDD 01-089-3725). The XRD analysis also revealed the presence of the diffraction lines coming from
titanium oxides: TiO; (rutile), TiOz and TiO.

CONCLUSION

The obtained results of EDXS, FE-SEM, AFM and GIXD confirmed the possibility of formation of the SWNTs
on the surface of the biomedical Til3Nb13Zr alloy by anodic oxidation in a solution of 0.5% HF at a voltage of 20
V for 120 min at room temperature. The obtained SWNTs of 1G consist to rutile, TiO and TiOs. The morphological
parameters of the formed nanotubes were determined to be ~ 1 um in the length, 87 nm in outer and 71 nm in inner
diameter. Increasing the surface roughness over 15 times compared to the alloy without nanotubes suggests that the
proposed method of surface modification is promising for better osseointegration of the Til13Zr13Nb implant alloy.
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EIS and LEIS Study on In Vitro Corrosion Resistance of Anodic
Oxide Nanotubes on Ti-13Zr-13Nb Alloy in Saline Solution
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Abstract; This woek concerns the search for new ways to medify the surface of the blomedical
Ti-13Zr-13b alloy for applications in regenerative medicine and personalized medicine, Obtained
fowr the first time, eadde nanoiubes (OMTs) layers of first-generation (15) on o Ti-138r-13Np alkoy
were produced by anodizing in 3% HE electrolyte at 20 Y for 1200 min. The physico-chemical
characterization of the obtained bamboo-inspired 06 ONTs was conduched w=ing TEM and ATR-FTIR
rrethods, [novitre cerresion resistance of the 1G OMTs and comparative Ti-152e-13N substrake in
salime solufion at 37 “C was conducted by open-circuit potential, Tafel curves, anodic polarization
curves, and EIS methods. LEIS and SVET stuedy of local corrosion resistamoe was also carried oat,
It was Found that surface modification by anodizing of the Ti-1532r-138b alloy under proposed
comdditions allowed i abtain porous OMNTs highly esistant o pitting corrosion. The oblained results
give a mow insight into the relatiorship between the morphelogical parameters of first-generation
cecide nanotubes ard in vitro cotrosion resistance of the Ti=132r- 13Nk alloy in saline solution at the
ricToe and micrnscabe.

Kr.-.',n.':nnin: nncrcli:.':ing: corrmsion resistance: oxdde nandtubes: Ti= 1320130k ﬂ.lh'-_l.-'

1. Inteoduction

The human body is a very demanding environment for engineering materials due
b the need toouse implant matenals that must be highly resistant fo corresion, especially
pitting, in the environment of tissues and body fluids [1-7]. Titanium and its allovs are
currently one of the most commonly: used biematerials in modern medicine, The =elf-
passive oxide layer formed naturcally in the air or the paszsive oxide laver obtained as a
result of forced passivation on the surface of the titanium-based implants provides their
protection against harmiful environmental factors of the human body, thanks te which
these biomaterials can be commonly used in implantolegy, e.g., for the production of
short-and long-teery implants, such as stents, orthodontc wires, dental implants;: koee
and hip endoprostheses, plates, bone scréws, etc. [1.2]. Insufficient resistance of metallic
biomaterials fo cormosion may becrme a source of elements that have a toxic effect on
lissies or cause carcinogenic reactions in the body [5].

Titaniurm alloys used in implantology contain foxic clemments such as ALV, and MNi, the
release of which can lead o many diseases such as Alzheimer’s, metallosis, neuropathy,
or a broadly understood allergic reaction [5], To eliminate the harmful effects of toxic
elements, new alloys based on biocompatible elements such as nichium, zicconium, molvb-
denum, and tantalum have been developed at the turn of the last few years, which act
as stabilizers of the B structure in Htanium [2-21 ] Therefore, emphasis is placed on the
production of new titanium-based alloys with mechanical properties similar to the Mi-Ti
alloy and greater corrosion registance, not confaining barmful elements such as Ti-MNb-Zy,
Ti-Mo-Zr, Ti-Wb-Ta, Ti-Mo, Ti-Zr, or Ti-Ta [ 1,2,9=-21]. In addition, the surface of titankum
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and ttanium alloys is additionally modified by various methods, from mechanical, through
plasma, o electrochemecal, in order fo imerease their corrosion resistance and bocam-
patibility [1-6,4,10,12,22-25). Electrochentical methods such as efectrochenyically assisted depo-
sition (ECAD) [5,24], electrophoretic deposition (EPDY) [6], or anodizing [7,%=12,14=18,25-33],
the latest development of which is plasma glectralviic oxidation {PECH, hawve a great po-
tential for development, as they enable a wide modification of the chemical composition,
surface morphology, and are cheap and easy toimplément For large-scale production.

One of the electrochemical methods most often used to modify the self-passive oxide
bayer on Bkandum and it allovs, which engures the possibility of producing self-assemibled
oxide nanotubes (ONTs), is anodizing [79-12,04-18,25-33]. Dwidation of titaniwm in
an electric feld i an agqueous electrelvie occurs sccording to the commonly accepied
Guntershulze-Betz model [34]. The process of electrochemical production of a matrix of
ONTs on the titanium and its alloys can be divided into several steps, which depend on the
current densily. In the first and shortest step, a compact, barreer oxide laver is produced.
The beginning of the second step is associated with the activation of the barrier oxide layer
by Aluoride ions, which, in dissolving the oxide laver, cause the formation of randomly
distributed pores. The start of this step is associated with an increase in the current intensity,
which i caused by reducing the thickness of the oxide Tayver ab the botbom of the pores,
This leads to further deepening of the pores, which, after some time, begin to branch,
everlapping each other competing for the Aow of current, Under optimal conditions, the
currant fows evenly between the pords leading te the self-assembly of the porous laver,
which begins to take the shape of the ONTs matrix, This is the third step of the process,
characterized by a relative stabilization of the current. After reaching the equilibrium, the
mide layer thickness, both at the bottom of the nanotubes and in the space between the
nanatubes, is constant as the result of the titanium oxidation rate equaling the dissolution
rate of the formed oxide layer by fluoride jons. This process leads to a gradual increase
it thie lemgth of the ONTS, which can be vividly desceibed as the movement of the barrier
laver into the titanium or its alloy, with a relatively small change in the position of the
upper surface of the nanetubes associated with slow, chemical dissolution. Sometimes,
the increase in the length of ONTs is distinguished as the fourth step of the whole process,
but most authors treat it as a further part of the third step, The growth rate of the ONTs
gradually decreases during the anodizing process. Since this rate is the same as the chemical
dissolution rate taking place on the top surface of the laver, further anodizing does not
elongate the formed OMNTs [34.35]

The properties of ONTs layvers are mainly determined by the chemical composition of
the electrolyte and its temperature, the applied anodizing voltage or current density, and
the substrate material [7,%-12,14-18,25-35]. An increase in the anodizing voltage increases
the prore stze by merging small porés ko large ones, thereby reducing the number of
pores. Increasing the surface roughness of the implant at the nanoscale contributes to
facilitating the adhesion of osteogenic cells, Do to the similanty of the strochure of OMNTS
Layvers bo the structure of bove tissue in chemical and morphological terms, the porous
surface of the implant improves the ossepintegration as a result of faster growth of bone
tisgue and the formation of a stronger bond belween the bong and the implant surface [22].
Obtaining (M Ts with a high level of pore organization has become a very useful technology
to functionalize the surface of surgical implants, production of biaomedical sensors; or dag
carriers 7]

In thiz paper, we conbinue our shedy on surface functionalization of the Ti=132r-130
alloy using anodizing [10,14-18,25,26]. The subject of the research was tuning the surface
properties of this alloy towards biomedical applications by producing first-generation
(1G) ONTE lavers under new anodizing conditions in hydroBuoric acid solution. Due
tor the potential use for long-term implants, the newly developed 16 ONTs lavers were
subjected for the first fime to in vitre corrosion resistance characternistics in a hiological
environment: Considering that usually used direct current {[C) and alternating current
{AC) methods do not provide fudl informatian on the corrosion behavior of biomaterials
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because they allow the measurement of only the average current values for the entire
electrode surface in contact with the electrolyte, both electrochemical mmpedance gpec-
trosoopy (EIS) and localized electrochemical impedance spectroscopy (LEES) were applied
at the macro- and microscale, respectively. Both EIS and LELS were based on the same
principles that a small sinusaidal voltage disturbance was applied to the electrode under
test and the current response was measured, allowing the impedance to be calculated, The
difference was that in the EIS method, the bulk current was measured, and In the case of
the LEIS method, a microprobe scanning close to the electrode surface was used, which
allopwed the measurement of he local current in the electrolvte and the caleulation of the
local impedance.

2. Materials and Methods
2.1 hubstrate Preparvalion

The substrate material used for anodizing was a commercial Ti—Ze-Nb alloy with a
chemical composition {wt. ) 74—T1, 13—71, and 13—Nb (BIMO TECH, Wrodaw, Poland).
Thiz ba-phase (o + ) allov was obtaimed as a bar 20 mm o diametor and 1000 oy long,
The bar was in the annealed state and befose the tests, it was plasticallv processed in the
two-phase range with air cooling in accordance with the specifications of ASTM F1713-
{R(2021)el [3n]. Tested samples prepared in the form of discs 3 mm thick were embedded
in duracryl, and then wet-ground on abrasive papers with silicon carbide of various grits
of gradation of 80, 800, 1200, and 2500 {Buehler Ld.; Lake Bluff, 1L, USA) using a metal-
lographic grinding and polishing machine Forcipol 202 {Metkon Instrumenits Inc., Bursa,
Turkeyh Then the samples were polished using polishing cloths and suspensions. After
potishing, the samples were placed in an ultrasonic cleaner USC-TH (VW International,
Radnor, PA, LISA) with ultcapure water (Milli-Q Advankage A10 Waker Puribication Systern,
Millipore 5A5, Molsheim, France) for 20 min to remove unwanted impurities. Then the
samples were degreased with acetone CAvantor Performance Materiale Poland S04, Gliwice,
Poland). The samjple cleaning procedure was repeated hwice.

£2 Anaiizivng Conditions of T-13Z =130 Alloy

For the purposes of anodizing, electrodes were made from the prepared alloy samples.
Electrical contact was provided by an insulated copper wire that was attached o the back
side of the alloy samples with epoxy resin. The back side of the alloy samples and the
side walls were protected using a two-component epoxy resin, which was chemically
pesistant. The native oxide layer was removed from the electrode surface immediately
before ancdizing using depassivation in 25% /v HNO, (Avantor Performance Materials
Poland 5.A., Gliwice, Poland) for 10 min. The electrodes were then cleaned with Milli-Q
water in an ultrasonic bath for 20 min and placed in an electrochemical cell.

Anelizing was carmied out it an agoeous solution of 0.5% hvdrofluoric acid (ACS-
grade HE, 48%,, Sigma-Aldrich, Saint Lowis, MI, USA) at a temperature of 22{1) "C at a
voltage of 20 Y for 120 min using the PWRSIOH high-current power supply {Kikusui
Electronics Corporation, Yokohama, Japan). The distance between the zample (anode) with
a geometric area of 0.64 cm” and the platinum foil (cathode) with an area of 16 cm® was
constant and amounted to 25 mm. After the anodizing process, the electrodes were rinsed
in Milli-0) water and dried in air at ambient temperature.

2.3 TEM Mersuremenis

The structure of 16 ONTs on Ti-1324r-13Nb alloy was examined by high resolution
electron micrascogry (HREM) method using a JEOL JERM-3010 Transmission Electron Mi-
croscope (TEM, JEOL Lid., Tokyo, Japan) operating at an acceleration veltage of 30 KV,
equipped with 2 Gatan 2 k = 2 k Oriws™ 833 5CH000 CCD camera, During TEM studies,
the microstructure of OMTs without the presence of a substrate was observed. For this
purpose, the anodized Ti-13Zr-13Nb alloy was immersed in isopropanc] and senicated for
B min im an ultrasonic bath. Then, the ONTz layer detached from the substrate was de-
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posited on a copper mesh covered with an amorphous carbon foil standardized to prepare
asample for TEM observations,

24 ATE-FTIE Measurcments

To determine the functional groups of the tested materials, thie Attenoated Total
Reflectance-Fourier Teansform Infraved Spectroscopy {ATR-FTIR) method was used. ATR-
FTIE abeorption spectra were recordied using an 1E Trace- 100 spectrophotometer (Shimade,
Eyolo, Japan}equipped with ATR attachment with a diamond crvstal for testing solid-states.
All measurements were conducted in the spectral region of $000-300 cm ! at 100 scans per
samiple al 21{1} “C. The radiation was aplit indo two beams, one of which ran along a
path of constant length, and the other was generated by an interterometer with a moving
mirrer moving at a constant speed, The changing path bength difference of the two beams
caused mutual interference, resulting in an interferogram. The use of the Fourier transform
alloweed Fotramsform the interferogram from the time damam to the freguency domiain
receiving a spectrum. The infrared (IR) beam penetrated the sample to a depth of several
microns before bring reflocksd, Danng the measarements, the crystal and the material
under study staved in contacl.

2.5 O prd AC Measpremenbs in Splime

In wilro tests of the corrosion resistance of the studied material were conducted in a
saline solution at the temperature of 37(1) “C using the method of open-cncuit potential
(OO, polarization curves, and electrochemical impedance spectroscopy {EIS). A solu-
tion of 0.9% NaCl pH = 7.4{1) was deaerated for 30 min with argon; 4% NaOF and 1'%
CaHg Oy were used o adjust the pH. For préparation of the saline solution, analytically pure
reagents ( Avantor Performance Materials Poland 5.4, Gliwice, Poland) and ultrapure water
wiere used.

Al electrochemical tests were performed wsing the Autolab/ PGSTATIZ computer
contrelled electrochemicad svstem (Metrohm Auotolab B Y, Utrecht, The Netherlands),
Electrochemical measunements were carried out in a three-electrode system consisting of
a working electrode (WE}) in the form of the tested material, 2 counter electrode (CE) as a
platinum mesh, and a veference electrode (RE] placed in the Luggin capiliary against which
all potential values were measured. The RE was a saturated calomel etectrode (SCE) with a
potential of 244.41) mW. The method of preparation of WE was described in the work [7].
After stabilization of open-circuit potential (Eoc) for 2 h, the polarization curves j = f{E}
were recorded using the potentiodynamic meethod i the potential cangs 50 mV in relation
tor the Eoc with the electrode polarization rate v = 1 mV 5!, The obtained polarization
curves werne the basis for determining the corrosion resistance parameters,

Subsequently, the EIS spectra were recorded at the Eqe in the frequency range from
3 kHz to 1 mHz using 10 frequencies per decade, A sine wave with an amplitude of 10 mV
as an excitation signal was applied. Kramers—Kronig relations {K-K test) were used to
assess the correctmiess of the obtained EIS data [37]. The analysis of the experimental EIS
spectra wag carried out based on the equivalent electrical analogs using the EQUIVCET
program with Boukamp's circuit description and the method of complex nonlinear least
siquares (CMLE) with modulus weighting [35]. The Fisher-Snedecor test F for the confidence
level of x = 001 cornesponding to 9% probabifity was used to check the significance of the
parameters of the equivalent electrical circuits used [37]. The x7 {chi-square) test was usesd
for verification of the EIS fit quality.

Susceptibility to pitting corrosion was tested using anodic polarization curves in
the potential window from Ene minus 150 ;W e 24 Val v = 1. mV 57 L To accurately
visualize and interpret the obtained results, electrochemical noise was eliminated us-
g the Savikzkyv—Golay smoothing alzorithm and OriginPro 2008 seftware {OriginLal,
Morthamnpton, MA, USA)

Each type of measurement was repeated theice, and the values of the determined
parameters were given as mean values with standard deviation (50
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2.6, Soanning Electrochentionl Mewsurenents in Saline

T analvee local changes in the corrosion resistanee of the Ti-13Ze-Nb alloy before and
after electrochemical oxidation, the scanning vibration probe technique (SVET) and LEIS
were ised, The SVET and LEIS technigues allowed to determine the distribution of the
v curvent density {j} and the impedance modulus {1 1), respectively, above the surface
of the sample in an aquesus sohation of 0.9'% NaCl with a conductivity of 1632 mSom
ristribution maps of a specific parameter over the material sucface (jor 121} were recorded
using a PAR Model 370 Scanning Electrochemical Workstation (Princeton Applied Research,
Dak Ridge, TN, USA) SVET and LEIS measurements were carmied out in & four-electrode
systemn: WE, CE as a platinum grid in the SVET technique and a platinum ring applied
to the probe 10 the LEIS method, RE az SCE, awd SWVET or LEIS probe,  All electrodes
were immersed in a saline solution contained in a glass cell known as the TriCell.. For
bath techniguees, the probe-sample distance was determined using a video camera to be
approximately 15 um

The SVET technique measured the localized current in a saline above a sample by
virtue of the [R deop in the electrolyle [39] The connection mode of a sample under poten-
tiostatic control with an isolated potentiostat was used, which reduced noise (Figure 1a), A
podential gradient begween the WE and the CE in the salive was directly proportional te
the current and the conductivity of the electrolyte (Figure 1b). A probe immersed in the
electralyte was perpendicular to fhe WE. The probe wag mountsd on a precision vibrating
atage, which vibrated in the vertical plane. The potential of the probe was directly propos-
tinal to its position in the potential gradient. The amplitude of the AC potential on the
probe was therefore directiy: proportional to the current. The prolwe was scanned in the
saline electrolyte such that the distribution of current on the surface of a sample might be
mrappeed inche X and Y planes.

(a} {b}

Figure 1. Scheme of the SVET zetup with Scanning Electrochemical Workstation Software M3,
Version 1.2k [:t} Sam]:ll.e: under Ful:-l.".'tl'in;mla.l:ir control with isolated Ft:-‘h“:nﬁl:ﬁtal; I:I:-:lTril.':eH with-a
Fonar-electrode configuration.

The raaps of the jon current density distributson were reconded at a fixed anode current
density in the passive range of 80 pA cm~*, which coreesponded to a potential of about 2V
v SCE on & potentiodynamis curve ancd a fised microprobe vibrabion amplitude of 30 pm,
The scanmed aréa waz 512 « 512 yum with a step of 16 pm. Using a gold elecirode with a
diameter of 200 pm immersed in the same solution as the tested materials, 2 calibration was
performed, which enabled the conversion of the voltage recorded by the SVET microprobe
inte the values of the ion curnent density.

The LEIF technique was used to monitor corrosion mechanisms and kinetics. The
maps of the impedance modulus distribution were measured at the Eqc, considered
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approximately as the corrosion potential {E... ) of the material and the selected frequency;
f, SO0 mHz. More deails about the LEIS techmigue are available in f40,47).

3. Results and Diiscussion
31, TEM Characherizadion of 16 ONT: pn Ti-132—13NE Alloy

The 16 ONTz= layers were produced by anodizing Ti-13Zr-13Nb alloy at 20V For
120 mancan 0,5% HF solubion and then detachaed from the substeate, Figure Zab show
examples of TEM images of the surface morphiclogy of the formed OMNTs layer at different
scales, The on-top general view of the obtained ONT: layver in 4 sclected micro-region
revealed a uniform distribution of densely packed ONTs with single and very smaooth walls
and a high degree of self-organization. In the TEM image of a single oxide nanotube, its
regular shape can be observed without any fraving af the top of ONT. The cross-section of
a single oodde nanotube has a cylindrical shape, The obtained bamboo-like ONTs showed a
vertical arrangement. No bundbes of 1G ONT: grawing locally were aobserved as was the
case with 26 [17] and 30 [18] ONTs on the Ti-13Zr-13Mb alloy:

(b} ic)

Figure 2. TEM microscopic image of 16 ONTs produced by ancdicing Ti-1320-13Nb alloy at 20V
o 120 enin in £05% HF solution and then detached from the substeates (a) Oa-top genesal viesy
of the CBTs layver; (bl On-top general view of the ONTs layver at higher magnlfcation; (o) Single
oeiile nanotube

LU the basiz of TEM microscopic images, the morphological parameters of the pro-
duced 16 ONTS were determined, such as the average inner and outer diameter of the
oxide nanobube and its length. Under the proposed anodizing conditions, the (OMNTs with
an average inner diameter of I8 nm and an average outer diameter of S0013) nom were
formed. The average length of the ONTs was 0917w, The obtained results are con-
sistent within the limit of error with the values of morphological parameters determined
on the Basis of FE-SEM images in selected local areas of the 15 ONTS surface, formed
urrder comparable conditions [15]. The mechanism of multi-step formation of 16 ONT:
layer on the Ti-137-13Nb alloy sucface based on achivity of Buoride wons in agueous
inorganic sodutions was explained in detail in the previous work [18]. For comparison, 206
OMTs wikh the inrer diameder of 81011} nm, euter diameter of 10316k nm, arad length of
3920 weere formed on the same substrate surface ina 1M (NH 50, + 2% MHyF solution
ab 20V for 120 man [17], On the other hand, 36 ONTs on the Ti=13Z2r-138b alloy formesd
i LM CoHpOy 4+ FENHGF al 50V ko 800 min were characterized by the inner diameter
of 2180349} nm, outer diameter of 362(44) nm, and length of 9.7(6) wm [14], These results
show that anodizing conditions, and in particular the tvpe of electrolyte, have a significant
impact on the morphological parameters of the obtained ONTs.

The proposed ONTs can be saturated with antibicotics and bactencidal /bacteniostatic
substances, which will make it possible to omit the oral route of dosing the drug. The
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drug will act directlv in the bane tissue, inhibiting the growth of bacteria already at the
implantation site, Medicnal substances will be releazed from the mside of the ONTs in the
place of the newly inserted implant. Innovative implants with a layer of ONTs on their
surfice can therefore be proposed as intelligent drug carriers in drug delivery systems,
especially for personalized medicine [7]. They will also allow for painless application,
faster healing, and significant acceleration of bone tissue regemeration [1,2,33],

3.2, ATE-FTIR Characterization of TI-132r—13MNb Alloy before ana after Anadizing

Measurements of transmittance in the fundamental 1K range were based on the phe-
nomenon of fokal internal reflection of light from the interface of two materials with different
refractive indices. The ATR-FTIR spectroscopy, as one of the most accurate spectroscopic
methods, alfowed to assign particular functional groups o specficareas with characteristic
absorption bands, The non-anodized Ti-132r-13Nb alloy along with the 16 ONTs layer
was investigated by ATR-FTIR spectroscopy in the range of 4000400 cm ™ (Figure 3).

3]

g4 4 = non-anodized Ti-13Zr-134b
a3 w0 DN TEMI-13Er-13Mb

a0
i

B =
861 =0H Ti-OH
G4
[
20 Ti-0
i P
764 ~0OH Ti-0OH 1
Laip Tio
T
F{:l L o LI . 1 1 E i 1 L]
A0H 3500 00 2500 20000 4500 000 =

Wavenumber [cm"]
Figure 3, The ATR-FTIR absorption spectrum of the nen-anoedized Ti-1238r-13Nb alloy and with 16
OTs bawer formed at 20V for 120 min in 0.5% HF solution

Transmittance [%]

Several characteristic bands for TiCh are visible in both obtained ATRE-FTIR spectra
i Figure 3. The broad TiO; peak observed at 3896-3577 cm ™" is related to the stretching
vibrations of the hydroxyl group —-0OH, which represents water as moisture present on
the surface of the material or in the viciogy of the fested sample [42] Both the ATR-
FTIR absorption spectrum recorded for the non-anodized Ti-13Zr13Nb atloy and the 10
OMNTs layer produced show a band af the wavelength of 1630 cm ™ ?, which corresponds
to bending modes of water Ti-OH [43]. The peak in the range of 873-358 cm ! visible
in the ATR-FTIR absorption spectrum for the TG OMTs/ Ti=-132r-13Nb sample indicates
the presence of THO: in the anodic oxide laver on the alloy subsirate surface. The peak at
580 cmF in both obtained spectra corresponds to vibrations of the Ti-0 bond [44]. This
5 a peak characteriztic of TiOy present on the surface of the material [4546], Bands in the
range of 495453 cm ! correspond to the frequency of Tit): in the rutile phase. Bands at
451 and 410 cm ! correspond fo the frequencies of the anatase nanccrystalline phase and for
the rutile phase [47]. The results obtained using ATR-FTIR spectroscopy confirmed the
presence of the anodic OMNT: laver on the Ti-132r-1538b alloy surface, They are also i goed
agreement with the results obtained using the grazing incidence X-ray diffraction {GIXIN
for the obtained 1G ONTs layer, which confirmed the presence of both @-Ti phase and f-Ti
phase froam the substrate and titanium oxides such as Tick (ratile], Ty, and Tid [15].
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3.3, Assezsment of Iin Vitro Corrosion Rrsistance Measonements in Saline Solution
331, Open-Circt Potential Measurements

The preliminary assessment of the effect of anodizing the Ti-13Zr—13Nb alloy in the
proposed conditions on the corrosion resistance in vitrg insaline solution was carried
oul based on the measurément of open-circuit potential. The comditions of the in vitre
electrochemical measurements with the potentiostat open loop corresponded to the in vive
conditions in the human body. The Ege value was determined as the potential diffecence
measured between WE and RE without using an external current source m the electrochem-
ical systemn For 2 has shown in Figure 4,

4.0

_,3.15_,,,--*"'"'_'_'_

Elctrode typo:
0.5 - — manamodieed Ti-137r- 138ib
E e il ONTATI-T 301340

T T T T T 1 1
) S (L1 E 1306 2 Z500 3000 500
tis]

Figure 4. Dependence of apen-circuit potential (B} on immersion time (1) for the Ti-132r-130N0
ehectrode withouwt and with 10 OMTE Javer o sabing solution at 37 °C,

After’Z b of immersion, a stable Enc value for both tested electrodes was reached.
Afber this time, the rate of Boc change was slower than 1 mV min ™%, For the non-anodized
Ti-13Z¢k-13Mb electrode, the stable Eqe was —42 mWI8) V. while for the 1G ONTs Ti-138r-
13N electrode, the Enc shift towands cathode potentials was observed. The significant
diecrease in the Eqe value o —486 mW{24) V for the anodized Ti-1320-13Nb electrode
indicates that the initiation of electrochemical corrosion will oeccur more easily on the
porpus surface of ONTs Such a character of Eoo changes initially indicates a greater
thermodynamic tendency to the corrosion of porous 16 ONTs,/ Ti-13£r-13Mb electrode.
Figure 4 also shows the influence of the Ti-13Zr-13Nb alloy anodizing on the course of the
Eqy = Ht) curve. The observed changes in Epc reflect various trends in the metal | solution
interface varability with increasing immersiory time, As shownin Figure 4, the BEoc value
for the non-anodized Ti-13Zr-13Nb electrode gradually shifted in time towards the anodic
potentials, This phenomenon resulted from a spontancous formation and thickening of an
ubttrathin oxide layer on the electrode surface with Lme [22]. The self-passive oxide laver
protected the Ti-134r-13MNb electrode from disselving in the electrolyte. In the case of the
1G ONT T AZe-13MD electrode, in the initial phasée of the measurements, the Eqe rapidly
shifted towards the cathode potentialz, and then the rate of its changes gradually decreased
eenkib ik firsally reached a stabbe value,

3.3.2. Analysis of Tatel Curves

Figure 5 shows the Tafel curves recorded in a narrow range of potentials +£50 mV
relative to the Eqc for the Ti-13Zr-13Nb electrode before and after anodizing in saline
spdution at 37 °C, The obtained Tog 11 = RE) deperdences were the basis for determining
the corrosion resistance parameters, which are summarized in Table L
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Figure 5. Tafel curves for the Te-1328r-13Nb electrode bofore [10) and after anodizing in salime solution

a4 37 “C. The polarization scan rate was v = | my 57!

Table 1, Im vitro corresion resistance parameters determined based on the Tafel curves for the
Ti=13Fr-118b clectrode before and after .mnd'i?:i,ng_ in zaling solution at 37 YO (see Figln} 3

2 e b, 3 Ry CR at Egyr

Electrode Type W (A om 3 W dec—1) (% dec 7 i em®) L 1)
Ti-13Zr-13Mb [10] DAGRED 2307 = 1077 001 B4 01202 d60{32) 01
IGOMTe/ T 132198k ~0497(26)  48(9) = 1070 —(003Y48) D327 5007) a.0041)

The values of corrosion resistance parameters, such as cortasion potential (Eq, ), coreo-
sion current density {jo); and cathodic by} and anodic (b, ) Tafel slope were determined
numerically by ittng the parameters of the Butler—Yolmer Equation {1710 the experimen-

tally obtained dependence j = HE) [45]:

]_Iwr{mp[zmift hm}] !23:]5[; I:.w,}]}

i1}

Polarization resistance (B, ) and general corrosion rate at E were calculated using
Equations {2) and (3}, respectively, according to ASTM GIDZENZ0 5l [44]:

]
CR - x.ijm

(3}

where B—Stern—Lreary coefficient, Kj—conversion constant, EW—equivalent weight, and

p=cdensiby

The EW for the Ti-13Zp-13Nb electrode was calculated at 12.5 aszuming the thermo-
dynamically stable forms of 1Ti%, Z2r**, and Wb™ based on the Pourbaix diagram of Ti-H; O,
Zr-Ha0, and Nb-HaO system, respectively [30]. CR is expressed in mm yr~! assuming in
the Equation (3) the value of K; equal t03.27 % 107" mm g pA "

b account jope expressed in pA em 2

Yemtyr

! and taking

The potentiodynamic polarization curves presented in Figure 5 illustrate the course of
anodic amd cathodic resctions in the corrosion process of the ron-aned ized and anodized
Ti-13Zr-13Nb electrodes in saline solution. One of the most important electrochemical
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parameters that quantify the changes in the corrosion resistance of the materials under
study 15 the Eqop (Table 1) This thermedymamic quantity has values similar to the Eqe, The
Eqe canbe used as a comparative paramefer for the assessment of the corsosion resistance
of various materials in the same corrosive environment. Figure 5 shows the Eqy shift
towards the cathodic potentiials for 16 ONTs/ Te-122r-130Nb electrode in comiparizon with
the Ti-13Zr-13Mb electrode before anodizing. Such electrochemical behavior indicates a
Tower corrosion terdency for the Ti-13Zr-13Mb electrode covered with a selFpassive oxide
layer with stronger barrier properties {10,14,22,51,52).

The jear value for the porous 16 ONTs/Ti-1320-13Nb electrode 15 ca. 13 bimes bigher
as compared i the e determined for the non-anodized substrate (Table 1). The obtained
values are directly propertional fo the CR at the Eoyre These results indicate faster dissolution
rate of the anodic 1G ONTs laver as compared to the self-passive oxide layer formed
spontaneously, However, it should be emphasized that the material consumption of both
tested electrodes is on the same order of 107 mm yro | {Table 1)

The Tafel slope for the cathodic (b, ) and anodic (by) branch were determined bazed on
the Equations (4 and {5); respectively [45]:

2.38T
e = —— (4}
23RT

Ir the above sgquations, B is sssipned fo the gas constant equal fo B34 TEK P mel ™, T
denates the emperature in K, o means the cathodic transfer coafficient, r is the number of
electrons involved in the reaction, and F is the Faraday constant equal to 96,500 C mol .

For both tested electrodes by = by, Le., the rate determining step of the corrosion
process is the slower anodic reaction (Table 1), Based on the results obtained, it is possible
bt propose the corrosion mechanism of the investigated matenials, which is congistent with
the passive disselution under anaerobic conditions in a neutral aquesus solution [3,53].

The course of the charge transfer reaction can be deseribed by the following general
reaction in which Hx(r acts as the oxidation agent:

n
P

The Me[OH}, products in Reaction (8) can be metal oxides, hydroxides, or hydrated
oxides. Gaseous hydrogen is also evelved as a product of this reaction.

The Reaction (8) 15 coupled with the water reduction conguming ¢lectrons from the
oxidation reaction. The Feactions (73 and {8] also proceed in a neutral solution:

Me + i HpO & Me[OH) 4 = H; (8}

Oy + 2HO + 4o~ —+ 4OH™ 7

ZH;O0+2e” = Hy +20H" (5}

Baged on the by and by values in Table |, one can see that the rate of anodic reaction
described by Equation (B} is slower as compared o the rate of the reduction reactions
represented by Equations (7} and {8). It con be concluded that anodizing does not change
the nature of the electrochemical processes occurring on the Ti-13Zr-13Mb electrode in
saline solution. However, a strong decrease inthe B, value is observed for the Ti-134r-
LIME- electrode covered with the 106G ONTs layer compared to the non-anodized elecirode
with an amorphous native oxide layer (Table 1} [10]. The cormosion resistance of such
electroddes s deperadent om bath the strecture and theckness of the oxide layer [15]
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3.3.3. E15 Study on Mechanism and Kinetics of Electrochemical Corrosion in Saline Solution

EIS myethioad weas used for charackerization of the interfacal properties of the Ti-137r-
13NE | oxide laver | saline solubion system. The experimental Myquist diagrams for the
Ti-13Zr-13Nb electrode before [10] and after anodizing recorded at Ege in saline solution
al 37 " are shown as symbols in Figure 6a and Figure &b, respectively. The corresponding
phase angle Bode diagrams are presented in Figure 7. Symbuols in Figures 6 and 7 are
experimental data and continuous lines ave CHLE fit. The CWLS fitking procedure used
the concept of electrical equivalent circuits in which, instead of capacitors, the constant
phase element ([CPE) was applied. The impedance of CPE (Frp) was defined by the
Equation (%) [10]:

Lope = —]-g (4

Tijush

where T is the capacitance parameter expressed i F 3% om 2 dependent on the potential
of electrode potential, and ¢ relates to the angle of rotation of purely capacitive line on the
complex plane plots of o= 90701 ~4p). The CPE is a leaking capacitor with nonzeroe neal and
imaginary components. For § = 1, Tis equal to the capacitance of the double laver (g ).
and purely capacitive behavior iz observed. According to Equation (9), pure capadtance is
for o equeal Bo 1, infinite Warburg impedance ford equal o 0.5, pure resistance for ¢ egual
tox 01, and pure inductance for |4 equal to 1 [37].

¥ 0E
T Eperimema 7 Hzparmanis
— CMLS R — WL it

10 i1

R CFE, CPFE;
i " r
(EE - i [}
My L
—
-y 114

2 em?]

14 =

174

004

3
Z" Paem’]

a6 o2

R R g6 Q% G2 &3 o4 05 OB
Z [k2em’] Z' erem’]
{a) (b}

Figure . ."'.I:.n:'ui.hl: dia};mm fowr the Ti-132r-130E eboctrode in waline solution at 37 °C with the
equivalent ehectrical carcuit model for the pithing corresion process: {a) Non-anodized [10]; ib) Atter
Formation of 10 O80T laver,

The maximum value of g is slightly less than %07 in the case of the non-anodized
and anodized Ti-13£r-13Nb electrodes (Figure 7). For the non-anodized electrode, only
one b constant 15 present in the electrical circint (Figures Ga and Ya). Such impedance
behavior characterizes titanium and its alloys coated with a thin oxide laver in a biological
oriliew |30, 10, 04,521, Thwa time constants are visible in the clectrical circuit for the Ti-122r-
13NDE electrode with anodic 16G OMNTs layer (Figures ob and 7b). The obtained results are
in aceordance with our previous study on the EiS behavior of the autoclaved alloy with a
sintered HAp/nSI0: / Ag hybrid coating 5] and the Ti- 13Z0-13Nb alloy with formed ONTz
layers of second- ard third-generation [10,14]. The experimental high values of 1Z 1., are
tvpical for materials with capacilive behavior and high corrosion resistance [37].
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Figure 7, FPhase angle Bode diagram for the Ti-128r- 138k electrode in saling solution at 57 7C;
{a) Moreanadized [16] (8 After formiation of 10 OMTs laver.

The EIS experimental data on the protective properties of a self-passive oxide layer
o the surface of the non-anodized Ti-13Z=13M electrode were approximated using the
equivakent electrical circuit model for the pitting comrosion process which is called one-CPE
model (Figure sal [1L37] This model with four adjustable parameters as By, CPF;-T, CFE;-
i, and Ity displays only one semicircle on the Nyquist plot [3,6,10,14,37 52]. In this model,
B3 13 the sedution resistance, CPE-T desotes the CPEq capactive parameter, CPE - 15 the
CPE; exponent associated with the Oy, and Kz is the charge transfer resistance through
the interface of elecirode Toxide laver | electrolyte. The constroction of suech equivalent
electrical circuilzs as well as the phy=ical meaning of the individual circuit parameters have
been described in detail in earlier work [10,57].

In the case of the Ti-132r-1 3Nb elecirode with the laver of LG OMNT, to approximate
the experimental EI5 data, the equivalent electrical cincuit model for the pitting corrosion
process illustrated i Figure olrowas used. This bwo-CPE model is desceribed by seven
adjustable parameters, By, CPE|-T, CPE -, Ra CPEp-T, CPEz-h, Ry, and displays two
semicireles on the Mygquist plot 16,1037, In this mvodel, presence of a two-layered struchure
of the passive oxide film on the surface of the metallic electrode is assumed. The semicircle
it high frequencies (HF) refers to the outer oxide Tayer with a poroos structure (ONTs)
ard is described by the circuit parameters such-as Ky, CPE-Ty, CPE-¢y; and Fa. By is
the solution resistance, CPE;-T is the capacitavce of potous ONTs layer, CPE;- is the
CPE; expoment, and By corresponds to the resistance of the ONTs laver. The remaining
parameters of the circuit as CIPE;- T, CPE;-d, and Ra describe the second semicircle at low
frequendcies (LF) which refers to the inner-barrier onide layer directly adjacent to the alloy
substrate and showing strong protective properties. CPER-T and CPE;-d are the CPEs
capacitive parameter and the CPE; exponent, respectively, refated o the barrier oxide layer,
Ry is the resistance of this barvier oxide layer.

Figures &and 7 illustrate the CHNLS-fitted data marked a5 comtinuons lines which were
cbtained using the described electrical equivalent ciscuits. The very good quality of the
CMNLS fit is observed. All CNLS-fit parameters determined wsing the one<CP'E equivalent
electrical civeuit model show in Figure fa for the Ti-132Zr-13Nb electrode before anodizing
are summarized in Table 2, Table 3 presents all CNLS-fit parameters determined using
the two-CPE equivalent electrical circuit model shown in Figure ob for the Ti-1532r-13Nb
electrode with 10 ONTs laver,
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Table 2. The parameters with staindard deviations determined by spprosimation of He experimental
E1S data for the mom-anodized Ti- 132:-13NDb electrsde tsaline solution ak 37 °C [10]and the cne-CPE
equivalentelectrical circuit moded for the pitting corrosion process {see Figuee 5a),

| Ri ':P'EI-T : R.-_|
Elertmde Type Mem?)  (Fem-tge-yy STEH gy
Non-anodized TI-I3Zr-13Nb 20602 O7%5) < 107  0.877(8) 1.00(L

Table ¥ The parameters with standard deviations determmimed by approsimation of the experimental
Els data for the anodized Ti=138r-153Mb plectrede insaline solution at 37 70 and the taen-CPE
1!.:|t|'i1.'.1.||.1n|: edectrical circnit mnocied for pittin3 CENTTCR R P [ I"'iEu:rvr i,

; R’y CPE,-T Ry CPE:T R

BlecttodeType i} em?) (Fem ™25 %1y CPE-d {1 cm?) {Fem—2 5 91} CEE 1 em?)
G ONT:! - iy - ~3

T137 1N 03701} RO8( < 10 [LA0AE) 14603} LEP(2) = 10 MEZ1(H) alallz)

The value of R = 1.0101) kY em? i obtained for the Ti-13Zr-13Nb electrode before
anodizing {Table 2}, which is close to the B, parameter determined based on the polarization
curves mear the Epe (Table 1) The obtained results prove the correctness of the performeed
El5 tests. In physical and chemical terms, the parameters Ry and R, mean the same and
refier fo the angoing corresiaon process according to Equation {6). In the case of the Tie
13Zr=13Mb electrode with 1 OMTs E.a'l.u_-*r the charge transfer resistance asseciated with
thee cuter oxide laver, Ra of 916013 03 em?, is over 527 times higher in comparison with Bz
{Table 3} This phenomenon may eesult frosm the fact that the local electeolyte concentration
inside the oxide nanotubes strongly increases compared to the pH in the volume of the
electrolyte, which intensifies the destructive processes at the bottom of the oxide ranctubes,
The deviation of CPE-d parameter from 1 can be related to physico-chemical or geometrical
inhomageneities [57]

334, LEIS and SVET Study of Local Corroston Resistance in Saline
Figure & shows the distributions of the local values of the impedance modulus £21

over the surface of the Ti-13Zr-Nb alloy before and after electrochemical oxidation in
0.9% Mall solution, The average value of impedance irregularities determined for none
anodized Ti-13Zr-Nb and after electrochemical oxidation are approximately 1.6 k{2 and
13 0, respectively, On this basis, it can be concluded that the surface of the non-anodized
Ti-122Z-Mb alloy is characterized by a relativelv heterogeneous distribution of impedance
values companed to the Ti=132r-Nb alloy with 10 ONT: layer. The cavse of local impedance
fhsctuations (of the arder of several k0 em?) is probably the non-uniform thickness of the
natural passive layer formed on Ti-13Zr-Nb in the initial state. From a thermodynamic
view poant, Ti and its alloys can react quickly with oxygen and produce stable metal oxides
om the surface. Mative oxide films formed in the aic are ultrathin [3,22,51], The thickness of
the: ative oxide fim exposed o air increases over time. [k compasibon and microstrscturne
are dependent on the temperature and pH of the environment. The native oxide film on
thie surface of Ti and its allovs often becomes inhomogeneous as it grows, which may be
the cause of a relatively heterogeneous distribulion of local impedance values. Therefore,
in order ko increase the stability of the native oade laver on the titanium and its alloys,
ensuring high coreosion resistance of implants, forced passivation is often used in clinical
practice. It should be noted that the average value of the impedance modulus determined
for the nop-anodized Ti-132-MNb 15 over B Himes higher compared to Ti-1320-Nb after
electmochemical cxidation. For Ti-132r-Nb in the initial state, it is 20.3 k' cm?, and for
Ti-13Zr-Nb after electrochemical oxidation, it 15 exqual fo 2.5 k1 cm®. This effect is related
tothe formation of a porous layver of ONTs as the outer part of the passive layer. The
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analysis of the impedance distribution maps recorded at Eqe confirms and complements
thve: resulbs o bained with the EIS method (Figures & and 7)

12 iz cm]

0T
ko
I+

Figare 8, LELS maps moorded at o in saline sedution ab 37 °C for the Ti=138r=130b: {a) 1£1 for the
non-angdized alioy; bl @ for the non-anodized alloy; (o) |21 For thie anodized alloy; (d ¢ for the
aniedized alboy

The scanning vibrating electrode (SVET) technigue also known as scanning vibrating
probe (SVI) technique was used to measure the localized current flowing in.a saline
electrolvte above the tested samples, Figure 9 presents distributions of local values of jon
current density (jhover the surface of the non-anodized and anodized Ti-13Zr-Nb alloy in
a 09 MalZl solution.

The obained SVET maps show that the average value | determined for the Ti-13Zr-NEk
allov in the initial state is about 2 times higher compared to the anodized sample, For the
non-anodized Ti-13Zr-13Nb alloy, the average j is 81 pA cm 2, and for the Ti=13Zr-Nb
substrate covered with a layer of 16 ONTs, itis 41 uA cm 2. The observed difference in the
ardic current values indicates that the electrochemical oxidation process s faster feasier
of the non-anodized surface of the Ti-13Zr-Nb alloy compared to the material on which the
oxicle layer has already been formesd, Tt proves that if 55 easier to oxidize the fresh sarface
of the Ti-13Zr-Mb alloy than to thicken the already existing oxide layer. The average
valuie of current density irregularities determined for the Ti<13Zr-Nb alloy before and
after anodizing are about 10 pA cm 2 and 9 pA em 2, vespectively. On this basis, it can
be concluded that the surface of the Ti-13£r-MNb alloy, both in the initial state and after
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electrachemnical oxidation, is characterized by a relatively homogeneous distribution of jion
current density valwes,

E
'-ﬁ;::uuaa-.-.-eri

Figure 9. lon current dl:'-nﬁi:l:':.-' maps Fowr the Ti=138r-130 a.l!u]-' iy saline colufion at 37 °C: (a) Mon-
amecdized; (b Anodized. X and ¥ coordinates depote the length of e mapplage in g

335 Budy of Ancdic Pelarization Curves on Susceptibility to Pitting Corvosion in Saline

The susceptibility of the Ti-132r-13Nb alloy without and with the 16 ONTE laver o
pitting corrosion in the saline environment was determined on the basis of recording the
anodic polarization curves obtained by the potentiodynamic method. A continuous change
of the WE patential was recorded with the efectrode polarization rate v =1 m¥ s~ with the
simultanecus recording of the current flowing through the interface electrode | solution,
The measuremsent was carriedd out from the potential 150 mY ag more negative in relafion
tor thoe Eny towards the anodic potentials to the value of 9.4 V, recording the cathode-anode
transition, Comparison of anodic polarization curves inthe form of log 11 =HE) for the
non-anodized and ancdized Ti-13Zr-138b electrodes is shown in Figure 10

1-3!
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Figure 100 Anodic polarization curves for the non-amodized and anodized Ti- 138150k electrodie in
salling solution at 37 “C,

Based on the obtained potentiodynamic characteristics in a very wide range of poten-
tials, a similar course for both tested electrodes and their passive anodic behavior can be
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stated. However, one can observe that the formation of the 16 ONTs layer by anodizing
oof the: Ti-132r-13Mb electrode causes the shift of the anodic polarization curve towands
cathadic potentials. This is due to the decrease in the corrosion resistance of the porous
16 ONTs layer in comparison to the smooth and ultrathin oxide layer formed sponta-
neously on the surface of Ti-13Zr-13Nb. The lower passive current densities of the order of
10" A em ? were also observed for the non-anodized Ti-13Zr-13Mb electrode, which
indicate the slower anodic dissolution according te Equation (6} in the case of the self-
passive laver. Importantly, on both recorded anodic polarization curves, no increase in
the measvred passive current density is observed up o 9.4 Y, whach would be associated
with the initiation of pitting cornosion in saline solution. Determination of the breakdown
podential of the oxide layers en the Ti-1327-13Nb electrode above the applisd anodic
limit was impossible due to the limitations of the potentiostat and the stability of RE. The
cbtained anodic charactenistics confirm the excellent corrosion resistance in vitre of both
the non-anodized and anodized Ti-1380-13Nb elecirodes in saline solution contaiming
aggressive chioride ions, which is required for long-term implants.

4. Conclusions

Basied on the conducted studies vsing TEM and ATE-FTIE methods, it was found that
the surface modification of the biomedical Ti-13Ze-13Nb alloy via anodizing in a 0.5% HF
electrolvte at 20V for 120 min allowed to produce nanctubular oxide layers.

The obtaired 106G ONTs with a rutile structure have the average inner diameter of
70(8) nm, average outer diameter of $¥0{13) nm, and average length of 0.91{7) um. EIS
study of the anodized Ti-12Z20-13Mb electrode revealed the impedance bebavior typical for
titanium and its alloys covered with a porous oxide laver, which was confirmed by local
corrosion resistance parameters obtained by LEIS and SVET methods. The slight decrease
in corrosion resistance of the anodized Ti-13Zr-13Nb electrode in comyparison with the
self-passive Ti=13Zr-13Nb electrode was revealed, However, no susceptibility to pitting
corrosion up be 94V was found in polentiodyvnamic studies for both the non-anodized and
anodized Ti-13£r-13Nb electrode, confirming their excellent in vitro corrosion resistance
in saline solution. Thanks to the ability to control the diameter and length of the nanotubes,
the porous surface of the 16 ONTSs laver can also be used as an intelligent drug carrier and
arcelerate the process of csseoinfegration.
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In this work, the anodic formation of self-organized nanotubular oxide layers on Til13Zr13Nb implant alloy
was presented. Anodic oxidation was carried out at room temperature in [1 M| (NH4)2SO4 solution with 1 wt%
content of NH4F. The voltage and time of anodization was 20 V for 120 min, respectively. Under proposed
conditions, the best arrangement of nanopores was observed. The physical and chemical properties of the anodized
surface of the Ti13Zr13Nb alloy were characterized using grazing incidence X-ray diffraction, scanning transmission
electron microscopy, and atomic force microscopy. It was found that diameter of nanopores varied from 10 to 32 nm.
Mechanism of the fabrication of the unique 3D tube-shaped nanostructure of TiO2 on the surface of the Ti13Zr13Nb

alloy by electrochemical anodization, has been discussed.
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1. Introduction

Implantable materials make critical contributions to
modern medicine. The human body presents a very chal-
lenging environment for materials engineers because of
the need for implants that are higly corrosion resistant,
biocompatible, and able to bond to bone during osseoin-
tegration [1-5].

Metallic biomaterials have been in the past, and will
continue to be in the future, used in implants spanning
all areas of the use in the human body like orthope-
dic, spinal, dental, cardiovascular, neural, urological, and
other applications [1]. Metallic biomaterials will remain
central to such medical applications due to their unique
properties compared to those of other groups of materi-
als.

An active area of research in metallic biomaterials in-
volves new titanium alloys, especially S-structure alloys
which exhibit low elastic modulus, ability to utilize large
oxygen additions without brittle failure, lower notch sen-
sitivity in fatigue, and are able to work harden and cold
from shapes. Unfortunately, in most used in medicine
titanium alloys, the toxic elements, e.g. Ni, V or Al, are
present and their release in the human body can lead to
the Alzheimer disease, neuropathy, metalosis or allergic
reactions. Therefore, in recent years more biocompati-
ble elements like Ta, Nb, Zr, Sn or Pd, which for ex-
ample play a role of 3 structure stabilizer in titanium,
were started to be applied. To eliminate these health
problems, an alternative, multifunctional and biocom-

*corresponding author; e-mail: agnieszka.smolka®us.edu.pl,
bozena.losiewiczQus.edu.pl

patible titanium alloy, Ti13Zr13Nb, has been developed,
which is based only on non-toxic elements. This alloy ex-
hibits optimal mechanical and plastic properties as well
as high corrosion resistance and biocompatibility result-
ing from the spontaneous formation of the passive oxide
layer TiO5 and small amount of NbsO5 and ZrOs on the
surface [1-3, 6].

Recently, anodizing is a developed method of the sur-
face modification of titanium and its alloys. Anodizing
process carried out under specified conditions (voltage,
electrolyte type and pH, time path) results in formation
of nanostructures on the surface [4, 5]. It has been re-
ported that the presence of nanotubes on the surface of
titanium and its alloys improves the adhesion and prolif-
eration of cells for medical application [7]. The structure
of nanotubes allow to use them in targeted drug delivery
systems or to encapsulate proteins and enzymes.

The aim of the present study is to investigate the self-
-organized formation of nanotubular oxide layers by an-
odizing of the Ti13Zr13Nb implant alloy in the electrolyte
based on ammonia sulfate with fluorine-ion addition.

2. Experimental

The tested samples of the Til3Zr13Nb alloy with di-
mension of 7x 4 x 0.8 mm? were cut from flat bars. Com-
position of the Ti13Zr13Nb alloy is given in wt%. The
samples were ground with 600# grit silicon carbide pa-
per, sonicated for 20 min using nanopure water (Milli-Q,
18.2 MQ cm?, < 2 ppb total organic carbon), and then
electropolished. The bath composition and time used
for electropolishing procedure are described in Ref. [7].
Electropolishing was carried out at a current density of
1.4 A cm™2 for 4.4 min. Next, the samples were cleaned
in ultrasonic bath in nanopure water. Anodic oxidation

(932)
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was performed at room temperature in [1 M| (NHy)2SO4
solution with 1 wt% content of NH4F. Value of pH solu-
tion was 6.3. The time and voltage of anodization was
120 min and 20 V, respectively. The two-electrode elec-
trochemical cell was used with a working electrode (an-
ode) made of the Ti13Zr13Nb alloy and a platinum foil
(cathode) as a counter electrode. The distance between
cathode and anode was 25 mm. The sample under inves-
tigation was placed inside a self-designed Teflon holder
which contained O-ring. The exposed surface area of the
electrode was 0.64 cm?. Anodization process was carried
out using a MAG-5N galvanizing aggregate.

The morphology and structure of the formed nano-
tubular oxide layers was examined using a HITACHI
HD-2300A scanning transmission electron microscopy
(STEM) and the grazing incidence X-ray diffraction
(GIXD) on the X’Pert Philips PW 3040/60 diffractome-
ter operating at 30 mA and 40 kV, which was equipped
with a vertical goniometer and an Eulerian cradle, re-
spectively. The wavelength of radiation (A Cu K,) was
1.54178 A. The GIXD patterns were registered in the 20
range from 10 to 50° with a 0.05° step for the incident
0.25°, 0.50°, 1.00° angle. The chemical composition of
the alloy was analyzed by energy dispersive X-ray spec-
troscopy (EDS). The QScope™ 250 atomic force micro-
scope (AFM) (Quesant Instrument Corporation, Agoura
Hills, CA) integrated into the Hysitron TI 950 Triboln-
denter, was used to study the topography and roughness
of the surface.

3. Results and discussion

Figure 1 shows STEM images of the surface morphol-
ogy of the Til3Zr13Nb alloy after anodization carried
out under optimal electrochemical conditions at 20 V for
120 min in [1 M] (NH4)2S04 solution with the content
of 1 wt% NH4F. One can see in the top view of TiOq
nanotube layer formed on the Ti13Zr13Nb alloy (Fig. 1a)
that the addition of NH4F influences the dissolution of
parts of the oxide layer in which nanotubular structures
are formed. Typical, broad cracks of the TiOs layer are
visible at low magnification [1, 9]. Figure 1b presents
the characteristic image at high magnification of the top
view of nanotubes formed by anodization on Ti13Zr13Nb
alloy. A uniform distribution of the single-walled TiO4
nanotubes is visible. A chosen area for estimation of
the nanotube diameter shows that by anodizing of the
Til3Zr13Nb alloy under proposed conditions, the single-
-walled TiOs nanoutbes with internal diameter in the
range from 12 to 32 nm, can be formed (Fig. 1c).

EDS analysis revealed the presence of peaks originating
from the substrate, such as Ti, Zr and Nb (Fig. 2). The
obtained results confirm the chemical composition of the
alloy under investigation. The oxygen peak in the spec-
trum indicates that the oxide layer on the Til3Zr13Nb
alloy surface is present.

Figure 3 shows the GIXD pattern of the Til3Zr13Nb
alloy after anodization at 20 V for 120 min. Presence
of titanium oxide (TiO2 rutile, ICDD PDF 00-034-0180)
was confirmed using the GIXD technique. Additionally,

Fig. 1.

STEM image of the surface morphology of
TiO2 nanotube layer formed on the Ti13Zr13Nb alloy:
(a) top view at high magnification, (b) top view at low
magnification, and (c) chosen area for estimation of the
nanotube diameter.

T

2r Nb Zr Nb

Energy / keV

Fig. 2. EDS analysis of the Til3Zr13Nb alloy after an-
odization at 20 V for 120 min.

the phase analysis revealed the presence of two phases
from substrate: o-Ti (ICDD PDF 00-044-1294) and §-Ti
(ICDD PDF 01-089-3726).

A typical AFM image of the surface of the Ti13Zr13Nb
alloy before anodization in 2D (Fig. 4a) and 3D (Fig. 4b)
view is presented. The determined mean roughness in-
dex, R,, of the tested surface equals 4.3 nm, indicat-
ing very smooth surface morphology. After anodiza-
tion of the Til3Zr13Nb alloy in the appropriate con-
ditions, the surface development has changed (Fig. 5a
and b). The surface roughness significantly increased and
R, = 92.9 nm. The obtained results point that anodizing
of the tested alloy caused the increase in surface rough-
ness more than 20 times as compared to the Til3Zr13Nb
alloy before formation of TiO5 nanotubes.

Based on the obtained results, the mechanism of TiO9
nanotubes formation on the Til3Zr13Nb alloy in the elec-
trolyte based on ammonia sulfate with fluorine-ion addi-
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Fig. 3. GIXD pattern of the Til3Zr13Nb alloy after
anodization at a 20 V for 120 min.

AFM
Til3Zr13NDb alloy before anodization: (a) 2D, and (b)
3D view.

Fig. 4. The image of the surface of the

tion, was presented schematically in Fig. 6. In accor-
dance with the literature data concerning formation of
self-organized nanotubular oxide layer on Ti [1, 9, 10],
in case of the Til3Zr13Nb alloy anodization also three
simultaneous processes have to be considered. This is
the field assisted oxidation of Ti metal to form TiOq,
the field assisted dissolution of Ti metal ions in the elec-
trolyte, and the chemical dissolution of Ti and TiO2 due
to etching by fluorine ions, which is enhanced by the pres-
ence of H ions. It should be noted that self-organized

Fig. 5. The AFM image of the Ti13Zr13Nb alloy after
anodization at a 20 V for 120 min: (a) 2D, and (b) 3D
view.

P iz 5 3 Narva
!)‘/Ylo,unr 2)( it . [ . [ ;P{( / - p(;f,
TiI13Zr13ND

g T10; Nanotube
—
Fig. 6. Scheme of the TiO2 nanotube formation on the

surface of the Ti13Zr13Nb alloy, inspired by Fig. 1 from
Ref. [9].

UUUUU

TiO2 nanotubes are not formed on the pure surface of
the Til13Zr13NDb alloy but on the thin TiOs oxide layer
naturally present on the alloy surface. Therefore, the
mechanism of TiO9 nanotubes formation is related to the
kinetics of two processes: oxidation (1) and dissolution

(2), (3):

Ti + 2H,0 — TiO, + 4HY, (1)
TiOy + 6HF — [TiFg)?~ + 2H,0 + 2HT, (2)
TiOo + HyO + Ht — [TI(OH)3]+ (3)

The phenomena of anodic formation of nanotubular ox-
ide layers on pure Zr and Nb was also observed in the
literature [1, 9, 10], however, in case of the Ti13Zr13Nb
alloy, the oxide layer is revealed by XRD as rutile. In
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Fig. 3 one can also observe amorphous halo which can be
related to the presence of other amorphous oxides on the
alloy surface, undetectable by XRD [8]. For a descrip-
tion of the formation of TiO5 nanotubes by anodization
process displayed in Fig. 6, the anodization mechanism
of creating the nanotube structure is divided into five
steps: 1 — before anodization, a nanoscale TiOs passive
layer is present on the Til3Zr13Nb alloy surface, 2 —
when constant voltage is applied, a pit is formed on the
TiOs layer, 3 — as anodization time increases, the pit
grows longer and larger, and then it becomes a nanopore,
4 — nanopores and small pits undergo continuous bar-
rier layer formation, and 5 — after specific anodization
time, completely developed nanotubes are formed on the
Ti13Zr13Nb surface.

Fluonne-ion free solution ) Fluorine-ion
" ’.1'0 ’.* H ll|0NIO: contaring -5cdulmn T,
p—— VRFRI s [T'F,_.‘.“
o n H 3
?_T'-:" s etching
TI13Zr13Nb
Fig. 7. Anodization scheme of the Til3Zr13Nb alloy:

(a) in the absence, and (b) in the presence, of fluorine
anions, inspired by Fig. 1 from Ref. [10].

The nanotubular structure formation depends on the
anodization conditions and especially on the concentra-
tion of fluorine ions in the solution. It is well known that
with the increase in the applied voltage, larger diameter
nanotubes can be formed. This aspect of diameter ma-
nipulation using applied voltage was widely discussed in
Refs. [9] and [10]. Anodization scheme of the Ti13Zr13Nb
alloy in the absence and in the presence of fluorine an-
ions, is shown in Figs. 7a and b, respectively. Reaction
(1) describes the Ti oxide growth on the anodized surface
of the Til3Zr13Nb alloy in the absence of fluorine anions
in solution (Fig. 7a). Oxidized Ti species react with 0%~
ions coming from dissolution of water particle and form
the oxide layer. Next, the oxide growth takes place and
this process is controlled by field-aided ion transport of
02~ and Ti** through the growing oxide. This layer is
typically loose and porous.

In the presence of fluorine ions (Fig. 7b), according to
reaction (2), water-soluble TiF2~ complexes are formed.
Due to the small ionic radius, F~ ions can enter the grow-
ing TiO, lattice and to be transported through the ox-
ide by the applied field. According to reaction (3), the
complex formation ability leads to a permanent chemi-
cal dissolution of formed titanium dioxide and prevents
Ti(OH), 0, precipitation as Ti** ions arriving at the ox-
ide solution interface can be solvatized to TiFg_ before
reacting to a precipitate Ti(OH), O, layer [10].

4. Conclusions

The obtained results of EDS, STEM, GIXD and AFM
studies confirmed the possibility of electrochemical for-
mation of self-organized nanotubular oxide layers on
Til3Zr13Nb implant alloy under proposed conditions.
The result of the anodization carried out in [1 M]
(NH4)2S04 solution with 1 wt% content of NH4F at room
temperature at 20 V for 120 min, was formation of TiO4
(rutile) nanotubes. The diameter that can be obtained
ranged from 10 to 32 nm. The mechanism of the TiO4
nanotubes formation is based on the field assisted oxida-
tion of Ti metal to form TiO,, the field assisted dissolu-
tion of Ti metal ions in the electrolyte, and the chemical
dissolution of Ti and TiO5 due to etching by fluorine ions,
which is enhanced by the presence of HT. The obtained
results suggest that the proposed method of surface mod-
ification is promising for better osseointegration of the
Til3Zr13Nb implant alloy.
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of nanotubular oxIdE
physlologlcal sallnE solutlon

Evaluatlon of corroslon rEslstanck layErs on thE til3Zrl3nballoy In

OCENA ODPORNOSCI KOROZYJNEJ NANOTUBULARNYCH STRUKTUR TLENKOWYCH NA STOPIE
ti13Zr13nb W SRODOWISKU PLYNOW USTROJOWYCH”

Evaluation of corrosion resistance of the self-organized nanotubul ar oxidelayersontheTi13Zr13Nballoy, hasbeen carried
out in 0.9% NaCl solution at the temperature of 37°C. Anodization process of the tested alloy was conducted in a solution of
1M (NH,),SO, with the addition of 1 wt.% NH,4F. The self-organized nanotubular oxide layers were obtained at the voltage of
20V for the anodization time of 120 min. Investigations of surface morphology by scanning transmission el ectron microscopy
(STEM) revealed that as a result of the anodization under proposed conditions, the single-walled nanotubes (SWNTs) can
be formed of diameters that range from 10 to 32 nm. Corrosion resistance studies of the obtained nanotubular oxide layers
and pure Ti13Zr13Nb alloy were carried out using open circuit potential, anodic polarization curves, and electrochemical
impedance spectroscopy (EIS) methods. It was found that surface modification by electrochemical formation of the self-
organized nanotubular oxide layers increases the corrosion resistance of the Ti13Zr13Nb alloy in comparison with pure aloy.

Keywords: anodization, corrosion resistance, self-organized nanotubes, Ti13Zr13Nb implant alloy

Przeprowadzono badania oceny odporno$ci korozyjnej nanotubularnych struktur tlenkowych na stopie Til3Zr13Nb
w srodowisku ptyndw ustrojowych. Okreslono wptyw obecnosci nanotubularnych struktur tlenkowych na zmiang odpornosci
korozyjnej stopu Til3Zr13Nb. Proces anodowania elektrochemicznego prowadzono w roztworze 1M (NH,),SO, z 1 %
dodatkiem NH4F. Samoorganizujace si¢ warstwy nanorurek otrzymano przy napigciu 20 V i czasie anodowania 120 min.
Badania morfologii powierzchni metoda skaningowej transmisyjnej mikroskopii elektronowej ujawnily, ze w wyniku
anodowania w zaproponowanych warunkach mozna otrzymac nanorurki o $rednicy mieszczacej si¢ w zakresie od 10 do 32
nm. Badania odpornosci korozyjnej nanotubularnych warstw tlenkowych oraz czystego stopu Til3Zr13Nb przeprowadzono
w 0,9 % roztworze soli fizjologicznej NaCl w temperaturze 37°C z wykorzystaniem metody potencjatu obwodu otwartego,
krzywych polaryzacji anodowej oraz elektrochemicznej spektroskopii impedancji. Wykazano, iz modyfikacja powierzchni za
pomocg formowania nanotubularnych struktur tlenkowych zwigksza odporno$¢ korozyjng stopu Til3Zr13Nb w poréwnaniu
do czystego stopu.

1. Introduction

The global growth in the world popul ation age isreflected
in the increase in implant surgery performed. Implant having
to find the human body must satisfy two main functions,
namely, biocompatibility and biofuncionality [1]. Currently,
thereis awide range of metallic biomaterials used as implants
[1-7]. The titanium and its aloys are the most commonly
used implant materials in medicine since the early 60s of
the twentieth century [2, 4]. Their popularity is due to good
biomechanical properties, high biocompatibility and excellent
corrosion resistance in comparison with other metallic
biomaterials such as 316L steel and Co-Cr dloys [3, 4]. In
order to increase both the biological activity of titanium and its

alloys, and the growth of osseous tissue, various modifications
of the surfacelayer have been applied [2, 3, 7]. Electrochemical
surface modification of titanium and its aloys is associated
with occuring thin (2-5 nm) oxide layer of TiO, which is
formed spontaneously as a result of exposure of titanium and
its alloys on air. The oxide layer with strong barrier properties
protects titanium surface against corrosion. One of the recently
developed methodsis an electrochemical formation of the self-
organized nanotubular oxide layers on the surface of titanium
and its aloys by anodization. Formation of the nanotubular
oxide layers on the surface of titanium biomaterials has
a purpose to enhance the osseointegration between a titanium
implant surface and a living bone tissue. The element of
titanium implant placed in the bone has a surface on which cell
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and tissue healing reactions can occur. These reactions may
be identical, but not in each case must be. The nanotubular
oxide layers may act as micro- or nanosyringes saturated with
microbicides or therapeutic agents, and enable their controlled
releaseinto the body with adetermined rate which is dependent
on the geometry of the pores, thus contributing to the reduction
of adverse reactions after implantation. The presence of the
nanotubes on the implant surface also contributes to growth of
the corrosion resistance of the biomaterial in the environment
of simulated body fluids (SBFs) what has been reported in the
literature [5-7].

The aim of this study was to obtain the self-organized
nanotubular oxide structures on the Ti13Zr13Nb implant alloy
by anodization method, and to determine their effect on the
corrosion resistance of the Ti13Zr13Nb alloy in physiological
saline solution (PSS).

2. Material and research methods

The investigated material was the Ti13wt.%Zr13wt.%Nb
aloy. The samples with dimensions of 7.0 x 4.0 x 0.8 mm
were cut from flat bars, and mechanically polished before
anodization using abrasive papers (Buehler, P 600, P 1200
and P 3000, SIC). Then, they were sonicated for 20 min in
ultrapure water (Millipore, resistivity of 18.2 MW cm, <2 ppb
total organic carbon).

The anodization process was carried out in a solution
of 1 M (NH,),SO, with 1 wt.% of NH,F addition (pH=5) for
120 min at a voltage of 20 V. The formation process of the
nanotubular oxide structures was carried out by means of
aMAG-5N galvanizing aggregate in the two-electrode system
consisting of the working electrode which was the tested
sample, and the counter electrode in the form of a platinum
foil being spaced from the working electrode for a distance of
25 mm.

The corrosion resistance of the obtained nanotubular
oxide structures and comparatively the Ti13Zr13Nb alloy
before anodization, was determined in PSS of 0.9% NaCl
solution at the temperature of 37 £ 2° C using the method
of open-circuit potential (OCP), polarization curves and
electrochemical impedance spectroscopy (EIS). In order to
ensure an inert atmosphere in the electrochemical cell during
the measurements, over the electrolyte surface a constant
flow of Ar (99.999% purity) was maintained. In the corrosion
investigations, athree-electrode el ectrochemical cell was used.
The working electrode was made of the Til3Zr13Nb alloy
before and after anodization. One side of the sample with the
geometric surface area of 0.28 cm? was exposed to corrosive
medium, the other side was insulated with epoxy resin which
has not been in the reaction with the electrolyte. The counter
electrode was the platinum foil with the geometric surface area
of 2. cm?. All values of the potentials were measured in relation
to the saturated calomel electrode (SCE). Electrochemical
measurements were carried out using a computer-controlled
Metronm/Eco Chemie Autloab PGSTAT30 Potentiostat/
Galvanostat Electrochemical System. The corrosion tests
included the measurements of the open circuit potential,
Eoc, for 2 h, after which the anodic polarization curves were
recorded in the potential range of + 50 mV versus the stable

Eoc value at arate of the electrode polarization of v=1mV s.
The obtained polarization curves were subjected to the Tafel
extrapolation in order to determine the following corrosion
resistance parameters. corrosion potential, E, corrosion
current density, jor, poOlarization resistance, R, cathodic,
b., and anodic, b, Tafel coefficient, respectively, as well as
corrosion rate, Cr, at E, given in mm per year. Calculations
were performed according to the standard ASTM G 102-89
[128]. Based on the obtained polarization curves showing
the relationship log j = f(E) and using the Tafel extrapolation
method, the parameters of the corrosion resistance were
determined. The EIS measurements were carried out
potentiostatically at a corrosion potential, E.,, determined
based on the Tafel extrapolation. Ac impedance spectra were
registered in the frequency range of 20 kHz - 1 mHz using 10
frequencies per decade and an excitation signal in the form of
asinewave with an amplitude of 10 mV. The experimental EIS
data were analyzed based on the equivalent electrical analogs
by means of the EQUIVCRT program [9] and using the non-
linear least squares (NLS) method with modulus weighting.
The equivalent circuits were defined using circuit description
code given by Boukamp [10, 11]. The experimental ac
impedance results awere presented as symbols in the form of
the Nyquist diagram (also known under the name of a complex
plane impedance plot) which is the well-known and generally
accepted way of EIS data presentation [12]. It is characterized
by the real component of the impedance, Z’, on the axis of
abscissae, and the imaginary component of the impedance,
Z", on the axis of ordinates. All graphs were created based
on the function of Z” =f (Z'). The experimental impedance
spectra for the Til3Zr13Nb aloy before anodization were
approximated using an equivalent electrical circuit (EEC)
which dightly differs from the classical Randle’'s EEC [12].
The obtained results were used for a comparative assessment
of the corrosion resistance of the Ti13Zr13Nb before and after
anodization.

The morphology of the formed nanotubular oxide layers
was examined by scanning transmission electron microscopy
(STEM) and scanning electron microscopy (SEM) using
a HITACHI HD-2300A and a JEOL JSM-6480 microscope,
respectively. The structure was studied by the grazing
incidence X-ray diffraction (GIXD) using a X’Pert Philips PW
3040/60 diffractometer operating at 30 mA and 40 kV, which
was equipped with a vertical goniometer and an Eulerian
cradle. The wavelength of radiation (\CuKa) was 1.54178 A.
The GIXD patterns were registered in the 26 range from 10 to
50° with a0.05° step for theincident 0.25°, 0.50°, 1.00° angle.

3. results and discussion

A STEM microphotograph of the Ti13Zr13Nb aloy
surface after anodization process carried out at a potential
of 20 V for 120 min in 1M (NH,),SO, with 1 wt.% of NH,F
addition is shown in Fig. 1. One can observe characteristic
cracks and narrow crevices on the alloy surface which are
caused by dissolution of the oxide layer formed in the initial
phase of oxidation. The obtained barrier layer of the oxides on
the alloy surface dueto tight adherence to the substrate and low
conduction may influence the reduction of the corrosion rate of
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the tested biomaterial. In the cracks and crevices, the oxide
layer dissolution proceeded, and initially pores and finally the
self-organized nanotubular oxide layers, were formed. The
detailed mechanism of the multistep formation of the titanium
oxide single-walled nanotubes (SWNTs) on the Til3Zr13Nb
aloy as well as their physico-chemical characteristics were
shown in our earlier work [13]. The anodization process of
the Ti13Zr13Nb aloy under proposed conditions allowed to
obtain the TiO, SWNTs with an internal diameter in the range
from 12 to 32 nm.

.
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2.00pm

HD-2300A 200kV x15.0k SE

Fig. 1. STEM microphotograph (top view) showing the surface
morphology of the Ti1l3Zr13Nb aloy with the TiO, SWNTSs produced
in the cracks and crevices

The phase analysis of the substrate, Ti13Zr13Nb dloy,
showed two phases: o-Ti (ICDD PDF 03-065-3362) and B-Ti
(ICDD PDF 01-089-4913). The presence of titanium oxide
(TiO, rutile, ICDD PDF 00-034-0180) on the surface of the
Ti13Zr13Nb dloy after anodization at 20 V for 120 min, was
confirmed using the GIXD technique in the previous work [13].

The potentiodynamic curves of log j = f(E) registered
in PSS in the narrow range of potentials for the Ti1l3Zr13Nb
alloy before and after anodic oxidation are presented in Fig.
2. The equivalent weight, EW, for the Til3Zr13Nb alloy
of 12.5 was applied. The thermodynamically stable forms
of Ti#, Zr** and Nb% under experimental conditions were
estimated based on the Pourbaix diagram for Ti-H,0O, Zr-H,0
and Nb-H,O system, respectively [14]. The aloy density of
d = 4.66 gcm® was used in calculations [15]. Summary of
the determined parameters with their standard deviations is
presented in Table 1.
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Fig. 2. The potentiodynamic curves of log j = f(E) registered in PSS
of 0.9% NaCl at 37°C for the Ti13Zr13Nb alloy before (dashed line)
and after (straight line) anodic oxidation

E,, and j_, values were precisely determined at the
intersection of the extrapolated Tafel lines for anodic and
cathodic branches (Fig. 2). One can seethat for the el ectrode
after anodization process, E_, is slightly shifted towards
noble potentials and an increase in j_ value is observed as
compared with the corresponding parameters determined
for the unmodified electrode. Such a character of changes
in electrochemical corrosion behavior of the Ti13Zr13Nb
electrode is connected with the presence of the nanotubular
oxide layer on the electrode surface. The value of E_ =
-0.011+£0.002 V points that corrosion process will start
later on the electrode after anodization. The value of j_ is
proportional to the corrosion rate. It can be also supposed
that the thicker oxide layer, the higher corrosion current
denisty value is registered as in that case of the obtained
nanotubular oxide layer. For the Til3Zr13Nb electrode
before anodization, the value of b_and b, Tafel coefficient
was 0.018+0.004 and 0.012+0.002 V dec?, respectively,
while for the electrode after anodization b, = 0.017+0.003
V dect and b, = 0.014+0.003 V dec* (Table 1). Based on
the slopes of the Tafel lines shown in Fig. 2 as dotted lines,
it can be expected that in both considered cases the rate
of cathodic processes will be faster than the reaction of
oxidation. The cathodic process proceeding in PSS can be
the reduction of hydrogen ions according to the following
equation:

TABLE 1

The corrosion resistance parameters determined by the Tafel extrapolation method in PSS of 0.9% NaCl at 37°C for the Ti13Zr13Nb alloy
before and after anodic oxidation

Ti13Zr13Nb alloy Eoor Jo Ro b Ba CRal Eor
[V] [Acm?] [Q cm?] [V dect] [V decl [mm yr?]
o -0.038 331107 460 0.018 0.012 0.003
Before anodization +0.008 £6.6210° +92 +0.004 +0.002 +0.001
-0.011 1.11-10° 145 0.017 0.014 0.010
After anodization +0.002 +2.22-107 +29 +0.003 +0.003 +0.002
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2H" +2e—>H, (1)

The occurring anodic process is the reaction of
dissolution of the alloy component. The b, and b, Tafel
coefficients obtained for the Ti13Zr13Nb electrode beforeand
after anodization have similar values within the calculated
error range. The lower value of R, and the higher corrosion
rate at E., for the anodized electrode can be explained by
the presence of porous nanotubular structure. Inside pores
on the surface, the corrosion process will proceed faster
due to a local change of solution pH, however, the barrier
oxide layer tightly adherent to the substrate assures enough
corrosion resistance leading to the conclusion that the method
of electrochemical formation of the nanotubular oxide
structure provides high corrosion resistance for Ti113Zr13Nb
biomaterial in PSS. The obtained results confirm that the
tested alloy devoid of the TiO, SWNTSs is characterized by
a dlightly lower corrosion resistance as compared to the
alloy anodized under proposed conditions. This is consistent
with the literature data according to which the presence of
the nanotubular oxide structures increases the corrosion
resistance in SBFs [1-4].

EIS was used to characterize the interfacial properties
of the Ti13Zr13Nb | TiO, | PSS and Ti13Zr13Nb | TiO,
SWNTs | PSS system. For this purpose, the EIS spectra
were recorded in physiological saline solution at 37°C at
the value of E.,.

1.6+
Before anodization:
v experimental
1.2 approximation
o After anodization:
S O experimental
é ------- approximation
=, 0.84
N

Z [k em’]

Fig. 3. Nyquist diagram registered at E_ in PSS of 0.9% NaCl at
37°C for the Ti13Zr13Nb alloy before and after anodization

Figure 3 presents impedance spectra obtained at E.
for the Ti1l3Zr13Nb aloy before and after anodiziation with
experimental (symbols) and fitted (lines) data. In case of the
unmodified aloy asingle semi-circle is observed in the whole
range of frequencies studied. Such ac impedance behavior
in corrosion process is typical for titanium and its alloys
undergoingtonatural self-passivation[16]. Forthe Ti13Zr13Nb
alloy with nanotubes formed on its surface in the Nyquist

diagram two semi-circles are visible in Fig. 3, wherein the
diameter of the first semi-circle registered at high frequencies
(HF) is much greater than for the second semi-circle obtained
a low frequencies (LF). Such a change in the shape of EIS
spectrum in comparison with the impedance spectrum obtained
for the Ti13Zr13Nb alloy with thin oxide film on the surface
formed as aresult of natural self-passivation, may indicate that
the impedance response at HF is derived from the outside part
of the TiO, SWNTs layer (the porous material) being in contact
with the electrolyte, and the LF semi-circle obtained at LF is
related to the inner barrier TiO, film closely adherent to the
substrate (which isthe essential protection against corrosion of
the Ti13Zr13Nb electrode). Thisimpedance behavior issimilar
to that found for porous Ti electrode covered with nanotubul ar
oxide layer in SBF solution [15].

In this simple CPE model which represents the physical
model of the corrosion process of thin oxide layer | PSS
system (Fig. 4d), R, is the solution resistance being in series
with a parallel connection of R,-CPEy elements. Rox is the
resistance of charge transfer through the oxide layer | PSS
interface, and the electrical double layer capacitance, Cy, to
approximation procedure was substituted by a constant phase
element (CPE) [12]. Itsimpedanceis:

~ 1
“or =T ()’ @

where T (in F cm? s*1) denotes the capacitance parameter,
and ¢ < 1 is a dimensionless CPE exponent related to the
constant phase angle, o = 90°(1-¢). The CPE model explains
the impedance behavior of a smooth electrode [12] and leads
to arotated single semi-circle on the Nyquist diagram.

The values of C, for the oxide layer | PSS interface were
determined from the formula given by Brug et al. [17]:

T=C d|¢(Rs'l +R d‘1)1'¢ 3
RDX
1
R.
L] CPEy |
1
a) | I |
R. R,
1 1
R, | — L
L] CPE. CPE. |
1
b) L

Fig. 4. Equivalent circuit model used for approximation of the
experimental EIS data for the system: a) Til3Zr13Nb | TiO, | PSS,
and b) Ti13Zr13Nb | TiO, SWNTs | PSS at 37°C

The impedance spectra obtained for the Til3Zr13Nb
aloy with nanotubular oxide layers were interpreted using the
model containing two CPESs instead of capacitors (Fig. 4b).
This EEC consists of the solution resistance in series with two
parallel CPE-R elements, where R is resistance of the outer
tube layer, CPE, represent the capacitance of the outer tube
layer, R, is resistance of the inner-barrier layer, and CPE,



denotes capacitance of the inner-barrier layer [5]. This model
explains the impedance behavior of an porous electrode, and
produces two semi-circles on the Nyquist diagram where the
HF semi-circle is related to the surface porosity (nanotubular
oxide structure), and the LF semi-circle is related to the
charge-transfer process through the inner-barrier oxide layer
| PSSinterface.

All registered impedance plots were analysed using the
NLS method. The best fit to the experimental data for the
Ti13Zr13Nb | TiO, | PSS and Ti13Zr13Nb | TiO, SWNTs |
PSS system was obtained using the CPE and two-CPE model,
respectively. The approximations of the Nyquist plots (Fig.
3) using the appropriate models from Figs. 4a and b, were
very good. The Bode diagrams displayed in Figs. 5 and 6
also confirm good quality of approximations. The results of
approximations with their standard deviations are shown in
Tables2 and 3.

In case of the smooth Til3Zr13Nb electrode before
anodization, the R_ parameter has a higher value of 20.69+0.02
Q cm? (Table 2) as compared with R, = 9.41+0.09 Q cm?
determined for the porous electrode after TiO, SWNTs anodic

formation (Table 3). 32  oomemmmg,
The value of charge transfer resistance through the e
Ti13Zr13Nb | TiO, | PSS interface is R = 1.0120.01 kQ cm? 281
(Table 2). Thisvalueisdlightly lower than R = 1.03+0.01 kQ € 24l
cm? and significantly higher than R, = 707+18 Q cm? (Table S
3) obtained for the Ti13Zr13Nb | TiO, SWNTs | PSS interface. o 204 Beforeanodization:
It means that the kinetics of electrochemical corrosion in PSS o M gﬁgfg?m?én
isalittle bit slower on the anodized Ti13Zr13Nb electrode as = 161 After anodization:
compared with that biomaterial devoid of the presence of TiO, S epr(r)'Xni“:r‘;Eﬁ by
SWNTs. Moreover, these data are in good agreement with the ' P -
results of the Tafel analysis (Table 1), and the literature reports

on the corrosion resistance of the self-organized nanotubular
oxide layers on titanium and its alloys in SBFs [14].

It should be added that for the anodized Ti13Zr13Nb
electrode higher values of parametres characterizing the CPE
elements (CPE-T, and corresponding CPE-¢,, CPE-T_ and
corresponding CPE-¢,) were obtained (Table 3) than in case
of the same type of electrode but before anodization (CPE-T
and corresponding CPE-¢,) (Table 2). In Table 3, the higher
capacitance of the electrical double-layer for the Ti13Zr13Nb
electrode with the TiO, SWNTs on the surface (C, = 131+26
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uF cm?) is presented as compared with C, = 2.13+0.43 pF
cm? calculated according to Egn. 3 for the unmodified
electrode (Table 2). Such a difference in the vaue of C, is
probably connected with the stronger surface development of
the TiO, SWNTs layer (the porous material) than in case of the
self-passivated thin oxide layer, and it should not be related to
the increase in conductivity of the TiO, nanotubes.

The Bode diagrams in the form of log |Z| = f (log f)
shownin Fig. 5 confirm theincreasein the corrosion resistance
of the Ti13Zr13Nb alloy after anodization. The increase in the
value of log [Z| determined at the lowest frequency studied
of f =1 mHz, is observed for the Ti13Zr13Nb electrode after
the applied electro-oxidation. For both types of the studied
electrodes, a linear variation between log |Z| and log f with
adope close to -1 in the range of intermediate frequenciesis
visible what confirms their capacitive behavior.

08 T T T T T T T T
log f [HZ]
Fig. 5. Comparison of Bode diagrams in the form of log |Z| = f (log f)

for the Ti13Zr13Nb alloy before and after the anodization, registered
atE_ inPSSof 0.9% NaCl at 37°C

The phase-angle Bode diagrams for the Til3Zrl13Nb

aloy before and after anodization are shown in Figure 6. For
the self-passivated Ti13Zr13Nb alloy only onetime constant is

TABLE 2

Summary of the parameters obtained using the CPE model shown in Fig. 4ato approximate the experimental EIS data for the Ti13Zr13Nb
aloy before anodizationin 0.9 % NaCl solution at 37°C

. Rs Rox CPE'TCH CP E-¢d| Cd|
Til3Zr13Nb aloy
[Q cm?] [kQ cm?] [Fem?2 s [WF cm?]
o 20.69 1.01 0.73-10° 0.877 2.13
Before anodization
+0.02 +0.01 +(0.05)-10° +0.008 +0.43
TABLE 3

Summary of the parameters obtained using the two-CPE model shown in Fig. 4b to approximate the experimental EIS datafor the

Til3Zr13Nb aloy after anodizationin 0.9 % NaCl solution at 37°C.

Til3Zr13Nb Rs R CPE-T, CPE-¢x Ry CPE-Ty, CPE-¢p Ca
aloy [Q cm2] [kQ cm2] [Fcm-2 s [Q cm?] [Fcm?2s-] [WF cm?]
After 941 1.03 1.87-10° 0.945 707 0.0020 0.594 131

anodization +0.09 +0.01 +(3.85)-107 +0.004 +18 +0.0001 +0.012 +26

126:6193501409
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present in the circuit. Thisisatypical impedance spectrum for
the oxide layer on atitanium substrate [15]. One time constant
in the circuit can suggest that the corrosion process proceeds
by one step via anodic dissolution.

0

80'_ Before anodization:

704 v experimental Jeas

| approximation o o

60 After anodization: [
oy 1 e experimental B
O 50+ approximation E
=
S 30

204

10 "

04 R
T T T T T T T T T

log f [HZ]

Fig. 6. Phase-angle Bode diagrams for the Ti13Zr13Nb alloy before and
after anodic oxidation registered at E_, in PSS of 0.9% NaCl at 37°C

The appearance of the second time constant in the circuit
in Fig. 6 for the alloy after anodization indicates the porous
surface. The higher values of phase angles close to -90° are
observed for the electrode with the TiO, SWNTs on the surface.
They aretypical of a capacitive behavior corresponding to the
material covered with the oxide layer with a high corrosion
resistance, even in a chloride-containing solutions being well-
known to cause pitting.

4. conclusions

On the basis of the carried out studies by SEM, STEM,
and GIXD it was found that surface modification of the
Ti13Zr13Nb implant alloy using anodic oxidation alows
to obtain the nanotubular oxide structures having an inner
diameter of single-wall nanotubes from 10 to 32 nm. EIS
studies of the modified alloy showed the typical behavior
of impedance for titanium coated with porous oxide layer.
Surface modification of the Ti13Zr13Nb alloy increases its
corrosion resistance in a physiological saline solution as
compared to thealloy surface covered with the self-passivated

Received: 15 September 2015.

oxide film. The obtained results suggest that the proposed
method of surface modification by anodization is promising
for better osseointegration of the Ti13Zr13Nb implants.
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The aim of this study was to obtain the second generation TiO2 nanotubes on the Til3Nb13Zr alloy. Anodic
oxidation of the alloy under study was carried out in 1 M (NH4)2SO4 electrolyte under voltage—time conditions of
20 V for 120 min. The morphological parameters of the obtained nanotubes of second generation such as the length
(L), internal (D;) and outer (D,) diameter of nanotube were determined. It was found that the anodic oxidation
of the Ti13Nb13Zr alloy conducted under proposed conditions allowed to obtain the single-walled nanotubes of the
following geometrical parameters: the internal diameter 61 nm, outer diameter 103 nm, and the length 3.9 pm.
The total surface area of the single-walled nanotubes was equal to 4.1 pm?, and the specific surface area per cm?
(As) was estimated to be 15.6 cm? / cm?. Formation mechanism, structure and optimal morphological parameters
of the obtained single-walled nanotubes on the Til3Nb13Zr alloy have been discussed in detail.
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1. Introduction

Surface modification of the Ti13Nb13Zr alloy expands
the scope of the applicability of this alloy in medicine,
particularly in the implantology [1-3]. In order to im-
prove the biological activity of the Til3Nb13Zr alloy and
to increase its biocompatibility as well as ability to con-
nect the bones and the implant, the surface of biomate-
rial should be subjected to modifications [1-4|. One of
the most popular, easy-to-use electrochemical method of
surface modification of titanium and its alloys is anodiza-
tion. By applying the appropriate potential-current con-
ditions, time, type and concentration of the electrolyte,
the oxide layer on the surface of Ti and its alloys can be
formed using this method [5-8]. Electrochemical oxida-
tion allows to produce TiO5 nanotubes of various param-
eters such as diameter, length, and wall thickness |7, 8|.
This type of layers is recently used in orthopaedics, den-
tistry, and can also act as a drug delivery system in a pre-
cise place without oral supplementation [9, 10]. Depend-
ing on the used electrolyte the TiOs nanotubes belong-
ing to one of the four generations can be produced [4, 7,
9, 10]. The purpose of the present study is to investigate
the self-organized formation of nanotubular oxide layers
of the Ti13Nb13Zr implant alloy in the electrolyte based
on ammonia sulfate with addition of ions fluorine.

2. Experimental

The tested samples of the Til3Nb13Zr (wt%) alloy in
the form of disks were cut from the rod of 0.9 mm in di-
ameter. The samples were ground with 1200 and 25004
grit silicon carbide paper and then polishing using OP-S
suspension, sonicated for 20 min using nanopure water

*corresponding author; e-mail: agnieszka.stroz@us.edu.pl

(Milli-Q, 18.2 MQcm?, < 2 ppb total organic carbon).
Anodic oxidation was performed at room temperature in
1 M (NHy4)2SOy solution with 2 wt% content of NH4F.
Value of solution pH was 5.3. The time and voltage of an-
odization was 120 min and 20 V, respectively. Anodiza-
tion process was carried out using a Kikusui PWRS800H
Regulated DC Power Supply. The morphology and struc-
ture of the formed TiO2 nanotubes layers was examined
using a scanning electron microscopy with field emission
HITACHI HD-2300A (FE-SEM) and the grazing inci-
dence X-ray diffraction (GIXD) on the X’Pert Philips
PW 3040/60 diffractometer operating at 30 mA and
40 kV, which was equipped with a vertical goniometer
and an Eulerian cradle, respectively. The GIXD diffrac-
tion patterns were registered in 26 range from 20° to 90°
and 0.05° step for the incident angle a = 1.00°.

3. Results and discussion

Based on preliminary review of the literature and own
research in this work a new composition of the electrolyte
with a higher content of fluoride ions was proposed. Ad-
dition of ions is responsible for the production of more
uniform nanotubes of similar diameter as compared with
non-uniform nanotubes received so far from other elec-
trolytes with less ions F~. In general, the mechanism
with schematic diagram of TiOs nanotube formation in
fluorine-ion based electrolytes as a result of three simul-
taneous processes was discussed in our previous work [1].
Figure 1 shows the GIXD pattern of the Til3Nb13Zr
alloy after anodization in 1 M NH4(SO4)2 solution with
2 wt% NH4F, at 20 V for 12 min. X-ray analysis in Fig. 1
revealed the presence of two phases from substrate: a-Ti
and B-Ti. The diffraction pattern shows an amorphous
halo which may indicate the presence of amorphous nano-
tubes in X-ray scale. The phenomenon of the anodic
formation of oxide layers has also been reported in the
literature [8].

(1079)
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Fig. 1. GIXD pattern of Til3Nbl3Zr after anodiza-
tion at 20 V for 120 min in 1 M (NH4)2SO4 with
2 wt% NH4F.

Based on scanning electron microscopy (SEM) images
(Figs. 2 and 3) with selected areas of the Til3Nb13Zr
alloy surface after anodic oxidation, diameter and length
of nanotubes were estimated. It was found that under
proposed conditions single-walled TiO2 nanotubes with
an internal diameter in the range of 30-87 nm (Fig. 2a)
and an outside diameter in the range of 57 to 148 nm
(Fig. 2b), can be obtained.

Fig. 2. The field effect SEM (FE-SEM) images with
selected area to estimate: left — outer diameter, mid-
dle — internal diameter, and right — length of TiOs
nanotubes.
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Fig. 3. Histogram of outer and internal diameter dis-

tributions of the TiO2 nanotubes on the surface of
Til13Zr13Nb alloy after anodization at 20 V for 120 min
in 1 M (NH,)2SO04 with 2 wt% NH,F.

Empirical distribution histograms of the diameter of
the nanotubes is shown in Fig. 3a and b. The average
value of the inner and outer diameter of single-walled
nanotubes (SWNTs) with having regard to uncertainty
of measurement is respectively D; = 61(11) nm and

A. Stroz, G. Dercz, B. Chmiela, D. Stréz, B. Losiewicz

D, = 103(16) nm. Microscopic observation revealed that
the length (L) of the obtained SWNTs changes in the
range from 3.3 to 4.1 pm (Fig. 2¢). The average value
of the SWNT length with the consideration of measure-
ment error is L = 3.9(0.2) pm. The total area (A4;) of
the nanotubes was calculated according to the following
formula [§]:

A; =2r (D§ — D}) + 2w L(Do + Dy). (1)
The first term of the above equation is associated to the
areas of the two tube rings. Second term involves the ar-
eas of internal and external curved surfaces. The specific
surface area (Ag) of nanotubes per cm? was estimated
by the following term [8]:

4. Conclusion

It was found that the anodic oxidation of the
Til3Nb13Zr alloy conducted under proposed conditions
allowed to obtain the single-walled nanotubes of the
following geometrical parameters: the internal diame-
ter: 61 nm, outer diameter: 103 nm, and the length:
3.9 um. The total surface area of the SWNTs was equal
to 4.1 pm?, and the specific surface area per cm? (A,) was
estimated to be 15.6 cm?/cm?. The result of the anodiza-
tion carried out in 1 M (NHy)2SOysolution with 2 wt%
content of NH4F at room temperature at 20 V for 120 min
was formation of amorphous TiOy SWNTs. The obtained
results of FE-SEM and GIXD studies confirmed the pos-
sibility of electrochemical formation of second generation
of TiOs nanotubes on Til3Nb13Zr implant alloy under
proposed conditions.
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Fomaberials in the intenscton of the i.m]'.ll:nnt with the l:dl1|.-::-f;;.'rra] ervironrment. Hence, this work
investigabes the i vitne bioelectrochemical behavior of rewly developed oxide nanotubes (0N
lavers of secomcd-peneration (25) on 4 Ti-1342-138E alky. The 26 ONTE were produced by anodization
ine 1 B {NH S0, silution with 2wk % of NHYE The physical and chemacal propertios of the obtained
bantdxw-inspired 20 OMNTE were characterized using scanning ebectron microscopy with field emision
ared energy dispersive spectroscopy. Zets pobential messurements for the examimed materials were
carried cirt using an electrokinetic analyzer in aguecus electrolvies of potassium chloside, phosphate-
buffered saline and arbificial Blocd. It was found that the edectrolyvie bype and the ionse strength affect
the Broetectrochemical properties of 26 ONTs layers. Open ot podential and anedic polacization
curve results proved the influence of anodizissg on the improvement of in Vitro corrosion resistance
of the Ti-132r-13Nk alloy in PBS solubion: The anedizing conditions. used cam be proposed for the
produclon of los-term implands, which ave not stisooptible b plting corrosion upy o 9.4 W

Keywords: anodizing: corrosion mesistance; oxdde nanotubes; Ti-13Z2e-13Mb alboy; zeta pobenizal

1. Introduction

Innovateve biomaterials inspired by nature are the answer to the key challenges of
modern medicine. Current scientific trends in medicine concern the use of intelligent
bionanomaterials for the needs of dynamically developing regenerative medicing, ssue
engineering and targeted therapy [1-3]: The latest generation of bionanomaterials that can
give hope to hundreds of thousands of patients waiting in queues for their heatth and lite
include axide nanotubes (ONTs) inspired by the strecture of bamboo obtained on ttanium
and titanium alloys intended for long-term implants [4-21], Currently, titanium and its
alloys are comrmanly used metallic bomatenals inmedicine due fo their unique properties,
which include high corrosion resistance [1,4-6,11,15,20,22-77], biological inertmess [1,11.28],
Lo gpecific gravity and excellent mechanical properties [ 1,7,16.24,29-34], In vitro corroesion
resistance of metallic biomaterials affects their functonality and durability. It is also the
miain factor that determines biscompatibility, According to the fundamental paradigm
of metallic bicmaterials, which does not apply only b0 biodegradable metals, the more
corrosion-resistant a biomaterial is, the greater its biocompatibility [27], The Ti<132r-13Mb
alloy belongs to the mewest group of Hanium allovs, which do not contain aliergenic nickel
or aluminum and carcinogenic vanadium [4,5,11-15,18,19,23.32-35], This bi-phase (a + ()
alloy shoses high biotolerance and very good corrosion resistance and is classified as a
long-lasting biomaterial [4,5,11-15,18,1%,23,32,34]. The bioccompatibility of titanium and its
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alloys results from the presence of a native oxide laver on its surface, which is characterized
by thermodynamic stability and low clectronic consductivity, s thickness ranges from
2 to 10 nm-and provides high corrosion resistance [23]. In the binlogical enviromment of
the homan body, in the oxide layer on the surface of titanium and its alloys, processes
invodving the incorporation of elernents from the Auids of cells and Hssues surrounding the
implant fakes place, Moreover, an in vitro hemocompatibility study of the Ti-13Zr-13Nb
alloy before and after anpdizing in | M ethvlens glvool solution with 4 w2 of WHF
revealed the hemalytic index of .30 {8) and 0.00 before and after surface modification,
pespectively [11] The obtaingd resalts confirmed that ancdizing of the Ti-137r-13NE
biomedical aflov allowed the complete elimination of hemolysis.

Tos inwcremse the biocompatibility of the Ti-1320-13Mb aJ]L:-_'.- and improve it biological
activity, we propose modibving the surface of this allov using the ancdizing method, making
it possible to produce self-organized ONTs of various geometry and length, Bamboo-like
DTS lavers were ablaired on the Ti-13Zr-3Nb alloy using ivorganic and organic elec-
trolytes [4,5,12-15,18,14] The porous layers of ONTs can be additionally modified by
entiching them with glectrolvte components, ez, phosphates, giving them bloactivity
features, The ONTs can also be saturated with therapeutic agents, bactericides, active sub-
stapces or Hesue-forming hydroxvapatibe, thanks to which they can be used in orthopedics,
dentistry and intelligent drag delivery systems [10]. The bamboo-like ONTE enable the
strengthening of bone functions af the boundary of the implant and bones, In the case of
the rough surface of titanium implants, an increase in csteogenic properties such as cell
profiferation, protein adsorption and deposition of calcium have been reported, which
Favor ossepintegration [1-3].

As a result of surface modification, the physical properties change, which also affects
the chemical properties of the surface. The implant affects the surrouncding tissues through
its surface, This is due to the interaction of implant surfaces and body fluids, which is
often mediated by adsorbed proteing [5.11,2022-2a]. The features of the implant sucface,
regarding its roughness, topography and surface chemistry, are then “translated” by the
protein kayver o information that ie understandable by the cell=

A sensitive indicator for the actual surface charge of a biomaterial in contact with a
bivlogical envirenment is the seta potential (0} [36-38], Wettability and surface roughness
of ONTs formeed o the Ti-13Ze—13Mb alloy implant surfaces are characterized in the litera-
ture;, while the surface charge is still unavailable [54,20]. Studying the zeta potential of the
Bipoompatible Ti=132-13ND alloy before electrochemical modification and with vertically
ariented OMNTs will allow learning the mechanism by which ions will adhere better to
smonth surfaces and will prefer a porous structure. The bechnique of streaming potential is
based on the phenomenon of creating an electric field when the electrolyte flows, which
rernains tangential to the statiomary, charped surface of the tested materal, The & valie 15
calculated fromy the generated streaming potential. The local surface charge is refated fo the
surface roughness of ONTs in the nanoscale, On the edges of ONTs with different internal
and external diameters, there is a high surface charge density, which is the binding site for
monovalent and divalent ions, as well as proteins mediating ostecoblast adhesion [349,40],
Despite this, there &5 alack of data in the literature regarding this important bioelectrochen-
ical property of charged solid-liquid interfaces for the Ti-132r-13Nb alloy in body fluids.
Therefore, the maim putpose of this work was an evaluation of the anodizing effect on Cand
in vitro cornosion resistance of the Ti-13Zr-13Nb alloy in artificial body fluid. This work
brings a new contnbution toe the description of the relabionship between the rew anodizing
conditions and in vitro bicelectrochemical properties of the latest generation Ti-13Zr-13Nb
alloy, which has been intensively researched in recent vears due to its unigue propertics,

2. Materials and Methods
2. Suebstrate Trentranend

The material under study was Ti-13Zr-13NE (wi.%) alloy (BIMO TECH, Wractaw,
Pirlandd), DHsc-shaped samples with a thickoess of 5 mm swene cat from a wire with a
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diameter of 20 mm and a length of 1 m. A specification covering chemical, mechanical
and meetallurgical requirements for wrought Ti-13Nb-132r alloy for surgical implant
applications is provided in standard ASTM FIF13-08(2021)el [11]. The samples were
subjected to one-sided wet grinding on a metallographic grinding and polishing machine
Forcipal 212 {Metkon Instruments Ing., Bursa, Turkey) at 250 rpmeof the grinding wheel
with soft start and soft stop. 5iC abrasive papers of P60, F1200 and P30 gradations
(Buehler Lid.. Lake Bluff, IT., USA) were uzed. The groand samples with a mirror-hke
surface were rinsed thoroughly under tap water and sonicated for 20 min in acetone
{Avantor Performance Materialz Poland SA., Gliseice, Poland) and then in ulirapuee water
with resistivity of 182 MO cm (Milli-0} Advantage A10Water Furification System, Millipore
5A%, Molsheim, France), The deaning procedure in ultrapure water was repeated tiwice
with a change of water.

2.3, Praduction of ONT: on Ti-132r-130E Alfoy

A detailed method of preparing anodes was described in our previous work [10]. The
self-passive oodde laver on the anode surfsce was removed immediately before electrochem:
ical oxidation by dissolving in 25% v/0 HNCy (Avantor Performance Materials Poland S5.A
Gliwice, Podand) for 10 min at room temperatune. The depassivated anodes were cleaned
with Mill-Cr veater in an wllvasonic bath foe 200 emin.

To produce the ON'Ts layers, the prepared anodes were subjected to one-step anodizing,
Electrochemical axidation was carried out in 1 M {NH 50y solubion with 2wt of
MHYF at 20 Y for 120 min at room temperature. Ammonium sulfate {>99.0% purity)
ard amanonium fluoride (2999955 trace metals basis) were supphied by Sigma-Aldrich
{Saint Louis, MI, USA). The mechanism of obtaining 2G ONTs layers on the surface of the
Ti-13£r-13Mb alloy under the applied anodizing conditions was described i detail in owr
earlier work [13]. Anndizing was conducted in a bwo-electrode svstem inwhich the anode
was a sample tested in a Teflon holder, while the 4 cm? platinum mesh served as a counter
electrode. The geometric surface of the anode subjected to electrochemical oxidation was
064 em?. The distance between the cathode and anode was 25 mm. After anodizing, each
anade was immersed for 5 min in Mill-C water subjected to vigorous agitation.

2.3, Physicochemical Charncleristics of ONTs on Ti-138r-T3Nb Alloy

Surface morphology and thickness of 20 OM'Ts lavers phiained on the Ti-132Z-13Nb
alloy were examined using a scanning electron microscope with field emission (FE-SEM]}
Hitachi HO-23004 (Hitachs Lid., Tokvo, lapan} arder Iow-vacuum conditions of 50 Pa at
an accelerating voltage of 15 kY. FE-SEM images were collected by secondary electrons (SE).
Before microscopic examarations, 2.5 nm chroomium Taver was deposited on the sucface
of the tested samples using an ion-sputtéring machine Cuorum QI5IT ES equipment
{Quorum Technologies, East Sussex, UK) with argon as the ion extracting source, Local
chemical composition with the surface distributicn of elemenls was performed using an
Energy Dispersive Spectrometer (EDS, Ohtord Instruments, Abingdon, UK).

24 In Vitro Surface Chavacleristics of ONTz on Ti-13Z2r-13Nb Alioy ir Body Fiuids

The surface zeta potential for the nen-anodized and anodized Ti-13£r-130b alloy was
measured inaqueous ebecirolytes with different ionic strengths. The following sclutions
were applied: KOl (0.001 mal L") as the background electrolyte, PBS {0.001 mol L' and
0.0 mol L1 [42] and artificial blood (001 moel 171 [43] in a wide pH range from over
3 to % at 37(2) “C. The pH of these aqueous electralytes was adjusted with 0.05 mol L1 HCL
arvd 005 mol L! NaOH, respectively. Streaming current messarements were performed
with an electrokinetic analyzer SurPASS 3 {Anton Paar GmbH, Graz, Austria) for surface
besting of materials with aufomatic £ anabvsis, The Adjustable Gap Cell shown im Figure 1a
was used. During the measurement of [, a pair of the same samples were used, which
were fived in the holders with a cross-section of 10 » 10 mm vsing double-sided adhesive
tape (Figure b} The samjple holders were insected into the Adjustable Gap Cell in such
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a way that the tested surfaces of the discs faced each other. Both tested surfaces were
located at o distance of about 100 um. The SurPASS 3 instrument enabled the use of
bath the classic streaming potential method and the streaming current method for direct
analysis of the surface zeta potential, The surface conductance of the investigated sample
influenced the surface zeta podential of tested surfaces evaluated from streaming potential
measurements. In tum, the streaming current method required that the geometry of the
flow channel be known (Figure [c) The £ of planar samples was preferably determined
from the measurement of the streaming current due to their electrical conductivity,

PSRt |
i _ P

(b ch
Figure 1. Adpustable Gap Cell mounted between electrodes (a); Sample kolder (10 2 10 o, cenbec)
b Measuring peinciple (ch

Scheme of the rectangular slit channel between adjacent solid samples with a planar
surtace indicating its dimensions is presented in Figure 2. L, W and H stand for the lemgth,
width and heaght of the fow channel, respectively, The Blue areows indicate the dinection
of electrelvie flow during the ¢ measurement.

Hi

w

Figure 2, Scheme of the reckangular slit channel between adjacent solid samples with a planar sueface,
E. W ansd H are the bength, width and height of the fow channel, respectively

The: fundamental Helmboliz-Smoluchowski dependence For evaluating the: £ from
streaming current measurements is given by Equation (1), which relates electrokinetic phe-
rearmena ke the streaming potential and ghe skreaming careent & the zeta potential [39,407:

dl;, L
oot ir m i1}

- dAp £ & . o)

In Equation {1}, the measured streaming current coupling coefficient distr/dAp i=
related o the cell constant LA of the Aow channel, which is the gap between adjacent
solid samples. Az shown schematically in Figure 2, L denotes the length of the rectangular
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slit channel formed between two planar surfaces and A is its cross-section, A = W = H,
with Wodenodting channe] width and H gap height, In Equation (1) s the viscosity of
the electrolyvie, £, s related to the dielectric coefficient of the electrolyte and &y denotes
thve vacuum permittivity. For dilute aqueous solutions, g and 6. of witer were used. The
application of Equation {1) requires a thorough knowled ge of the flow chanmel geometry,
defined by the L/A cell constant, In case of the rectangular slot.channel, the L and W
parameters are determined by the size of the solid sample. The value of the parameter
H., which is the gap height, can be calculated based on the measured volume flow rate of
electrolvbe passing through the Aow channel deiven by the applied differential pressure,

2.5t Vitro Corrosion Resistance of ONTs on Ti-13Zr-13Nk Alloy in PBS

In witto cormosion resistance measurgments of the non-anodazed Ti-1537r-130b alloy
with 26 ONTs layers were conducted in PBS at 37(2) “C using the method of open circuit
potential (DCE and anocdic polarization corves. For the preparation of FBS contaiming
BOgL ' NaCl,02gL VKO 142 g L) NasHPOy and 024 g L' KHLPO, [42] analytically
pure reagents {Avantor Ferformance Materials Poland 5.4, Glhiwice, Poland) and Milli-0
water were uséd. The pH of the PES solulion was adjusted ko ZA(1) using 4% Na(dH
and 1% CiHqOq. Prior to each measurement, a fresh portion of PBS was deaerated using
ary A fowe (UHEP Ag, 9909997%) for 20 min. Coreosion behaviee of the tested alecteodes
was characterized in a single-chamber electrochemical cell using a conventional three-
electrode system, The cathode was the Ti-132r-13Nb alloy without and with the ONTs
laver. The anode was platinum foil with dimensions of 40 =« 20 = 2 mm. The reference
electrode was the saturated calomel electrode (SCE) immersed in PES electrolvie using
Luggin capilfary. Open circuit potential {Eqc) was stabilized for 2 b, Then, the anodic
plarization curves in the cange of potentials from Eqe minues 150 my to9.4 Vowere rog:
istered at the polarization rate of v = 1 mV 5~ 1 All electrochemical tests were conducted
using the Autolab/POSTATI0 computer-controlled electrochemical system (Metrohm Au-
telab BV, Utrecht, The Metherlands) equipped with the General Purpese Electrochemical
System soffware.

3. Besults and Discussion
3.1, CE-SEMUEDS Shudres of ONTs on Ti=13Zr=13Nh Alloy

The surface morphelogy of the Ti-132r-13Nb alloy after ancdizing in | M {(MNHy )50y
solution with 2 wt.% of NHyF at 20 V for 1200 min can be observed in Figure 5. The
SE FE-SEM image in Figure Ja presents the on-tog general view of the 3G ONTs laver.
Figure 3b shows the surface morphology of the obtained bamboo-like OMTs in more detail.
Oriinde pranotubes with a Groolar cross-section and aingle walls are evenly distnbuted over
the observed surface and arvanged vertically. Bundles of ONTs that grew in local areas
corresponding to the presence of o and B phases are also visible [15]. The mulbi-step process
of 20 ONTs layer formation on the surface of the Ti-13Zr-13Nb alloy in aqueous solutions
comtaining fluoride tons was discussed in detail in our earlier work [13}

Figure 3¢ presents an exemplary SE FE-SEM image of the mechanically scratchedd
region of the 26 ONTs layer formed on the Ti-13£r=13Nb substrate. The top view of the
mechanically fractured oxide faver reveals micro-areas with invisible and visibie bamboo-
like nanotubes, which form an ordered matrix of vertically oriented ONTs. The high degree
of ordering of smocth-walled ONTs may increase the corroston resistance of the Ti=138r-
13N alloy in body fluids [4.5,11]. The inner diameter, outer diameter and length of the
obtained 20 OMNTs Taver were determined based on the FE-SEM images recorded from the
selected areas of the Ti-13Zr-13Nb alloy surface in our preliminary results [14]. Empirical
distribution histograms of the ONTS' diameters allowed determining the average values of
the morphological parameters. [Ewas found that under the proposed conditions, bamboo-
like O Ts with an inner diameter of 681{11) nm and an outer diameter of 103(16) nm were
phtained. The average value of 20 ONTs length was 39020 pm, and the specific surface

area per cm” was equal to 15.6 am® em 2,
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(c)

Figure 3. 5E FE-SEM image of the Ti=132Zr-13Mb alloy atber anodizing in 10 (NHg 50y solution
iith 1w of WHF ab 20 % For 120 mbn: (a) On-bop general view of 26 00T layer; (b} View of 25
OMNTs Laver imva sebected indero-region: {e} Fracture of 35 OMTs Llaver [14],

The X-ray structural investigations of the 20 ONTz laver obtained in 1 M NH (50, )
solution with 2 w3 NHLF on the Ti-13Zr-13Mb alloy surface were carried out in the
previous work [L1]. The grazing incidence X-rav diffraction (GIXDY) results shown in
Figure 4 revealed the presence of a-Tiand (-Ti phases for the bi:phase Ti-13£r-13Nb alloy
substrate and an amorphous halo related to the 26 ONT: laver
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Figure 4, GOOD patlemn of Ti-132r-13Nb after anodization in 1 W H SOk silthe 2wt BMHGF 141

A e generation of boimedical titanium alloy was selected for research in this work.
By eliminating toxic elements such as vanadium, aluminum and nickel from the composi-
tion of the titanaum alloy, the appropriate requirements for medical implant applications
were ensured |32]. The chemical composition of the Ti-132r-13Mb alloy was investigated
in ot previcts work [15] The restalbts of the analvsis of the focal chemwcal composition of
thve Ti-13Zr-13Mb alloy with the obtained 20 ONTs layer are shown in Figure 5.
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Figure 5 Local chemical composition of the Ti-132=13Mb alioy with the 20 ONTE laver (8 Energy
|:I'i5|'n:1'si1.'|:_~ spectrum in the mi:rc:--r{'gi-:,:-m by ELFS miaps of glements distribution {11, £ Nk, O, O, Fp
im the micro-ragion,

A representative energy dispersive spectrum in the micro-region on e surface of the
anodized Ti-132-13Mb alloy showws the relationship between the count per second and
the: binding energy (Figure Sa) Feaks from Ti, Zr and MNE alloving elements are visible, The
presence of an oxvgen-derived peak of high intensity in the EDS spectewm in Figure 5a
testifies that, on the surface of the tested biomaterial, an oxide layer is present. The obtained
EDS spectrum alse reveals the frace amounts of the elements included in the electrolyte
used for anodizing (F, C1}, an ultra-thin layer applied to improve the conduactivity of the
bested sarmple (Cr) or impunhies (Ch

Figure 5b show the corresponding distribution maps of chemical elements in the micro-
repion, EDS distribution maps for individual elements have been recorded in different
coloes, which allows distinguishing the location of elements such as Ti, Zr, Nb, O, Cand E
The obtained LS distribution maps show that all identified elements are evenly distributed
o the surface in the studied mitcro-region, and C and F occur incsmall amounts,

32, I VWikro Bapeleotrochemicn] Characleristics im Body Fluids

The zela potential is related Lo the surface charge ab the bicmaterial | electrolyte
interface, and its knowledge allows for characterizing surface properties and designing
new biomaterials. To determing the { parameter for the Ti-1320-13NMb alloy before and after
anedizing, the measurement of stream img current was perfnrmed alternatively in both flow
divections. Figure & shows exemplary pressure ramps as streaming cureent vs, differential
pressure for the Ti-13Zr-13Mb alloy after anodizing at different pH of the electrolyte. One
canc st that the dependence representing the streaming current o the applied differential
pressure is strictly linear, and the linear regreszion coeflicients take values higher than
R =099,
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Figure &, Streaming current vs. differential pressure for the Ti-13Zr- L3N0 alloy after amdjzing at
VACICHES FH of the qlﬁl‘ml}lm.

Figure 7 shows the flow behavior of electrolytes passing through the gap between
exemplary sample surfaces for the Ti-135-13Nb alloy after anodizing expressed as volune
fhow rate vs. differential pressure. For all series of measurements, a tinear dependence that
mglicated laminar Jow bebavior was found,
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Figure 7. Flonw rate va, differential pressure for the Tl-13Zr-13Mb alloy afler anodizing,

The determined seta polential for the Ti-13Zr-13Nb alloy with and without the ONTs
laver in the presence of the inert aqueous solution of 0001 mal L-F KCI was compared.
Figure 5 shows the dependence of electrolyte pH in the range of pH 3% on zeta potential,
where the corresponding isoelectric points (1EPs) were found. MNote that the pH was first
changed o low pH by starting close to pH & (the native pH of a freshly prepared KO
selution) and adding acid.

The measuring cefl was then rinsed with Milli-0 water, thereby keeping the Ti-132r-138b
alloy disks mounted. Afterward, the electrodvite was exchanged, and the titration proceeded
to high pHL, Mote the coincidence of nepetitive measarements close to pH 6, which indicates
the stabaliky of the Ti-132r-13Mb alloy surfaces in the presence of the aqueocus solution in
the pl1 range investigated. For the polished Ti-13£r-13Nb alloy disks, a pH dependence
o zeta pokential with an TEP 4.2 typiecal for surfaces with litthe or no functional groups
was found |44, We assumed a native oxide laver present on the Ti-13Z2r-13Nb substrate
whose thackness was in the nanometer range [23]. This behavior was alzo found, eg., for
gold, staintess steel or polymer surfaces [44]. The growth of the ONTs on the Ti-132r-13Nb
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substrate is approved by the significant shift of the IEP to pH 5.4 and renders the surface of
e anoelieesd sample ampheteric, It was revealsd that the 26 ONTs on the Ti-152r-13NE
substrate represent the amorphous oxide phase [14].

i

= Ti-13Er-A3NbE
O T 13- 1 3NDIONT s

b -

=]

|
=
=

L

Zeta potential [mV]
|
=5

I
&

2 3 £ o [} T B
pH {in 0.001 mol I KCI)

o =

10

Figare 8, Dependence of electrolyte pH on zeta potential for the Ti-153Z—E3Nb alloy withcwt and
with thie ONTs layer in 0001 mol 1= KCJ,

In the next step, the effect of different buffer solutions on the zeta potential of the
Ti-1 321 3b alloy before and after anodizing was compared. Figure ¥ shiows the zeta po-
tential at pH 7.4 for the tested materials in the presence of 0.001 mol L% KCL 0.001 mol L~
PBES, 0.00 mol L° PBS anad 0.01 mol L1 artificial blood, respectively, When exchanging
the inert 11 electrolvie by PBES with comparable iomic strength, a significant mcrease in the
nasgative { for the Ti=132r-130b AON T sample while the seta potential remains almiost
unaffected for the Ti-13Zr-13Nb zample within the experimental ereor was found. We Lthus
assumied a strong interaction of phesphate ions with the amorphous oxide surface,

D_
EET -~
-0 4 = 1 mM PES
= 10 mid PRIS
F-EU" ® 16 mbd o, Blood
B ® 10 mM PES rep.
W 90 -
Al
-
um—
=70

TI-13Er-13Nb T 13— 1 NONTs
Type of sample

Figare 9, Zeta potential at pH 7.4 for the Ti-132=13MEb atloy before and after anodizing in the
presenae of different buffer solutions, wherne the number of experiments for B ereor bars was nos 3
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By further increasing the ionic strength of PBS to 0.01 mol L', a decrease in the zeta
pokential for samples Ti-13Z2r-1538b and Ti-132r-13Nb S ONTs was moded, which follows
the predicticn of the maodel of the double faver. Increasing ionic strength compresses the
diffuse laver of surfacescharge compensation counter-ions and thus reduces the magnitude
of the zeta potential. This prediction assumes the absence of selective interaction belween
the electrolyte ions with the solid surface, An explanation for this ebservation is simply
a smaller slope of the dependence of (negative) zeta potential on the ionic strengih [44].
However, when exchanging the PBS buffer with artificial blood, thereby maintaining the
wiie strength, a decrease in the negative zeta potential for all samples was found, This
decrease is higher for the Ti-13Zr-13Mb sample {25%) as compared to the sample Ti-13Zr-
IAMNESOMTE (1000, I was conclusded that the complex jons comtaimeesd in artificial Blood
have a stronger affinity o hydrophobic surfaces than fo more hydrophilic omes,

After completing the analvsis in artificial blood, the disk samples were kept mounted
in the Adjustable Gap Cell and rinsed with Milli-Cr waler. The repetitive measurement in
the presence of (1 mol L * "BS for samples Ti=13Z5-13Nb and Ti-13Zr-13Nb/ONTs con-
firmed that the adsorption of complex lons contaimed in artifickal Blond was
fully reversible,

Since the zefa potential ab pH 7.4 was negative for all samples and to determine the TEF,
as a final measurement step, anather tiration starting at physiclogical pH and proceeding
towards Jow pH was performed. Figure 10 shows the results, which confirm that the
complex ions conlained in the simulated body Huid (5BF) adsork on the Ti-132r-13NKE
alloy before and after anodizing and shift the [EP to low pH

40 1 TA3Zr-138m (MC1
I Ti-1 32r-15HE {biaod)

an O T SN TS (KCH)
D\\ o0 T A8 ZNEONTS Chlood] |
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@

|
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=
1

Zeta potential [my]
[

i
2

—80 I I 1 1 i 1 1
2 a a 5 é T B g 1

pH {in 0.001 mol 1! KCI resp. 0.01 mol -1 SBF)

Figure 1 Dependence of eleciralyte pll on zeta potential for the Ti- 138130 alloy without and
with the OMNTs layer in 0001 mod L T and 001 med 100 simulabed by Eluicd (SBF)

It is interesting o note that the effect of SBF is smaller for unewidized Ti-13Ze-13NB
alloy, After finishing the pH titration, the samplhe disks were ninsed with Milli-Q) water, and
measurements were repeated for both bypes of samples in the presence of 001 mol L™ I PRs
in order to investigate whether the adsorption of complex fons was reversible or permanent.
The corresponding zefa potential ot pH 7.4 15 shown in Figure 2,

3.3 I Vitro Open Circuist Pofential Characteristics i Body Fluids

The open circuit potential (Enc) parameter was used o determine the initial in vidro
corrosion resistance of the Ti-13Zr-13Nb electrode betore and after anodizing under con-
difions similir t0 those in the human body, Due to the fact that inflammation occurs
immediately atter implantation, which is associated with a decrease in pH in the acidic
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directicn in the tissues surrounding the implant, electrochemical Eoc measurements were
carried out incthe PES electrolyte at physiologial and acidic pH. Changes in pH affect the
risk of reduced corrosion resistance of the implant. Therefore, the OCF method was used
to assess the protective properties of the obtained 26 ONTs layers on the Ti-13€r-13Nb
allow. Figure 11 shows the course of Eqe for the Ti-13Zr-13Kb electrode without and with
206 ONTs layer for 2 h of immersion in PBC with pH 7.4 and 5.5 at 37 °C.
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Figure 11. Open circuit potential {Ege b in the function of immession time (8} for the Ti=132r-13MEb
electrode without and with 26 ONT laver in PES ab 37 °C

The tonic—electron equilibrium al the interfacial boundary between the electrode
surface and electrolybe was reached after 7200 5 of immersion. It should be noted that Eqc
stabilized more slowly on the non-oxidized Ti—132—1 3N electrode in both neuteal and
acidic PBS. This phenomenon is probably related to the self-passivation of the Ti-13Zr-13Nb
electrode surface after immersion in the electrolyte and the thickening of the ultrathin oxide
film [23]. In the presence of 26 ONTs lavers with protective properties, Eqoc stabilization
pocurred faster, The stabilized Epe value, treated i further studies as an approsimate
value of corrosion potential (B ), was negative for all tested electrodes. The non-anodized
Ti=13Zr-13Mb eledtrode showed lower cormosion resistance in PBS in comparison to the
T 2321 3Nb SONTs electrode in both neutral and acidic electrolytes. Such changes in the
Enc indicate a decrement in the thermodynamic tendency to the corrosion of anodized
Ti—-13Z2r-13Mb electrode. The lowest cormoston resistance was demonstrated by the non-
anodized Ti-13£r-13Mb electrode in PBS of pH 5.3, for which the average value of Ege was
—[LA130300 . Tt means that the increase in the content of aggressive chloride 1ons i the
electrolyte accelerated the corrosion processes. The highest average Eqc of —0.397(19) ¥
wins determined for the Te-13Zr-138bA0ONTR electrode in PBS of pH 74, which i icates
that the obtained 20 ONTs layver has stronger barrier properties as compared o the native
onicle layer. These resalts confirm that the application of the anodizing process under the
conditions used can significantly improve the corrasion resislance of the Ti-13Z—- 13Kk
electrade in body fuids,

34 In Vitro Susceptibiily to Pitting Corrosion in Bady Finids

Analysis of the anodic polardzation curves shown in the semi-log form in Figure 12
revealed a similar course foe all investigated electrodes with apparent passive anodic behav-
ior. A shift towards cathode potentials for both Ti-13£r-130Mb and Ti-132r-13Nb/ONTs
electrodes in acidic PR3 is observed as compared to physiological PBS. The reason for this
is a decrease in the corrosion resistance caused by an increase in the aggressiveness of the
corrosive environment, On the other hand, 1§ can be seen that the prodection of the 26
OMNTs lavers by anodizing caused the desired shift of the logljl = (E) curves towards
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anodic potentials in both physiological and acid PBS in comparison with the non-anodized
Ti-13Z2r-13Mb electrode, Incthe range of potentials corresponding to the cathode branch
with values lonwver than E.,,., the tested electrodes are resistant o corrosion. Al potentials
equal fo Eq., oxidation processes begin at the anode branch, The higher passive current
densities of the order of 1077 A ¢m~? were observed for the Ti-13Fr-13Nb electrode in
PBS of pH 3.5, which means the highest corrosion rate among the tested electrodes, The
decrease in ancdie curtent densities for the anadized Ti-132913Nb electzode in both PBS
af pH 7.4 and 5.5 is associated with the presence of 20 ONTs layers which are character-
vpe] by preater stability as compared to the self-passive oxide laver on the Ti-1370-13NE
electrode surface,

3 1
1 i
5 5
] 5
o "7 a 5
— et
= o
Typi of ehecbroda: Twpe of clectrode:
= —— Ti-122r- 13Nk, PHS pH 7.4 Py — Ti-ATZr- 1M, PEE pH T4
——— Ti-132r-13Hb, PES pH 5.5 —— TI132r 134, PES M 55
. ——— TI-132r-A3NBIONTS, PES pid 7.4 ) e Ti- 1221 13HEAONTS, PES pH 7.4
e e Ti-10Er-15NBON T, PRS pH 3.8 — TI11Zr- 1 3NDONT e, PES pH 55
i T L I I T S o 0.7 5 n1s o n1s 70
E [V vs. SCE] E [V vs. 5CE]
{a) ib)

Figure 1L Anodic polarization curves for the Ti-13Z2e-130b electrode without and with 26 ONT=
Layer in phwsiclogical and ackdic FPBS al 37 7C: (&) In the swwhole tange of tested potentials; () The
izt im the range of pobentials cormesponding bo the cathode-anede transition

It ie worth noting that the Ti-13Z2r-130b alloy, both before and after anodizing, did
nv show suscephibility fo pithing cormosion becawse, iy the range of the fested pobentials
up ke 94V, there was nobreakdown of the oxide layvers to the substrate. Registration of
anode polarizabion curves for potentials above 9.4 V was impossible due to the limikations
of the apparatus. The obtained resulks prove the excellent corrosion resistance of the
tested biomaterials in environments containing chlorides, which can be proposed for
the production of long-term implants. Compared B0 conventional steel biomatenals, the
Ti-13£r-13Mb alloy, both before and after anodizing, shows exceptional electrochemical
properties in PES solubion 42, Ananodic behavior study of different tvpes of stainiess
steel in PBS sotution revealed that drastically lower breakdown potential (Epg ) values were
observed, Al the By of 0208 for ATSE XML and 0.559 % for ATSI 31601 anstenstic stainless
steels, as well as 1120V for 2205 duplex stainless steel, a sharp increase in current density
ipn anodic pelarization curves was observed, indicating much zasier destruchion of the
oxide layer.

4, Conelusions

The obtained results confirm that the proposed conditions of anodizing for Ti-13Zr-
158b alloy allow for obtaining bamboo-like 2G ONTs layers, It was found that the effect of
electrolvle pH on the zeta potential of the examined surfaces eccurred. In 2 neutral aquecus
E.CH solution, the 20 ONTs layer moves the isoelectric point from 4.2 for the non-anodized
T=13Ze-13Mb allav, swhich iatypical for the surface without a funchonal growp o pH of 5.4,
which is characteristic for amorphous oxide phase. Comparison of the influence of different
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electrolytes such as KCI, PBS and artificial blood on the zeta potential at pH of 74 for the
Ti-13Zr-13Mb alloy before and after anedizing revealed a strong reaction of calcaum anions
with amorphous surfaces, The complex ions contained in artificial bleod have demon-
strabod a stronger aftinity to the hydrophobic surtace before anodizing than the hydrophilic
one after electrochemical oxidation. The inceease in coreasion resistance of the anodized
Ti-13Zr-13NMb electrode in I'BS as compared with the non-anodized Ti-13Zr-13Nb elec-
trocle was due to the presence of a stable 20 ONTs laver. For both types of electrodes, no
susceptibility to pitting corrosion up to 9.4 ¥V was found in potentiodynamic studies.

Knowledge of the surface charge of the biomatenial is of fundamental importance for
predicting the biological response of the organism to the implant, especially immediately
after the implandation procedure. Howeves, the 2ot pofential method used in these in vitng
studies could not be used in vive due to technical limitations. Moreover, determination of the
breakdown potential of the 26 ONTs layer on the Ti<132r-130b alloy in T'BS was not possible
due Lo the technical limitations of the polentiostat bo the esbed potential range of 10 V.

The conducted research encourages further research on surface modification of the
iomedical Ti—13Zr-13Nb alloy by ancdizing in new electrochemical conditions. Tn the
mear future, in vitro and in vivo biological tests are planned, which will make it possible
by obtain the CE certificate requirdgd b0 amplement the developed surface modification
technotogy. Knowledge about the kinetics of drug release from the obtained ONTs will
facilitate the future development of personalized implants that are carniers of tissue-forming
and thevapeutic substances, supporting the process of oesecintegration of the implant in
the human body.
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Abstract: In the aroup o vanadinm-free Hisnium .:lln:r}'r;- e for .r|.1-|:h|ic:|.|:i-:|-m.' o Ennﬁ-lrrm -
'Fl[rlan,. the Ti-137r-130b :|J|.n|:-_'.-' hias n.*renl:l_'.r ey |:m'-|.1|:|m:~ci. The ]:ln:h:ll.l.-:_'rin:rn of & prisTLE !a}'er of
exide nanotubes (OMTs) with & wide range of geometries and kengths on the T-1350-13Nb alloy
surface can increase its ostecind uctive properties and enable intelligent drug dedivery, This work
concerms developing a method of electrochemeal modification of the Ti-1320-130b alloy sucface
by abskain ﬂiild-:.;um?rul'i-:m O s, The affect of the 3.1'|U|:‘|i:£i|||,|!:i '.'I.'ll.l'dH,I:' an this microstruetune and
thickniss of the obbaimed oxide layers was conducbed in T MCaHA0, + 4 wiets MHGF electrolyre in
the 1'|.'l|.lal.'.;e range 5-345 % for 120 man at room bemperatune. The obiained third-generatuon OMTE were

ke fos
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charactesized using SEM, EDS, SKE and 2D roughness peofiles methods. The preliminary assessment
of corrosion resistance carried out in scceberated cocrosion tests in the arbificial atmospherse shoswed
the high guality of the newly developed ONTE and the slight influence of nedbral salt spray on their
rricromechanical propeches.

Keywords: anodizing: biomatesials; coreesbon resistance; oxlde nanodubes; Ti-13Zr-13ME alloy
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1, Introduction

The long-term implant market mainly inchades the commeraally pure titanium (Cp
Ti} and Ti-6AL-4V bwio-phase (o + ) alloy [1-9]. However, the use of toxic alloving ad-
ditivies such as Al and V has been shown o pose a health risk fo patients due te their
harmiful properties, including the induction of allergies, inflammation, Alzheimer's disease,
neuropathy, and more {4,10]. Titanium-based implants containing toxic vanadium are
pradually being replaced by vanadium-free titanium alloys containing more bicoompatible
alloying additives in the form of Mo, Wb, Zr, and Ta, which can also stabilize the § structure
i Bfaram 1 1-15],

In the group of vanadium-free titanium alloys for long-term implants, the Ti-13r-
13N bwo-phiase (x + B alloy bas recently been proposed, which reveals the self-passivation
ability, high biocompatibility, and corrosion resistance in the human body [5,15]. The use
of alloving elements such az Wb and Zr influences the stabilization of the § phase and the
reduction of Young's modulus, preventing the shielding effect [4]. The elastic modulus
for the Ti-134r-130b allov of 74 GPa is closer to that for the bone with a viscoelastic
composite migrostructure (1030 GPa) compared to the Ti-p ARV alloy {110 GPa) [5L
The mechanical properties of the Ti-13Zr-13Mb alloy and oxide nanotubes formed on
AHrEtion (00 BY e rhitpsy ¢ LB Sueface by anodizing can be characierized waing the nancindentation method [16,17].
reativemmcnsang toenseibyy - Specifically, knowledge about Young's modulus to resist deformation should e important
A b thee anbelligent drug delivery systems, However, there are limitations to the use of
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the heat treatment of Ti-13Mb-13Zr atloy through the capability aging (CA) treatment
recommended by the ASTM standard, which allows for the evalution of the microstructare
and changes in mechanical compatibility | 15]. Mechanical strength and Young's madulus
increase with increasing CA fime, whereas ductility decreases due to the decomposition of
o’ martensite into the (o + §) structure, especially with hard o precipitates. The authors
suggest the intrinsic limit of the static heat trestment of the Ti-13Zr-13NKb alloy, which
ts a dizadvantageous phenomenon for biomedical applications requiring high strength
and a low Young's modulus: Thus, other processing methods are sought that can provide
mechanical reinforcement without precipifation of the hard o« phase,

Currently, intensive research is carried ouk to develop innov ative syurtace modification
methods of the biemedical Ti-13Z0-13Nb alloy fo inerease its bicackivity, biocompatibility,
and long-term stability [15—81]. Electrochemical modification can carry out additional func-
tiomalization of the Ti-13Zr-13Nb alloy surface, increasing its osteoind uctive propertics for
applications in regenerative medicine and intelligent drug delivery svstems [29]. Innovative
methods of obtaining muttifunctional chitesan-based coatings on the smooth and porous
surface of the Ti-137=13Nb alloy using the electrophoretic deposition methwod (EPD) have
been developed [18]. It has been reported that composite chitosan-copper nanoparticles
obtained by a one-step EFTY with the addition of a dispersing agent reveal stromg adhezion,
high corrosion resistance, and improved mechanical and antimicrobial properties [20].
Composite chitosan-nanosilver coatings obtained by cataphoretic deposition ane character-
ized by increased surface bioactivily and antibacterial properties |21 ]. Many efforts have
alse been made by Barariski and co-authors towards the development of EPD technology
for the production of nanchydroxvapatite-based coatings with a chemical composition
similar to that of the surrounding tissues and showing antibacterial activity [22-27). The ad-
dition of nanosilver and nanocopper dispersed in the nanohydroxyapatite coatings on the
Ti-134r-13Nb substrate increases corrosion resistance and hydrophilicity. Both nanometals
together effectively kill bacteria and inhibit Biofilm growth. The nanocopper improves the
mechanical stability of nanohydroxyapatite coatings. Bicactive calcium-phosphate coatings
confaining oxide lavers formed doning the micro-are oxidation process on the Ti-132r-13ME
altoy produced by thie selective laser melting are also obtained [28.2%). The porous Ti-
132 - 13Nb scaffold with de signed porasity and no harmful effects is also developed using
poswder metallurgy with and withowt space holders and SLM methods. Electrochemical
oxidation, gaseous oxidation, and chemical oxidation, as well as hydroxvapatite deposition,
are applied tooits surface modification [30]. The olsained coatings of high-performance
structures can support the regeneration process by stimulating the reconstruction of the
tissues surroanding the implant, mibng the occurrence of inflammation and of the sk
of releasing harmful metal ions from the implant surface to the bady. They can also be a
soviirce of fssue-forming elements and act as a carrier of medicinal substances,

A self-passive oxide layer on the Ti-13Zr-13Nb alloy surface and its electrochemical
propertics play an essential role in the long-term implantation [15]. The biocompatiblbe
properties of the Ti-13Mb-132r alloy can be additionally improved by crealing a porous ox-
wle layer on its surtace using electrochemical methods [31-11], Obtaining a porous surface
of the Ti-13Zr-13Mb alloy enables the development of Innevative long-term implants with
increased ostecind uctive properties, Recently, it was reported that the oxide nanotubes
{ONTs) layer on the surface of tfanium and its alloys could also be a carmier for drugs
delivered to a specific place and enable their controlled release into the body at a specific
rate, depending on B size of the nanotubes [121, Dee fo thear elubing properties, the ONTs
can act as micro- ar nano-syringes fAlled with medicinal, bactericidal, or Gssue-forming sub-
stances, Electrochemical modification of the Ti-132r-138b alloy surface may significantly
improve the effectivengss of implantological treatment. For this reason, Cssowska and
co-authors obtained thin hybrid oxide coatings with a crystalline and nanotubular struckare,
which were on the Ti-13Zr-13Nb alloy in two-stage oodidation consisting of thermal and elec-
trochernical oxidation processes [31,32], Owide lavers on the 13-132r-13Nb substrate formed
in bwo-stage anodization i phosphoric acid (first stage) and the presence of hydrofluong
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acid {second stage) were also the subject of their research [33]. An atternpt was made to
oicdize the zolid and porous Ti-13Z-130b allov in Ha POy wikh the addition of HE fo form
high cormsion-resistant nanctubular layers [34,25]. The ONTs with controtled morphology,
length, and diameter on the Ti-13Nb-13Zr alloy were also obtained by anodizing room
ternperature in hydrofluoric acid solution [56], i (NHy 1250y + NHF solution [37-1], and
in ethylene glycol solution with the addition of NHF [41).

Preliminary regearch has shown that it is possible o produce Diccompatible third-
generation ONTs on the sarface of the Ti-13Mb-134r alloy ina T M ethylene glycol solution
with the addition of 4% NH4F by anodizing at 50% For 80 min at room femperature [41 ] The
results of structural and microscopic studies confirmed the possibility of obtaining single-
wall oxide nardubes (SWNTsh under the proposed electrochemical oxidation condibions,
The morphological parameters of the obtained amorphows SWINTs were determined, such
s the length (~10 pm) and the extetnal (362 nm) and internal (218 nm) dismeter of the
nanotube. The formed natotubes consisted of oxides of alloving elerments, such as T,
Mbys, £riDy, and £10h, 1t was revealed that the hemolysis of the Ti-153Nb-152r alloy was
eliminated, and its ability o osseointegrate was increasad by forming an amorphous layer
of SWNTs. The quantitative characteristics of the kinetics of the corrosion process of the
cbkained SWNT: wiath the simultaneous characterization of the capacibive properties of
the system were carried out using the electrochemical impedance spectroscopy method,
which showisd a shght decrease in its corrosion registance i galine solution compared to
the Ti-13Zr-13Nb alloy.

The present work continees preliminary research on the functionalization of the Ti-
[3Ze-13Mb alloy surface by obtaining the third-generation SWNT= to develop innovative
tomg=term implants [41]. In this work, new voltage-time conditions for SWINT production
o the Ti-132r-153Nb-alloy by anodizing in a 1 M ethylene ghvool solution with the addition
of 4% NH,F are proposed, which have not been described in the literature, For the first
e, a wide range of anodizing voltages From 5 t035 Voor 2 1owas used in 1 M CaHO5 +
4 wit™ NHyF electrolvte. The increased comcentration of B~ jons, up to 4 wiT, was aimed
ab increasing their achiviky in the anodizing process. The physicochemical charactenstics
of the abtained SWNTs included research on their microstructure, chemical composition,
thickness, contact potential difference, and surface roughness: The long-term corrosion
resistance of the newly oblained SWHNTs and the comparative Ti-13Zr-13Mb substrate o
the effect of neutral salt spray (MN55) in a salt chamber was tested, The influence of NS5 on
the micromechanical properties of the tested materials was assessed inthe microhardness
measurements,

2. Materials and Methods
21, substrate Prepavabion

The substrate was Ti-13Z0-13Nb (wi%) alloy (BIMO TECH, Wroctaw, Poland) in 5 mum
thick discs with a 15 mm radius. The chemical, mechanical, and metallurgical requirements
for wrought Ti-132r-13Mb alloy bars and wires bo be used in the manufacture of surgical
implants are described in ASTM FI713-08(2021)el standard [42]. A mirror-like surface
oof thee samples was obtaimed with a polishing machine at 250 rpmeusing silicon carbicde
{5iC) abrasive papers of 600, 1200, 3000, and 3000 gradations {Struers Inc., Cleveland, OH,
Lsal The polished samples were cheaned in beeo stages in an nitrasonic bath with acetone
{Avantor Performance Materials Poland 5AL, Gliwice, Poland) and then with ultrapure
water (Milli-Q Advantage A10 Water Purification Svstern, Millipore 545, Molsheim, France)
for 200 min each at voom temperature.

2.2, Productron of SWNTs oo Tr-13Zr-130Nh Alloy

The method of preparing the electrodes is described in detail in an earlier work [12].
To remove oxides from the Ti-13Zr-13Nb alloy surface, immediately before anodizing,
each electrode withi a geomelnic surface area of 3.14 cmt was immersed in 25% o0 HMN
{Avantor Performance Materials Poland 5.4, Gliwice, Poland) for 10 min at room tem-
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perature and then re-cleaned with Milli-Q) water in an ultrasonic bath for 20 min at room
b p e

The SWHTz on the Ti-13Zr-13Nb allov were prodieced by one-step anodizing in 1 M
CaHaO; solution with 4 wi%e content of MH4F at room temperature using a PWRS00H
high-current power supply (Kikusui Electronics Corporation, Yokohama, Japan). Ethylene
glycol (anhydrons, 99.8%) and ammonium fluoride (299.99% trace metals basis) were
gupplied by Sigma-Aldrich (3aint Louis, MO, USA) The electrochemical oxidation was
carried out at a voltage (U} in the range of 5-35 V with step 5 V and a time (t) for 120 min.
A bweo-electrode svsterm that wag used s described in [32], After anocizing was completed,
each anode was placed in vigorously stirred Milli-Q water for 5 min.

2.3 Physicochiennioal Charrckeristivs of SWNTz on Ti-T32+- 13N Allny

To determine the microstructure of the 1i-13Zr-13Mb alloy betore and after anodiz-
ingg, thie TESCAN Mima 5 LML scanmimg ehectron microscope {(SEM, TESCAN ORSAY
HOLDING, Brno-Kokoutovice, Czech Republich was used. Images were collected by sec-
ondary electrons (SE) The measurerments were carried out oncthe samples covered by a
chromium laver using Crusrum 130T ES equipment (Cruorum Techiologies, East Susses,
LK), Chemical composition was analysed using SEM combined with an Enengy Dispersive
Spectrometer (EDG, Owford Instruments, Abingdon, UK}

The scanning Kelvin probe {SKFy method was used to determine the thickmess of the
chstained SWNTz and their local contact pokential difference (Vepp) im the air using the
PAR Model 370 Scanning Electrochemical Workstation {Princeton Applied Research, Oak
Riclge, TN, LUSADL The tip of the tungsten microprobe was held above the sample surface at
& distance of approx. 100 pm. The SWNTs layers” thickness measurements weTe carried out
in o linear scan mode over a 4000 pmedong section, including the exposed substrate and the
produced oxide laver. To determineg the Vepp, an area of 1000 = 1000 wrn® was scanmed.
The tip=samiple system was considered a capacitor, and the Vepn was determined from the
difference of the work function for the tested sample and the tp, a5 described in [8].

The surface roughness of the T5-132r-13Mb alloy before and after anodizing was
studied by the Mitutova Surftest 5[-500/F profilometer [Mﬂulc:-w::- Corporation, Kanagaiva,
Japan}. To measure changes in the surface profile, a measuring step of 0.1 pm and a speed of
H pm s~ over a length of approx. 5 mem, were uzged. The surface texture parameters were
registered according to IS0 4287 [43]. The processing and development of the reconded
parameters wiere carried out using the FORMTRACEPAK computer program,

2.4, Carrosion Teat af SWNTs on Ti-132r-13NE Alioy in Artificial Atmosphers

The SWhiTz on the Ti-15320-130b alloy were tested sccording bo [50 922731117 in the
MSS test [44]. The universal HKS 400 salt spray chamber {KOHLER Automobiltechnik
GmbH, Lippstadt, Germanyh during the WSS test is shown in Figure 1a. Sodium chioride of
pecogmized analytical grade { Avantor Performance Materials Poland 5.4, Gliwice, Foland)
and Milli-{} water were used to prepare-a 5% MaCl solution,

Tw collecting devices were placed in the salt chamber, consisting of glass funnels
with feet inserted into flat-bottomed glass Hasks with volumes of 500 em? (Figure 1b}.
Funnels with a diameter of 100 mm were used with a collection area of approx. 80 cm®, The
collecting devices were located in the chamber where the test specimens were placed, one
near the spray inbet amd ome away from the inlet. The collecting devices were positiomnesd in
such a way that enly salt spray was collected and not liquid dripping from the samples or
thr chamber components,

Before starting the NS5 bes, the samples were acclimatized for 24 hoat a lemperature
of 2502} "C and a relative air humidity of 30(5)%. The specimens were placed face up at an
angle of 2005 “C e the vertical in the NS5resistant boelders o prevent the salt spray from
falling directly onto the test specimens [Figure ic).
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Figure 1. The HES 400 salt spray chamber during e W55 test acooscing o 15009227507 [43]:
{a) Arrangement of cofleching devices in the salt charber: (k) Method of mounting the test samples
im the holder (o),

The operating parameters af the salt chamber are presented in Table 1. The extended
prcertainty of the determined parameters was estimated for a comfidlence level of about
Q5M.

Table 1. Salt =pray chambser -u]'.lﬂ.ﬂlin;s parameters i B MSS best nq:\c\-:_:-n.iing oy S0 92272017 |-i-|!.

Paramieter Yalue
hiall concentration (collected solution) R2.4HE) g [, -1
pH [oolbected solution) A1)
et bermperature EE i R
test tkme e84k
average collection eabe for a hoeizontad collecting area of 80 em= T A el kT

After removing the salt chamber, the samples were gently washed with Millia(} water
and air-dried for 24 h. The surface condition of the samples, after the INSS test, was assessed
visualle

2.5, Mucromechawical Froperhies of SWHTs on 1113281380 Allow

The microhardness of the tested samples was measured before and after the NS5
test by the Vickers method with a hardness scale of HV = 0.1 using a Wilson™-Wolpert TM
Mrcroamdbentation Tester 401 MV D (Wilson Instrusnents, LLC, Carthage, TX, USA) A cegular,
quadrilateral diamond pyramid with a dibedral angle o = 136 was used as the indenter
under load F perpendicular to the tested sample surface, According to the 150 6507-1
standard [45], the result of the measurement was the diagomal of the obtained square
imprint. The method for checking and calibrating the hardness testers and the diagonal
of the measuring svstem used for the Vickers hardness measurement is available in 150
6507-2 [46]. The calibration method of reference standards for the indirect checking of
Wickers hardness testers for indentations =0.020 mm s described in 5O 6507-3 [47]
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3. Results and Discussion
A1, Formetioe of SWhNTE on T-13Z8r- 13N Alloy

The current transients cormesponding to the anodizing of Ti-13Zr-13Nb electrode in
fresh electrolyte of 1 M CaHOy containing 4 with NHF are shown in Figure 2. 1t can be
observed that an increase in the anodizing potential causes ar increase in the current density
recorded during the electrochemical oxidation process, The shiape of the obtained curves is
nat similar o the current transients observed in the literature for forming ordered titania
nanotubes in an ethylene glycol electrolyte without and with the addition of 0,13-1 wt'
water in the presence of fleoride iong [45]. In Figure Z, the behavior of the anodic current
density as a tunction of time shows similarity to the curment transient observed for the
Ti-13Zr-130Nb electrode during anodizing in 0.5 wi% HF 3] and in 1 M {NH )50y +
0.5 witt NHF [37] electrolytes. The typical initial decay and the increase in the anodic
current density before reaching the quasi-stead y-state value are observed in 1 M CGHO
electrolyte containing 4 wi™ NHF. The inset of Figure 2b for the first 80 = of anodizing
shows that the guasi-steady-state conditions are achieved more quickly with increasing
anodizing voltage.
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Figure 2. Current trangients for the Ti-13Ze-130Mb edectrode in 18 CaHp Ok + 4wt NHF eloctrolyie
during anodizing for (a) 7002 (b sl 805,

Such a course of current transients is velated o various stages of Lhe process of pore
formation on the surface of the Ti-13Zr-13NKb alloy. In the first anodizing stage, an oxide
layer with strohg barrier properties is created, the presence of which is evidenged by a
decrease in the anodic current density. In the next stage, the oxide surface is locaily activated
due to the activity of fluoride ions, and the pores formed randomly increase their size, As a
result of the growth of pores, the active surface is increased, which causes an increase in
b arvocdic current density, In the st stage, the resulting pores share the avadlable current
evenly among themselves, and the process of self-assembly under steady-state conditions
Fakes place,

SWHTs can be produced electrochermically on the surface of the Ti-13Ze-13NDb electrode
in 1 M CoHiOy electrolyte in the presence of F- fons, which can form water-soluble
complexes with Th, Zr, and Mb according bo the Reactions (D=3 11,1249 5]

Ti0s + 6F~ +6HY = [TiF)* +2H:0 (1
ZrOx+ 6F +6HT = [ZrF* + 2H:0 (2}
NbaOk + 12F +10H* — 2[NBF,|~ +5H:0 i3}
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Under the influence of the electric field, the fueoride ions migrate deep into the formed
oxide Jayer. F jons compete with OF jons and canse the local dissolution of the oxide
layer. Simultanecusly, the Auoride ions inhibit the deposition of ltanium byd rosddes on
the ooide laver. Reaction (4) describes the complexation of Ti'* tons, which migrate to the
mxide surface and ave gjected ak the interface |12,04,50]:

Tit* + 6F~ — ITiF:)" (4}
The relese of oxppen fromm waker occurs according fo Reachion (35 [ 12,4950
2HO+ de” = O+ 4H7 (5}

A detailed mechanisim of SWNTs formabtion on ttanium and iks allovs Has been
described previously in [12,4%5]].

1.2 5EM 5|'.Ir.'.'l'_|,' '-E.F Nlirrabriie tiere

Figure 3a shows an 5EM image of the microstructure of the biomedical Ti-13Nb-132r
alloy before anodizng, The surface of this bi-phase alloy composed of a mixture of o and §
phases was previously etched for a few seconds in the Kroll's reagent consisting of Milli-03
water, hvdrfluoric acid, and nitoie aad [45]. Ore cam see the typical acoular martensitic o
Laths arranged in various directions and embedded in the § matrix [33].

fa} (b ic)

Figure 3. SEM image of the microstructune of the Ti-132r-153Nb alboy before and after anodizing in
18 OOy + 4wt MHYF elevirodyte: (a) Etchied; th) Anodized at 5 W e V3 min; {op Anodized at
10 for 120 min

The microstructure of the Ti-13Ze-13Nb alloy after anodizing in 1 M CiHGO: + & wite
MH4F electrolyte at the lowest voltage of 5 ¥ reveals the presence of the oxide laver, which
i characterized by a lack of the nanotubular steecture despite the Tong ancdizing time of
120 min [Figure 3b), The poorly developed surface morphology of the thin oxide layer with
firse microcracks is visible, reflecting the struchiure of the polished substrate, InZreasing
the anodizing voltage to 10 V resulted in obtaining a porous surface of the oxide layer,
showing intense cracking and greater thickness (Figure 3¢, However, the presence of axide
nanotubes is still not observed.

The SEM images of an an-top geperal view of the Ti-13Z20-13Nb alloy anodized at
voltages within the range of 15 0 35 W for 120 min present the microstructure of oxide
layers with a parallel arrangement of the SWNTs (Figure 4), The SWNTs with an elliptical
crogs-sectional shape and samooth weallsare evenly distributed over the surface of the oxide
layers. The diameter of the obtained third-generation oxide nanctubes and their order
inerease with the amodizmg voltage.
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{d] (e}

Figure 4. SEM image of the microstoacture of SWHT Layer formed on the Ti-13Z-130b alloy in 10
CoHpOl + 4 wits NHYF electrobyte under anedizing comididons: (ay 15 % Ffor 120 min; (k) 20 Y for
120 miry (g} 25 W for 1200 ming (d) 5000 for 120 min; (e 35 % for 120 min,

Based on the SEM images of the micrestructure, it was found that the outer diameter
T ber) vtried from 1040130 nm, For the Ti-132-13Nb alloy anodized 28 13 W, bo 230030) nm,
for the sample oxidized at 35 V (Figure 5). The inner diameter (D) changed from 39(5)
bor 93015) nm. Both Daer and Dypper incressed linearly with imcreasing ancdizing voltages,
with muore than twice the growth rate observed for Dy The linear equations describing
the change of the SWNTs diameters as a function of the anodizing voltage are presented in
Figrure 5. Companing these equations with the equations determitesd for second-genecation
SWNTs on the Ti-13Zr-13Mb alloy [37] and second- generation SWNTs on the Ti-6A1-TNb
afloy [50] obtained by anodizing for 1200 in 1 M {NH 50 + 0.5 wts NHyF shows
that Dy growth is the fastest for third-generation SWHTs on the Ti-134r-13Nb alloy
inn 1 M CaHOz 4 4wt NHYF electrolyte, whereas D growth is the slowest, The
ebtained results indicate thal the thickest walls characterize third-generation SWMNT= on
the Ti-13Zr-13Mb alloy, The derived linear equations can be used in the fuburne to obtain
SWHMNTs oo the Ti-123Zr-13Mb alloy with the assumed morpholegical parameters (Figure 5.
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Figure 5. The oxide nanolube diametes on the TI-122-13Nb alboy sueface &2 a functien of anedizlng
voltage {L7 for 120 min im 1 M CoH20 4 3wt NHF electrodyte: (a) Crster dianseter (Dl
{b] Inmer diamister {13,

Figere & shows the thickness (L) of the oxide layers formed on the Ti-13Zr-13Nb alloy
surface formed during anodizing i | MOHO: + 4 witc NHyFelectrolyie ab U of 5-35 Vior
120 min. Measurements were made using the scanning Kelvin probe method on a 4000 pm
section, which inchaded the aress of the Ti-137r-13NE substrate and the anea of the oxide
layer. The L oof the oxide tayer on the Ti-132Zr-13Mb substrate varied from 156471) pm, for
the sample anodized at Uof 3 %, 40 167, 320800 pm, for the sample oxidized ab U of 35 ¥ The
abtained results indicate that third-generation SWNTson the Ti-13Ze-13Nb allov obtained
under the proposed anodizing conditions are much longer than first-generation [36] and
second-generation [40] SWHNTs on the T-13Ze-13Mb alloy. In 0.5% HF electrolvie atan
anodizing voltage of 20 ¥ for 20 min, we obtained an L of only 300 nm [36). In1 M
{INH; 1250y electrafvte under voltage—tme conditions of 20V for 120 min, the 1 of SWNTs
of 39 pm was found [40] In 1 M CaHaO5 4 4 with NHYF electrolyvte under the same
anadizing conditions, the L of SWNTs is 63.25074) pm (Figure 6. The obiained resulis
show that using the electrolvie based on ethylene giveol alfows obtaining & 130-fold and
16-fold increase in L of third-generation SWNTs companed to SWINTs of the first [ 3] and
second [40] generation, respectively.

Based on the obtained results, it can be concluded that the apphied electrochemical
pxidation voltage and the electrolyte play a kev role in tailoring the third-generation SWNT:
layers on the Ti-13£r-13Nb alloy surface. The total surface area {A.,) of the obtained
SWHNTs was calculated according to Equation (63 [1241,51]:

Aoy = 27 ”-:"zmh-r B Dﬁ‘.ngrl + 27 Dauter + Phner ) [}

Figure 7 shows that Ay, takes the values from 3.78(19) = 107 cm?, for the SWNT:
layer on the Ti-13Zr-13Mb alloy anodized at 15 ¥, to 3.39(17) = 10-% cm?, for the SWNT:
Layer produced on the sample oxidized at 35, which proves s 9-fold increase in Ay nthe
tested voltage range. The obtained results indicate that the rise in Ay ensures a growth
in the contact surface bebaeen the oxide laver and the bissoe, significantiy acoclerating the
mssenintegration process [ 1-5].
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Figure 6. The thickness (L) of the axide Tayver on the Ti-1325- 1358 alloy sarface obtained by anodizing
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Figure 7. The total surface area (A, of SWHTs on the T-13Ze-13Mb alloy surface obtained by
anodbzbng bn b M CyHe O+ 4 i NHGF electralyte at Uof 15-25 W for 1350 min,

The proposed surface funclionalization of the Ti-13Zr-13Nb alloy allows obtaining
selfeorganizing SWNTs lavers with a wide range of geometries and lengths, The obtained
porous SWNT: show a morphology very similar to bone tissue structures. The new,
additionally produced top SWNTs layver is designed to accelerate the ossenintegration
process, teduce the visk of the releasing of harmful compounds From e implant into the
body, and the occurrence of inflammation [15-23,25 304048 4%]. In line with the latest
brevads in implantology, the laver of oxide nanotubes can be a carrier for dreugs delivered
to a specific location and enable their controlled release into the body at a specific rate,
depending om the size of the SWNTs [12,29.41], Oxdde nanotubes can also be a carrier for
bactericides or tissue-forming substances [£3,24,26,27 29]

33, Chemleal ComposiFon of SWNT: on T-13Z20-13N0 Allpy
The control analysis of the chernical composition of the commercial Ti-132r-13Nb alloy

before and after anodizing was carried out using the EDS method in selected micro-areas,
The EDS spectrum for the substrate before oxidation is shown in Figune Sa.
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Figure 8. EDS spectrum for the Ti-1320-130k alloy susface: (a) Before anodizing: (b) After anodizing
at 35 Y for 120 min

The ebtained relationship between the mumber of counts and the radiation energy
reveals thi presence of peaks onginating from the metallic components of the substrate,
e, Ti, Zr, and Mb. Quantitative analysis of the obtained EDS spectrum shows the surface
content of the elements in the following amounts (wt): 74.5(6) tor Ti, 122906} for £, and
[2.807) for Wb, These results’are in accordance with the chemical composition specified
for the bulk Ti-13£r-13Nb. The assumed chemical composition of the Ti-13Z£r-13Nb altoy
ensures optimal biccompatible properties and fong-term corresion resistance in a biobogical
environment, which is necessary in medical applications [1531,33—4 ).

O all EDS spectra obtaned for the Ti-1320-130E alloy atter the electrocdhesmical
oxidation, oxygen peaks were also observed apart from the alloying component peaks.
Figure 2b shows an exemplary EDS spectrum from s micro-area on the surface of the
Ti-13Zr-13M0 alloy after anpdizing al 35 V for 120 min. The intenzity of the oxygen-derived
peak increased with the anodizing voltage, resulting in the amorphous SWNTs layer being
produced [41].

34 Electronic Propertics of SWNT: o Tr-132r-13N0 Alloy

The effect of oxidation valtage on the electronic properties.of the Ti-132-13Nb altoy
was studied using the SKF method. The contact potential difference maps of Ti-13£r-130Nb
alloy before and after oxidatimn at voltages fram 5V 40 35V are shown in Figure 3,

Statistical analysis of the obtained CPD maps allowed ws to determnine the arithmetic
mean (CPDy ) moot mean square of height irrsrularities (CTDmg b, skewness (CPD, and
kurtesis (CPDy, ) e, parameters that quantitatively determine the electronic properties of
thee mraterial surface, The obtained dependences of CIDG and CPlgy; a5 a function of the
oxidation voltage are shown in Figure 10
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f] {d}

Figure 9, The contact potential difference (CPD map for the Ti-1320-13N0 alloy surface: (a) Before
angsdizimg: (b After anodizing at 15 Y for 120 mdn; (0) After armdizing at 25 % for 120 min; (d) After
angdizing at 35 Y fer 120 min,
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Figure 100 The arittumetic meaan [CPOG, ) and root mean square of height icregulactios (CFD ., ) for
the Ti- 138130k alley sueface Before and afler anodizing,
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The Ti-13Zr-13Nb alloy at the initial state is characterized by the smallest values of
CPyy and CPDpe. Oidation of the alloy surface causes anincrease in CPDG and CPBme
I particuilar, it was found that, up to the value of 10Y, the TPy, increased by about 40%,
whereas for the voltage range from 10 to 35 V, the change of the CPDY,: was about 2%, 1t has
been slated that an increase in the contact potential difference correlates with an increase
in the thickness of the oxide coating formed on the Ti-13£r-13Nb alfoy. The oxidation of
the Ti-132e- 130N alloy at voltages above [0V cauges a glight increase (ca. 1.2 Hmes] in the
CIDh e parameter, indicating only a slight rise in the heights of CPD peaks and valleys.
Thus, the surfaces of the oxide coatings formed at oxidation voltages from > 80 35 V are
characterized by similar height irregularities around the average. Generally, shewness and
excess kurfesis describe symmetry and shape of the conact petential difference heights, It
was found that, with the increase in oxidation voltage, CPD,, increased from —0.3 0 0.3,
and CPDy,, decreased from 1 to 025, Thus, the CPDy, parameter showed a predominance
of vallewvs on the surface of Ti-13Zr-138b alloy at the initial state. The oxidation process
changes the symmetry of CPE heights, and for coating obtained at 35 V., there is an excess
of CPD peaks. Intuen, CPDy, indicates the presere of profound valleys on the surface of
T-134r-13Nb alloy at the initial state. These discontinuities disappear during the oxidation
of Ti-13&r-13NE alloy because they are covered with oxide.

3.5, Geometric Structere of the Swrface

The geometric steichure of the surface (G55) s one of the key factors determining the
ability of the surtace of biomaterials to ossecintegrate [I-3]. The G55 of the Ti-132r-13Nb
alboy before and after the anodizing was characterized based o surface microgeometry
measurements in a two-dimensional (21) system. The 50 4287 standard was the basis
for determining the basic surface texture parameters [453], The effect of the anodizing
conditions on the G55 of the Ti-132r-13Nb alloy was discussed based on selected profile
height parameters, such as Ra {arithmetic mean deviation of the roughness profile), Rz
(maximum height of the roughness profile), Ep imasimum peak height of the roughness
proftile}, and Bv {maximum valley depth of the roughness profile). Before determining the
roughness parameters, the measured profiles were aligned. The analvsis was carried out
on symmietrical surface profiles. Figure 11 shows the exemplary 20} roughness profile for
b Ti-13Z2r-13Mb alloy surface before and after anodizing af 15-35 V.

Asperity helght [y

18 T T v 1 - L] r L L] r L - L g 1 " i

.0 s b 15 L8 7:5 Ab A5 £ &5 50
Sampimg leng® jmm]
Figure 11. Eoughness prodile for the Ti-1320-13Mb alloy surface betore and abter anodizing a8 15-35 V.

Brasic surface texture parameters for the Ti-132-13Nb alloy surface as a function of
anodizing voltage are presented in Figure £2,
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Figuré 12 Basic surface bexture parameters for the Ti-1320-13Mb alloy sucface before and after
ancdizing: (a) Ba; (b Bz; (e) B od) By

The experimental data are shown as symbols (black), and the exponential fit is shown
as a solid fine {red). As a result of surface treatment of the Ti-1324r-13Nb alloy by anodizing,
an exponential ingrease in Ba (Figure 12a), Bz (Figure 12b), Bp {(Figure 12¢], and Rv
{Figure [2d) was achieved.

At the microscale, no deviations of the roughness profile from the mean line were
observed for the non-anodized Ti-13Zr-13Mb surface (Figure 11a). The Ea of 0,10 pm that
best recogmizes overall surface roughness proves the smaooth surface of the allov before
anodizing (Figure 12a). The highest Ra of 2.73 is observed for the surface anodized at
35V (Figure 12a), The roughness profile for the sample oxidized at the highest anodizing
virltage testifies to the most porous surface with numerous pores with a depth of 10 wm, as
seen in Figure 114,

The obtained results indicate the micro-rough surface for which the mosk suitable
Rais I to3 pm [6,%]. This means that the SWNTs lavers produced on the Ti-13£4r-13Nb
alloy during the anodizing voltages of 25, 30, and 35 V for 120 min have the optimal Ra.
It can be assumed that their surfaces can ensure implant stability, support ossecintegra-
o, and reduce the risk of metal ion releage due to corrosion processes amd tribobogical
wear |1.2,4.5]. The prerequisite for long-term success in implant treatment is; above all,
osscointegration, ie. a direct, structural, and functional connection between the living bone
and the implant surface, and the integration of the implant surface with both hard and soft
tissues. Bone integration of titanium implants is possible becanse the oxygen contained in
the bone tissue forms a laver of highly biccompatible titanium dioxide on the surface of the
titanium implant, on which new, mineralizing bone tissue can be deposited, forming the
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proper fixation of the implant. The introduction of the intraosseous implant into the bone
causes fmumatization of the bore tizsue, which requires subsequent regeneration. The
obtained SWNTs on Ti-132-135Mb alloy meet the nevessary condition for the cocurrence
of pstesinductive properties of the bicmaterial, which is the presence of sufficiently large
pores wikh the minimurm pore connection size befow 50 pim for the ingrowith of blood
vessels and transport of cefls to the core of the material {52).

3.6, Corrasion Resistance of SWNTs on Ti-132r-13NE Allay v an Artificis] Atmespliers

An assessment of the corrosion nesistance of the Ti-13Zr-13Kb alloy before and after
angdizing b the effect of newtral salt spray was performed in the NS5 test according to
15092272017 [44]. The surface of exemplary samples before and after exposure to neutral
salt spray for 168 h is shown in Figure 13, The qualitative evaluation of the samples on
a macriy scale using the visual assessment method showed only slight changes in the
surfaoe appearance of the simples before and after the NS5 fest. In the cage of the grey
non-ancdized substrate after the NS5 test, a few minor corrosion spots darker in color on
the Ti-13Zr-13Nb alloy surface may be related to the surface preparation method and Sor
related to visible Iocal chemical heterogeneities (Figure %), On the surface of the samples,
after anodizing at 15 V (Figure 13b), 25 V (Figure 13¢), and 35 V (Figure 13d), a slightly
ey intensity of the blue color can be cbserved, which may be caused by the dissclution
of the SWNTs layer. At the edges of the samples after the NS5 test, discoloration, local
breakthroughs to the substrate, and chipping were visible, probably related to the greater
brittieness of the SWNTs produced at higher anode current densities at the edges of the
samples (edge effects) T8 s worth adding that the unprotected sdges of the samples are
particularly exposed to the action of aggressive salt spray and are potential places for the
mitiation of corrosion damage. The highest quality in accelerated laboratory tests in the
neutral sall spray was demonstrated for the Ti-132r-13Nb alloy after anodizing at 35 V for
120 min, characterized by the highest SWNTs thickness of 167.52(60) pm {Figure 13d),

The Ti-13Ze-13Mb alloy belongs to the newest class of bigmedical alloys. This alloy
it highly resistant to corrosion and simultaneously exhibits a low elastic modulus, high
strength, and excellent hot and cold workability, thus meeting the stringent requirerments
for materials used for medical implants [53,54]. The mechanical properties of Ti-134r-13Mb
alloy can be fadlored in 3 wide range by hot working, cold working, and heat treatment,
Microhardness measurements can be used to assess the structural integrity of the bone
in the porous implant surfece and the bore surrounding the implant in the leng-term
bone ingrowth process. Aggressive chloride lons present in neutral sall spray can strongly
influence the corrosive behavior of Ti-13£r-13Nb alloy. Therefore, it scems advisable to
compare the miccomechnical properties of the tested alloy before and after the salt spray
hesk

The guantitative evaluabion of the cormosion effects on the micro-scale consisted of
determining the micramechanical properties of SWHNTs on Ti-134r-13Mb alloy before and
after the MSS fest (Figure 14)

For comparative purposes, the non-anodized Ti-13Z0-T3Nb alloy was alzo tested. The
average Vickers microhardness strongly depends on the anodizing voltage, It takes a
value of ZP1I012Y for the non-anedized substrate compared to 65(3) for the Ti-13Zr-13NE
alboy anodized at 55 W for 120 min as determined before the WSS test. The HY g valuse
drops sharply for the zsample anodized at 10 ¥V, and for samples with the SWHTs laver
produced at an anodizing voltage from 15 to 35 W, it takes similar values. After the NS5 test,
shightly lower HV i valees are observed #han the HV s valees obtained before the NGS5 test,
The difference in microhardness for SWHNTs before and after the NS5 test decreases with
increasing anodizing voltage. Such changes in microhandness are related to the thickness of
the oxide layer on the Ti-13Zr-13Nb alloy substrate and itz surface morphology (Figure 4.
It b ke reported in the literabore that the Targer the diameter of the oxide nianotubes
oo Btanium, the smaller the number of nanotubular structures that carey the load v the
area of contact between the tested samples and the diamond indenter, as well as the easier
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the nanotubes deform and break [55]. From an application point of view, the SWNTs can
vompensahe for the high hardness defect of the Ti-132Z0-13Mb-alloy wused as bore plates,

avoid implant-bone sitess mismatch, and reduce “stress shielding ™.

Before M55 test _ Refore WSS test Before XI55 test Before MNS5 1ot

Adter NS5 Lest After WSS test Aftar N5S pest Afber WSS Lest

i) (b i L

Figure 13 The Ti-1322-130b alloy surbace bebore and atber NS5 test accosding po 15092272087 [
{a) MNon-amedized substeate; fb) ARer anodizing at 15 Y for 120 i (e} After anadizing at 25 W for
120 ey (b Afver anacdizimg at 35V for 120 moin,

ni

Micrahardmess HY

n 18 20 P an 55

U]

Figure 14. Microhardmess of the Ti- 138 D3N ol surface before and after the M55 test according
b IS0 922007 | 44 for non-anodized substrate (L = 0 ¥ and after ancdizing at U of 5=35 Y for
120 fias.
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It is worth noting that a direct relationship does not practically occur between the
corrdsion resistance fo NS5 and the corrosion resistance to other corrosive enviromments,
The obtained results cannol be used for comparative testing to rank different materials
relative to cach other with respect to cormosion resistance or te predict the long-term
cortusion resistance of the tested material. The NS5 corrosion test can controd the quality of a
product or a given technological process, The WSS test is useful for detecting discontinuities,
such as pores and other defects, in protective coatings [44]. In this work, the WSS test waz
used for a prefiminary assessment of the applicability of newly developed SWNTE as
permanent corrosion protection on fhe Ti-1232-13Mb alloy. The obtained resaliz of the MBS
test reveal the high surface guality of the Ti-13Zr-13Nb alloy subjected to anodizing under
the proposed condibions, Both the high resistance of the prosduced SWRNTs to the ageressive
salt spray and their stable micromechanical properties were confirmed.

The main implications of the obtained results concern the derived linear equations
describing the dependence between the outer and inner diameters of the oxide nanotubes
and the applied anodizing voltage, which can be used in the future to produce tailoed
oxide nanofubes with assumed geometrical dimensions. Based on the olained results,
it can be possible to personalize the dose of the drug implemented on the surface of an
implant made of Ti-1320-130Mb alloy with a drog carmier i the form of third-generation
oxide nanotubes with the assumed morphological parameters. The developed Ti-13Zr-
13N/ SWNTs svstem with an increased fobal surface anes canonob only be uzed as & potential
carrier of drugs that inhibit local infections and inflammations er support bone healing,
including in metastatic bome cancer, but also can accelerate the ossevintegration progess
due to the optimal nanctubular oxide structure.

4, Conclusions

The third-generation SWNTs were successfully produced for the frst ime on the
bivmedical Ti-13Zr=-13Mb alloy by anodizing in 1 M CoHgOa + 4 withe NHF electrolyte at U
of 1335 V for 120 min. Mo nanotubular exide stractures were formed at anodizing voltages
of 5and 10V, The morphological parameters of the obtained SWNTs were functions of
the anodizing voltage. With increasing anodizing voltage in the range of applied voltages,
the outer diameter changed from 104{13] nm to Z30030) nm, whereas the inmer diameter
varied from 395} o 93013 o The lemgthy of the SWNT: changed from 15.64(71) pm to
167.52(60} um. The novelty of this work iz the derivation of a linear dependence between
the outer and inner diamaeters of the SWNTs, and the applied anodizing voltage was found,

The electronic properties of the ol4ained SWNTs studied by the SKIP method depended
on the anodizing voltage, Statistical analysis of the contact potential difference miaps
revealed that quantitative paramelers as the arithmetic mean and rool mean squate of
height irregularities increased with the oxidation voltage in the range of 535 V from
—0.72% to —0.543 V and from 21.49 fp 2847 mV, respectively. The Ti-1320-130Nb alloy before
anodizing was characterized by the smallest values of the contact potential difference,
which proves the lowest stability anvong the fested materials, '

The geometric structure of the Ti-13Zr-13Nb alloy atter anodizing showed that the
basic surface texture parameters Ra, Bz, Rp, and Bv are exponential functions of the
oxidation voltage, The lowest Ba of 0L10 um for the substrate belore oxidation proved
its smooth surface. The Ra of 1.07-2.75 was determined for the porous SWNTs surface
obtained at 25-35 V, indicating the micro-rough surface for which the Ra belonged to the
most suitable Ra for biomedical applications from 1 to 3 pm [6,9].

An-assessment of cormpsion resistance of the Ti-132r-13Nb alloy before and after
anodizing to the effect of NS5 on the macre scale showed the high quality of the obtained
SWHNTe The quantitative evaluation of the impact of NS5 on the micro-scale was based
on the microbardness measurements etore and after accelerated cormsion tests ina salt
chamber, Before the NS5 test, the average Vickers microbandness decreased with imereasing
anodizing voltage feom 271(12) for the non-anodized substrate to 65(8) for the Ti-137r-13Nb
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alloy anodized at 35 V for 120 min, Only slightly lower HVy 3 was determined after the
PSS fest, comfirmeng the high corresion resistancd of the developed SWRNTs.
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ARTICLE INFO ABSTRACT

Keywords: This work deals with production and characterization of the oxide nanotubes on the biomedical Ti13Nb13Zr
Anodization alloy. Anodic oxidation of this new type of vanadium-free titanium alloy was carried out in 1 M ethylene glycol
Biocompatibility electrolyte with the addition of 4 wt% NH,4F under voltage-time conditions of 50 V for 80 min at room tem-
Biomaterials

perature. The results of FE-SEM, TEM, EDS, GIXD and XPS investigations confirmed the possibility of formation
of the single-walled nanotubes on the bi-phase (o + ) alloy under study. An amorphous character of the ob-
tained nanotubes was ascertained. The morphological parameters such as the length (~10 pm), outer (362 nm)
and internal (218 nm) diameter of the nanotube, were determined. The formed nanotubes were composed of
oxides of the alloying elements derived from TiO,, Nb,Os, ZrO,, and ZrO,. Spontaneous passivation of the as-
received Ti13Nb13Zr alloy in the normal saline solution at 37 °C, was revealed by open-circuit potential mea-
surements. The interface impedance of Til3Nb13Zr electrode | oxide layer | normal saline solution, was de-
termined by approximation of the experimental EIS data using the equivalent electrical circuit of modified
Randle's cell. Potentiodynamic studies have shown no initiation of pitting corrosion up to 9.5V vs. SCE. The
proposed surface modification method has been shown to eliminate the hemolysis of the alloy and to decrease
slightly its corrosion resistance due to the porous structure of the formed nanotubes. These results give a new
insight into improvement of the ability of the Til3Nb13Zr implant alloy to osseointegration in a biological
milieu.

Oxide nanotubes
Ti13Nb13Zr alloy

1. Introduction

Musculoskeletal system of man throughout his life is exposed to
numerous loads. As a result of various kinds of injuries and diseases the
worn or damaged joints often need to be replaced by biomaterials that
improve health. Currently, particular attention is focused on designing
an appropriate surface structure of the biomaterials ensuring stability
on the border of implant - bone tissue [1-8]. Since the description of the
osseointegration effect by Branemark half a century ago [9], re-
searchers are working to appropriately design surface of materials to
replace damaged organs. Suitable anchoring the implant in the bone
tissue allows for quick osteoconductivity and osseointegration. Os-
seointegration process contains the deposition of new bone area of the
implant by osteoblasts. This allows to the high osteogenic activity
which is the key to long-term stability of the implant in human body.
Another very important process for the better implant and bone

connection is angiogenesis. This process is important for bone faster
fracture healing, for the new bone formation during embryonic devel-
opment and for regeneration of bone [10].

The osseointegration process of biomedical titanium alloys is af-
fected by factors such as surface of the implant and its modification
methods, its biocompatibility, bone bed, shape of the implant and load
conditions [2,5,10,11]. Smooth surfaces of titanium and its alloys have
been reported to be less desirable for bone fixation than after surface
modification. Roughened surface of titanium implants has shown better
osteogenic activities such as cell attachment, cell proliferation, ad-
sorption of protein and calcium deposition, proving to be beneficial for
osseointegration.

Studies have shown that between titanium oxide and bone layer is
space, in glycoprotein networks that mediate the oxide anchorage. It
allows the formation of bone tissue and removal of epithelial tissue,
which is particularly sensitive in difficult times of implants.
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Introduction of titanium implant of bone structures induces similar
healing reactions like in the case of injuries. In bone tissue, the si-
multaneous destruction and reconstruction of tissues occurs.
Remodeling is a continuous phase of osseointegration. As a result of
bone reconstruction, it is constantly being improved and adjusted to
new conditions. After insertion of the bone implant, initially with ne-
crotic layer and later with young repair tissue, is replaced with a strong
tissue lamellar. Histological evaluation of early stage of osseointegra-
tion showed better bone formation for modified Ti samples than smooth
[8,11-16].

It has been proved that the porosity and/or roughness of the surface
are the requirement of biomaterials used in dentistry and orthopedics.
Obtaining adequately developed surface area provides a good me-
chanical stability of the implant and influences the process of osseoin-
tegration [3,10,17]. A special type of porosity in the form of nanotubes
indicates the suitability of the nanostructured layers of titanium oxides
for medical use [3,4,11,12,18-21]. The use of the oxide nanotubes is
becoming now one of the most attractive techniques as surface mod-
ification of metallic biomaterials. Presence of the oxide nanotubes on
the implant surface increases osteoblast adhesion and proliferation,
bioactivity and possibility of being use as a drug delivery system
[2,10,12,22-24].

For medical applications one of the most important properties of
oxide nanotubes is their mechanical and thermal stability. It has been
found that the production of oxide nanotubes on titanium surface de-
creases the value of elastic modulus in comparison with that for the Ti
substrate. In the literature, the relation between the coating thickness
and the elastic modulus has been shown. It has been revealed that the
increase in TiO, nanotube thickness influenced the reduction of the
elastic modulus [25].

The oxide nanotubes may act as micro- or nanosyringes saturated
with microbicides or therapeutic agents, and enable their controlled
release into the body with a determined rate which is dependent on the
geometry of the pores, thus contributing to the reduction of adverse
reactions after implantation [5,10]. Target control of kinetics of re-
leased therapeutic substances implemented into the oxide nanotubes is
now one of the most modern treatment methods [23,24,26-29]. Anodic
oxidation is one of the cheapest and simplest technique to obtain highly
ordered single-walled nanotubes (SWNTs) [29-31]. Dependently on the
type and concentration of the electrolyte three generations of the oxide
nanotubes can be produced [3,30,32-34]. In our previous work [3] the
possibility of electrochemical formation of second generation (2G)
SWNTs on the surface of Til3Nb13Zr biomedical alloy was reported.

Following our interest in the surface modification of the latest group
of titanium alloys [12,35-37], the present study was undertaken in
order to obtain SWNTs on the Til3Nb13Zr biomedical alloy using
anodic oxidation under new electrochemical conditions. The purpose of
the investigation was also to determine the effect of the porous struc-
ture, chemical states, and surface morphology of the formed SWNTs on
their hemocompatibilty and in vitro corrosion resistance in biological
milieu for the first time. Comparative and novel studies on a smooth
surface of the Ti13Nb13Zr alloy before electrochemical modification
have also been carried out. In available databases the number of articles
based on surface modification of Til3Nb13Zr alloy where the main
topic are oxide nanotubes is very low. This article shows the original
research based on new electrochemical conditions for production of
oxide nanotubes on this alloy which are not observed in literature.

2. Materials and Methods
2.1. Material Preparation

The studied samples of the Ti13Nb13Zr (wt%) alloy in the form of
disks were cut from the rod of 0.9 mm in diameter. The samples were

ground with 1200 and 2500# grit silicon carbide paper, polished using
OP-S suspension, and then sonicated for 20 min using nanopure water
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(Milli-Q, 18.2 MQ cm?, < 2 ppb total organic carbon). Anodic oxida-
tion was performed at room temperature in 1 M ethylene glycol solu-
tion with 4 wt% content of NH4F. Ethylene glycol (anhydrous, 99.8%)
and ammonium fluoride (= 99.99% trace metals basis) were supplied
by Sigma Aldrich. The time and voltage of anodization was 80 min and
50 V, respectively. Anodization process was carried out using a Kikusui
PWR800H Regulated DC Power Supply in the two-electrode system
consisting of the working electrode which was the sample under study,
and the counter electrode in the form of a platinum foil being spaced
from the working electrode for a distance of 25 mm.

2.2. Material Characterization

The surface morphology and cross-section observations of the
Ti13Nb13Zr alloy with formed layers of SWNTs were examined using a
scanning electron microscopy with field emission (FE-SEM) using the
HITACHI HD-2300A Scanning Transmission Electron Microscope
(STEM). The chemical composition of the alloy before and after ano-
dization was analyzed by energy dispersive X-ray spectroscopy (EDS)
used in conjunction with FE-SEM. The structure of SWNTs was de-
termined by high resolution electron microscopy (HREM) technique
using a JEOL JEM-3010 Transmission Electron Microscope (TEM) op-
erating at 300 kV equipped with 2k x 2k Orius TM 833 SC200D Gatan
CCD camera. The investigations were conducted on thin films of the
anodized Til3Nb13Zr alloy, which were made using the method of
cross-sections by ion polishing using the polisher type of Gatan PIPS.
The X-ray structural studies of the Til3Nb13Zr alloy before and after
anodization were conducted using the grazing incidence X-ray diffrac-
tion (GIXD) method on the X'Pert Philips PW 3040/60 diffractometer
operating at 30 mA and 40 kV (Cu Ka radiation), which was equipped
with a vertical goniometer and an Eulerian cradle. The GIXD diffraction
patterns were registered in 260 range from 20 to 90° and 0.05° step for
the incident angle a of 1.00°. Chemical states of the Ti13Nb13Zr alloy
surface before and after anodization were characterized by X-ray pho-
toelectron spectroscopy (XPS) with the use of the VGScienta & Prevac
spectrometer using monochromatic X-rays with an energy of
1486.74 eV and power of 400 W.

2.3. In Vitro Hemocompatibility Test

Hemocompatibility of the Til3Nb13Zr alloy before and after ano-
dization was examined according to the ASTM F756-00 standard [38].
Blood was obtained from healthy human volunteers. For determination
of the hemoglobin (Hb) calibration curve consistent with the specifi-
cations of the International Committee for Standardization in Hema-
tology (ICSH) was obtained [39]. Dilutions were made with phosphate
buffered saline (PBS) to a Hb concentration of 10(1) g1~ 1 Specimens
with a determinable surface area were used at a ratio of 3 cm? surface
area to 1 ml of test blood solution. For reference samples and those with
formed SWNTs was used 0.57(0.02) ml human blood. The final samples
were exposed in human blood for 4 h at 37 °C. After 4 h of incubation
the fluid was transfer to the appropriate tube and centrifuge at
3000 rpm for 15 min in a standard clinical centrifuge. The supernatant
was carefully removed to avoid disturbing any button of erythrocytes
which were present in the tube. Afterwards the absorbance of the so-
lution with a spectrophotometer at a wavelength of 540 nm was noted.
For calculation of % hemolysis the following formula was used [38]:

%hemolysis
concentration of hemoglobin released in supernatants100%
total hemoglobin concentration in tube

@

This is synonymous with hemolytic index being the quotient of the
free plasma hemoglobin (mg ml~ ') released as a result of contact with
test material divided by the total hemoglobin (mg ml~ ') present in the
blood solution multiplied by 100 [38].
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2.4. In Vitro Corrosion Resistance Measurements

In vitro corrosion resistance of the Til3Nb13Zr alloy before and
after anodization was determined in a normal saline solution (NSS) of
0.9% NaCl at 37(2) °C using the method of open-circuit potential (OCP),
polarization curves and electrochemical impedance spectroscopy (EIS).
The NSS was prepared from analytically pure reagents and ultra-pure
water (Millipore, resistivity 18.2 MQ cm at 25 °C). To adjust the pH of
the NSS to 7.4(0.1), 4% NaOH and 1% C3HgO3 solutions were used.
Before each series of measurements, the fresh portion of the NSS was
deaerated by bubbling Ar of high purity (UHP Ar, 99.999%) for 1 h.

Corrosion studies were performed in a three-electrode electro-
chemical cell with the working electrode made of the Ti13Nb13Zr alloy
before anodization and with formed SWNTs. One side of the sample
with the geometric surface area of 0.28 cm? was exposed to corrosive
medium, the other side was insulated with epoxy resin which has not
been in the reaction with the electrolyte. The counter electrode was the
platinum foil with the geometric surface area of 2 cm?. All values of the
potentials were measured in relation to the saturated calomel electrode
(SCE) connected to the solution using Luggin capillary. Electrochemical
measurements were carried out using a computer-controlled Metrohm/
Eco Chemie Autloab PGSTAT30  Potentiostat/Galvanostat
Electrochemical System.

Prior to electrochemical measurements, the as-received Til3Nb13Zr
electrode was subjected to depassivation at a potential of — 1.2V vs.
SCE for 10 min. The corrosion tests started with the measurement of the
open circuit potential, Eoc, for 2 h. Then, the EIS measurements were
carried out potentiostatically at the stabilized value of Eqc. Ac im-
pedance spectra were registered in the frequency range of
20 kHz-1 mHz using 10 frequencies per decade and an excitation signal
in the form of a sine wave with an amplitude of 10 mV. The experi-
mental EIS data were analyzed based on the equivalent electrical ana-
logs by means of the EQUIVCRT program [40] and using the complex
nonlinear least squares (CNLS) method with modulus weighting. The
equivalent circuits were defined using circuit description code given by
Boukamp [41]. The obtained results were used for a comparative as-
sessment of the corrosion resistance of SWNTs and the as-received
Ti13Nb13Zr electrode.

Anodic polarization curves were registered under potentiodynamic
conditions at a sweep rate of v = 4 mV s~ ! in the potential range from
Eoc minus 150 mV to 9.5 V.

2.5. Statistics

In the performed analyzes, the standard deviations were determined
for all quantitative parameters. Modeling of EIS data was carried out in
order to find an appropriate model described by an electrical equivalent
circuit or equation by minimization of the sum of squares [42]. Such
model impedances should lie very close to the experimental ones
without any systematic deviations. To assure that the approximating
model was correct, statistical tests were used. The quality of fit was
verified by examining a % (chi-square) test. In the modeling of the
impedance data the Fisher-Snedecor test F for the confidence level of
a = 0.01, corresponding to probability of 99%, was used for the im-
portance of the additional term [43]. The F-test allowed to compare two
different variances (square of standard deviations). Another parameter
in the model was added only if this produced a statistically important
decrease in the sum of squares. The number of new parameters was kept
as low as possible.

3. Results and Discussion
3.1. EDS Study of Chemical Composition

The selected alloy used for anodic oxidation was a new type of
vanadium-free titanium alloy. Such chemical composition of the alloy
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Fig. 1. EDS spectrum of the TI13NB13ZR alloy: a) before and b) after anodization.

"

000
B
£ 00 i
o
(ol }
TG
A A
.;'——'M e , = |2 .
70 w0 o S0 S e ~pema
Posiiion [“ZThesa] (CogpenCu))
; IR ITEES
Lt i [ [ 11 ]
t
150
T
]
=
'ﬁ
i | [ o | 1 ] K]
" 0 W ] &0 .
Foahion 72 Thela) (CoppedCe)
T i
= 1

Fig. 2. GIXD pattern of the Til3Nb13Zr alloy: a) before and b) after anodization.

ensures appropriate biomedical properties for use as medical implants
[1-3]. In addition, it provides higher biocompatibility and corrosion
resistance. The chemical composition of the studied alloy was con-
firmed using EDS measurements (Fig. 1). EDS spectrum registered in
the selected micro-region on the alloy surface showed the presence of
peaks originating from the substrate, i.e. Ti, Nb and Zr for the
Ti1l3Nb13Zr alloy before (Fig. 1a) and after anodization (Fig. 1b). The
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element concentration from the peaks obtained for the alloy before
electrochemical modification, was determined to be 74.3 (0.5) wt% for
Ti, 12.7(0.7) wt% for Nb, and 13.0 (0.5) wt% for Zr which is consistent
with the bulk composition of the sample under study. The presence of
oxygen peak in the EDS spectrum for the anodized alloy showed that on
the surface of the test material an oxide layer is present (Fig. 1b).

3.2. XRD Study of Structure

Fig. 2a presents the diffraction pattern for the Ti13Nb13Zr alloy
before electrochemical oxidation and reveals the presence of char-
acteristic diffraction lines corresponding to a - Ti (PDF ICDD 00-044-
1294) and P - Ti (PDF ICDD 01-089-3726) phases. Fig. 2b shows the
diffraction pattern for the Til3Nb13Zr alloy after anodization in 1 M
ethylene glycol solution with the addition of 4% wt. NH4F at 50 V for
80 min. Identification of the diffraction pattern shows also the presence
of two phases originating from the material substrate: a - Ti and p - Ti.
Extended maximum visible in the diffraction pattern between 20 and
35° 26 indicates an amorphous character of the obtained SWNTSs on the
surface of the bi-phase Til13Nb13Zr alloy composed of a mixture of a
and f phases.

3.3. FE-SEM and TEM Studies of Microstructure

FE-SEM images of the microstructure of the Til3Nb13Zr alloy after
anodization are shown in Fig. 3. View from the top (Fig. 3a and c)
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Fig. 3. FE-SEM image of the microstructure of SWNTs
layer formed on the Til3Nb13Zr alloy: a)-c) on-top
general view, and d) cross-section of the material.

shows the surface morphology of the formed layer of SWNTSs with very
smooth walls. A uniform distribution of the oxide nanotubes can be
observed. Fig. 3b presents a top view of mechanically fractured sample
with visible and invisible area of the oxides nanotubes. Cross-section of
the SWNTs layer is shown in Fig. 3d and the thickness of the oxide layer
of several um can be observed. The detailed mechanism of the multistep
formation of the oxide SWNTs on the Ti13Nb13Zr alloy was reported in
our previous work [1].

Fig. 4a—c show representative TEM images taken from SWNT. The
studied alloy after anodization was suspended in isopropanol and so-
nicated for 60 min in an ultrasonic bath and the resulted materials were
deposited on copper grid covered with an amorphous carbon film
standardized for the sample preparation for TEM analysis. After this
process, the SWNTs were observed. The recorded diffraction pattern
(Fig. 4d) confirms that the SWNTs obtained under proposed conditions
are amorphous. EDS mapping shows that these oxides are uniformly
distributed in the SWNTs (Fig. 4e-h). Recorded EDS spectrum con-
firmed that the resulting SWNTs are composed of Ti, Nb and Zr oxides
(Fig. 4i).

Based on the FE-SEM images (Fig. 3) recorded from the selected
areas of the Til3Nb13Zr alloy surface after anodic oxidation, the
morphological parameters of the obtained nanotubes were determined.
The SWNT length (L) was 9.7(0.6) um. Empirical distribution histo-
grams of the outer (Dy) and inner (D;) diameter of SWNTs is shown in
the Fig. 5a and b, respectively. Average Dy and D; diameter of SWNTs
was estimated by Gaussian fit to the diameter histogram to be 362(44)

168:8713091133
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Fig. 4. Images of the obtained SWNT on the Til3Nb13Zr alloy: a) STEM BF image, b)
STEM HAADF image, ¢) TEM BF image, and d) corresponding diffraction pattern. EDS
maps with colors corresponding to: e) Ti-K line, f) O-K line, g) Nb-L line, h) Zr-L line, and
i) EDS pattern.

nm and 218(39) nm, respectively.
The total surface area (A,) of SWNTs equal to 4.1 pmz, was calcu-
lated according to the following formula [30]:

A, = 21 (D — D?) + 27L(Dy + D)) @

The first term of the Eq. (2) is associated to the areas of the two tube
rings. Second term involves the areas of internal and external curved
surfaces. The specific surface area (As) of SWNTs per cm? was estimated
by the following term [30]:

Ag = n-Aq 3

The evaluated value of A, was 49.4 cm?/cm?.

Nowadays, it is well known that composition of the electrolyte for
anodization strongly influences the microstructure of the obtained
oxide nanotubes [1,3,4,12,19,20,22]. SWNTs are possible to be ob-
tained using organic polar solvents such as formamide, ethylene glycol,
dimethylsulfoxide and glycerol with a fluoride salt, e.g. NaF, KF, or
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surface of the Ti13Nb13Zr alloy and Gaussian fitting curve.

NH,4F. A lack of fluoride ions in the solution makes impossible to form
oxide nanotubes. Fluoride ions are responsible for cracking of the
passive oxide layer on the alloy surface. The use of electrolytes con-
taining ethylene glycol leads to production of nanotubes with the length
reaching even several hundred pum and very smooth walls in contrast to
nanotubes obtained in aqueous solutions of hydrogen fluoride or its
mixtures with other acids. The first generation nanostructures are
shorter up to several hundred nm and have a low surface arrangement.
An increase in the length of nanotubes can be achieved reducing the
amount of water.

3.4. XPS Study of Chemical States

The XPS analysis was focused on the determination of chemical
states of the test alloy components; detailed analysis of Ti2p, Nb3d and
Zr3d photoemission line is presented. For the Ti13Nb13Zr alloy before
electrochemical modification the XPS spectra showed that titanium
exist in two chemical states: TiO, (Ti**) Ti2p,,, line position at
458.8 eV and reduced oxide (Ti®*) Ti2p;,, line position at 457.2 eV
(Fig. 6a). For niobium on XPS spectrum the chemical state Nb3ds,
2 ~ 207.4 eV was observed and was related to the presence of metallic
niobium (Fig. 6¢). This was not a pure niobium (most likely) it was
niobium derived from intermetallic compound with zirconium. Analysis
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Fig. 6. XPS high resolution spectra for Ti2p;,,: a) before
and b) after anodization, Nb3d: c) before and d) after an-
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of the shape of the lines Nb3d of the Til3Nb13Zr alloy before elec-
trochemical modification indicates also the presence of niobium in
second chemical state observed for the Nb3ds,, at about 207.4 eV. The
position and shape of the Zr3d lines of reference sample of the
Til3Nb13Zr alloy indicates the presence of zirconium in the three
states: Zr3ds,» at 178.1 eV in metallic state (most likely in complex with
niobium); Zr3ds,, at 182.3 eV identified as zirconium oxide ZrO,;
Zr3ds,, at 182.9 eV assigned as zirconia ZrOy (Fig. 6e).

The XPS studies of the Til3Nb13Zr alloy after the anodization
process confirmed the presence of titanium only in one chemical state:
TiO, (Ti* ™) Ti2p, -, line position at 458.8 eV (Fig. 6b). The position and
shape of the lines Nb3d of the Ti13Nb13Zr alloy after electrochemical
modification indicates the presence of niobium in one chemical state -
position of the Nb3ds,» at about 207.4 eV (Fig. 6d). The position and
shape of the lines Zr3d for SWNTs indicates the presence of zirconium
in the two states: Zr3ds,, at 182.3 eV identified as zirconium oxide
ZrOy; Zr3ds,, at 182.9 eV assigned as zirconia ZrOy (Fig. 6f).

3.5. In Vitro Hemocompatibility Study

The most common method to determine the hemocompatibility for
biomaterials is the hemolysis test [38,39,44]. Hemolysis is the process
of transition hemoglobin (dye of red blood cells) into the cytoplasma as
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a result of rupturing erythrocytes. To determine the biocompatibility of
the Ti13Nb13Zr alloy before and after electrochemical modification
examinations according to the ASTM F756-00 standard were performed
[38]. Based on this standard the hemolytic index below 2 evidences that
material is nonhemolitic (Fig. 7). The obtained results of hemolysis test
revealed the value of the hemolytic index of 0.30(0.08) for the
Ti13Nb13Zr alloy before modification and 0.00 for anodically formed
SWNTs on the alloy surface. The latter value proves that the proposed
surface modification completely eliminates hemolysis process and en-
sures excellent hemocompatibility of the porous Til3Nb13Zr alloy with
SWNTs.

3.6. In Vitro Corrosion Resistance Studies

Fig. 8 presents the results of Eqc vs. time for the Til3Nb13Zr elec-
trode without and with SWNTSs. It can be observed that Eq is strongly
dependent on immersion time. The results of OCP measurements for the
depassivated, smooth Ti13Nb13Zr electrode show that the value of Eqc
increased dynamically from — 0.438 V towards more positive poten-
tials right after immersion in NSS, and then after 1.8 h of exposure, it
started to stabilize reaching the value of — 0.143 V (Fig. 8, solid line).
Such behavior is characteristic for the spontaneous formation of the
passive film on titanium and its alloys in biological milieu [45,46]. For

170:4816917117
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Fig. 8. Open circuit potential versus time for the Til3Nb13Zr alloy before and after an-
odization in NSS at 37 °C.

the porous electrode with SWNTs (Fig. 8, dotted line), the OCP results
indicate that the Eqc showed a different course in time. It rapidly de-
creased from — 0.238 V to — 0.347 V for 30 min and after this the Eoc
started to increase to — 0.183 V for 3 h at the end of the measurement.
After 3.5 h of immersion, the SWNTs layer revealed slightly lower Eoc
than the smooth Til13Nb13Zr electrode due to the presence of porous
structure. Open circuit potential is important since informs that the
electrode with lower Eoc will dissolve faster in the electrolyte, and may
be treated as approximate corrosion potential, E.,.. The measurement
conditions at Eqc for the Til3Nb13Zr electrode in NSS at 37 °C are very
similar to in vivo conditions in the human body.

Currently, the EIS study has been increasingly used for character-
ization of oxide films [2,30,42,45-47]. This is one of the more universal
methods for testing the kinetics of electrode processes with simulta-
neous determination of electrical characteristics of the interface elec-
trode | electrolyte solution on which the electrode reaction takes place
[42,48-55]. Faraday's impedance describes the rate of charge transfer
(R.o) across the phase boundary, which is characterized by the electrical
double layer (Cq)), where the capacity of the Cyq plays an important role.
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Fig. 9. Experimental (symbol) and approximated (line) Bode diagrams in the form of: a)
log |Z| = f(log f), and b) ¢ = f(log f) for the Til3Nb13Zr electrode before and after
anodization in NSS at 37 °C. Symbols are experimental data and lines represent approx-
imation results; ¢) equivalent electrical circuit model used for approximation of the ex-
perimental EIS data for the system: Til3Nb13Zr electrode | oxide layer | NSS and
Til13Nb13Zr electrode | SWNTs | NSS.
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Table 1
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The values of parameters with their standard deviations and the results of chi-square test, obtained using the equivalent circuit model (Fig. 9¢) to approximate EIS data for the
Ti13Nb13Zr electrode | oxide layer | NSS and Ti13Nb13Zr electrode | SWNTs | NSS systems at 37 °C.

Electrode xr Sum of squares R, (Q cm?) Ta (Fs? " 1em™2) da Rox (Q cm?) Caqi (Fem™?)
Ti13Nb13Zr 0.01 1.05 70.75 (1.06) 9.60-107°(7.98-10 %) 0.930 (0.002) 1.24-107 (8.60 - 10%) 5.52-107°(2.76-10"7)
Ti13Nb13Zr with SWNTs 0.02 1.61 16.69 (0.41) 1.96-107°(3.32-1077) 0.944 (0.004) 8.09-10° (6.55-10%) 1.22-107°(6.10-107)
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Fig. 10. Anodic potentiodynamic curve for the Til3Nb13Zr electrode before and after
anodization in NSS at 37 °C.

The experimental EIS results (symbol) performed potentiostatically
at Eoc for the Ti13Nb13Zr electrode with the self-passive layer and with
SWNTs layer on the surface, are shown in the form of Bode plots,
log|Z| = f(log f) (Fig. 9a) and ¢ = f(log f) (Fig. 9b). The high values of
|Z|f— o and @ close to — 90° are visible for both electrodes which are
typical of a capacitive behavior of a high corrosion resistance material
[2,30,42,45-47]. The slightly higher impedance values in the whole
range of the studied frequencies (Fig. 9a) and the wider plateau at in-
termediate frequencies (Fig. 9b) corresponding to higher corrosion re-
sistance, was recorded for the Ti13Nb13Zr electrode with the self-pas-
sive barrier-layer against corrosion. In the case of the Til3Nb13Zr
electrode with SWNTs, a large dispersion of the time constants was
observed at low frequencies below 13 mHz due to the porous structure.
Only one time constant on the Bode-phase plot was visible (Fig. 9b).

All registered impedance plots were analyzed using the CNLS
method. The best fit to the experimental data for the Ti13Nb13Zr |
oxide layer | NSS and Ti13Nb13Zr | SWNTs | NSS systems was obtained
using the modified Randles' equivalent circuit (Fig. 9¢). To fitting
procedure instead of a capacitor, the constant phase element (CPE) was
used because of that ac impedance plots deviated from the classical
Randles' equivalent circuit [56]. The CPE impedance is given by the
following equation:

1

Zepg = ——
CPE T(]C())¢

@
where T (in F cm ™ 2 s?1) denotes the capacitance parameter, and ¢ < 1
is a dimensionless CPE exponent related to the constant phase angle,
a = 90°(1-¢). In the model shown in Fig. 9¢c, Ry represents the elec-
trolyte resistance, R,y is the resistance of charge transfer through the
oxide layer | NSS or SWNTs | NSS interface, and C4 parameter corre-
sponds to the CPE element. In Fig. 9a and b continuous lines indicate
fitting using CNLS method and the electrical equivalent circuit shown in
Fig. 9c. A very good fit to the experimental EIS data for both test
electrodes was obtained. The results of the fitting procedure are pre-
sented in Table 1. The high quality of fit was verified by small values of
% and sum of squares. The R, value for the Til3Nb13Zr | oxide layer |
NSS interface of 1.24-107 Q cm? is about two orders of magnitude

higher than that for the Til3Nb13Zr | SWNTs | NSS system. It means
that the kinetics of electrochemical corrosion in NSS is slower at the
smooth Ti13Nb13Zr electrode as compared with that at the porous
Ti13Nb13Zr electrode. The values of ¢4 show that the surface rough-
ness and heterogeneities of SWNTs layer do not cause significant
changes in the impedance behavior of the test material.

The values of average Cy were determined based on formula given
by Brug et al. [56]:

T =CH(R;" + R )

The calculated value of Cy of order 10~ ® F cm ~ 2 for the as-received
Ti13Nb13Zr electrode (Table 1) is typical for passivated metallic bio-
materials observed in the literature [2,45,46]. This value is lower than
that for the Til3Nb13Zr electrode with SWNTs, and suggests higher
corrosion resistance. This difference in the Cy values is connected with
the weaker surface development of the self-passivated oxide layer in
comparison with the porous surface of SWNTs layer.

The results of potentiodynamic study with anodic potential limited
to 9.5V for the Ti13Nb13Zr electrode before and after anodization in
NSS at 37 °C, are presented in Fig. 10. For both test electrodes similar
E . values and anodic behavior is observed. The only difference are
higher current density values at potentials above 5.5V for the as-re-
ceived Til3Nb13Zr electrode what indicates its slightly lower corrosion
resistance in comparison with the electrode with SWNTs. It suggests
that anodic dissolution of the self-passive nanometric oxide layer is
faster than SWNTs layer. In both cases, the electrodes are in a passive
state as evidenced by the wide plateau up to the potential value of
9.5 V. No evidence of pitting corrosion initiation which is characteristic
for metallic implants in an environment containing aggressive chloride
ions is observed [45]. SEM observations of the surface of the test
electrodes after potentiodynamic measurements revealed no pits. It
means that Nb and Zr as alloying additions influence the stability of the
passive layer and slow down the process of anodic dissolution.

4. Conclusions

The obtained results of FE-SEM, TEM, EDS, GIXD and XPS con-
firmed the possibility of formation of SWNTs on the surface of the
biomedical Ti13Nb13Zr alloy by anodic oxidation in a solution of 1 M
ethylene glycol with 4 wt% NH,4F at a voltage of 50 V for 80 min at
room temperature. An amorphous character of the obtained SWNTs
layer on this bi-phase (a + ) alloy, was found. The morphological
parameters of the formed nanotubes were determined to be ~10 um in
the length, 362 nm in outer and 217 nm in inner diameter. XPS analysis
showed that these SWNTs were composed of oxides of the alloying
elements derived from: TiO5, Nb;Os, ZrO,, and ZrO,. Biological eva-
luation of biocompatibility of the Ti13Nb13Zr alloy proved that the
material after anodization had no hemolytic effects and met the re-
quirements for clinical application. Open circuit potential, EIS and
potentiodynamic measurements in the normal saline solution at 37 °C,
revealed a slight decrease of in vitro corrosion resistance for the mod-
ified Til3Nb13Zr electrode as compared with the spontaneously pas-
sivated electrode due to formation of the porous structure of SWNTs.
For both electrodes no initiation of pitting corrosion up to 9.5 V vs. SCE
was found in potentiodynamic and SEM studies.
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Abstract: The biomedical Ti-13Zr-13Nb bi-phase (x + () alloy for long-term applications in im-
plantology has recently been developed. The porous oxide nanotubes’ (ONTs) layers of various
geometries and lengths on the Ti-13Zr-13Nb alloy surface can be produced by anodizing to improve
osseointegration. This work was aimed at how anodizing conditions determinatine the micromechan-
ical and biotribological properties of the Ti-13Zr-13Nb alloy. First-generation (1G), second-generation
(2G), and third-generation (3G) ONT layers were produced on the Ti-13Zr-13Nb alloy surface by
anodizing. The microstructure was characterized using SEM. Micromechanical properties were
investigated by the Vickers microhardness test under variable loads. Biotribological properties were
examined in Ringer’s solution in a reciprocating motion in the ball-on-flat system. The 2D roughness
profiles method was used to assess the wear tracks of the tested materials. Wear scars” analysis of
the ZrO; ball was performed using optical microscopy. It was found that the composition of the
electrolyte with the presence of fluoride ions was an essential factor influencing the micromechanical
and biotribological properties of the obtained ONT layers. The three-body abrasion wear mechanism

check for was proposed to explain the biotribological wear in Ringer’s solution for the Ti-13Zr—13Nb alloy

updates before and after anodizing.
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elasticity, high corrosion resistance, good weldability, and is heat treatable [19,23]. Aland V
alloy additions increase the hardness of titanium and improve its physical and mechanical
properties. However, the Ti-6Al-4V alloy shows unfavorable tribological properties, and its
Young’s modulus (~110 GPa) is higher than that of bone (~10-64 GPa). Aluminum has well-
documented toxicity in the serum or urine of patients; moreover, it has a causal relationship
with neurotoxicity and senile dementia of the Alzheimer type. In addition, vanadium
is thermodynamically unstable in conditions corresponding to the tissue environment
and is considered a toxic alloying additive, similarly to vanadium oxide (V,0Os5), which
has relatively good solubility and high toxicity in living organisms. Therefore, growing
doubts about the cytotoxicity of the Ti-6Al4V alloy have prompted investigations into the
development of modern vanadium-free Ti alloys containing biocompatible elements such
as Mo, Nb, Zr, and Ta, which are able to stabilize the  structure in titanium [10,24-26].
One of the newest classes of biomedical alloys which excludes harmful elements in the
form of Al and V from the composition is the Ti-13Zr-13Nb alloy developed by Davidson
and Kovacs [24]. The Ti-13Zr-13Nb alloy combines a low modulus with high strength and
excellent hot and cold serviceability. Research on this alloy has shown that its mechanical
properties can be controlled to a large extent by hot working, heat treating, and cold
working. The Ti-13Nb-13Zr alloy also shows high corrosion resistance in a physiological
environment, which is one of the most important factors that has a decisive impact on the
use of a given biomaterial for implants [7,11,12,24,27]. Like titanium, niobium is an element
with high corrosion resistance, which is due to its susceptibility to being covered with a
self-passive Nb,Os oxide layer [28]. Zirconium has similar physicochemical properties to
those of titanium and can be processed by similar methods. In some strength parameters,
this element even surpasses titanium [23]. Zr is not ferromagnetic, which allows the use
of implants made of the Ti-13Zr-13Nb alloy in patients undergoing nuclear magnetic
resonance imaging. The Ti-13Nb-13Zr alloy is characterized by favorable mechanical
properties for implant applications and a low Young’s modulus. The alloys used for the
production of biomaterials should have mechanical properties close to those they replace,
therefore, the modulus of elasticity of Ti-13Zr-13Nb may vary between 41 and 83 GPa.
The natural and uneven oxide layer present on titanium and its alloys does not suf-
ficiently protect the implant in the environment of body fluids, therefore the surfaces
of these materials are often subjected to modification [6-8,11-14,29,30]. One of the cur-
rently most popular electrochemical methods of modifying the oxide film to form self-
assembled nanotubular oxide structures is anodizing, which allows the production of
oxide layers in the form of a matrix of ordered, vertically arranged oxide nanotubes
(ONTs) [11-13,17-19,28,29,31-40]. The ONTs exhibit numerous unique properties com-
pared to ultrathin oxide films formed spontaneously. Increasing the surface roughness
at the nanoscale by producing ONTs contributes to a better adhesion tendency of bone-
forming cells. The porous surface of the ONT layers has a beneficial effect on the osseointe-
gration process and ensures faster tissue growth and stronger bonding of the bone with
the implant due to the chemical and morphological similarity of the nanotube oxide layer
to the structure of bone tissue. The type of electrolyte in which the anodizing process
is carried out has the greatest impact on the microstructure and properties of the ONTs
obtained on titanium oxide and its alloys [11-13,17-19,28,29,31-40]. The prospect of using
ONTs dominated the efforts of researchers at the expense of understanding the mechanical
properties of the nanotubular oxide layer [21,23,36,41-43]. Most biocompatibility studies
of ONTs focus on their use in dentistry, orthopedics, and cardiovascular surgery due to
their high affinity for bone cell adhesion and differentiation, hydroxyapatite formation,
and outstanding biochemical inertia [1-5]. ONT layers on the surface of titanium and its
alloys are considered promising bionanomaterials for controlled drug delivery systems to
suppress local inflammation after the implantation process [29]. The possibility of selecting
anodizing parameters when obtaining ONTs with desired, predetermined morphological
features can be used in practical applications in personalized medicine. ONTs used as
intelligent drug carriers enable the delivery of poorly water-soluble drugs and prevent
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the first-pass effect through the liver. ONTs can be produced on a variety of substrates,
including three-dimensional, nonplanar, and curved surfaces such as, for example, thin,
long surgical wires and bone fixation needles, allowing ONTs to be clinically used on the
surface of implants or surgical supports in orthopedics [31-40]. However, despite numer-
ous studies on ONTs, relatively little is known about their impact on biotribological wear
of modern titanium alloys in a biological environment due to the dominance of research in
dry sliding conditions [17,19].

This work is a continuation of our interest in the surface functionalization of the
biomedical Ti-13Zr-13Nb alloy through the production of ONTs of the first, second, and
third generation. The main purpose of the undertaken research is to determine for the
first time the effect of anodizing conditions on biotribological wear in Ringer’s solution
and micromechanical properties of the Ti-13Zr-13Nb alloy for the development of long-
term implants. This work brings new insights into the relationship between the anodizing
conditions and biotribological wear of the Ti-13Zr-13Nb alloy under wet sliding conditions.

2. Materials and Methods
2.1. Substrate Surface Treatment

The substrate material was a rod with a diameter of 9 mm and a length of 1 m made
of a bi-phase Ti-13Zr-13Nb alloy composed of a mixture of « and 3 phases (BIMO TECH,
Wroclaw, Poland) with a chemical composition in wt% according to the standard ASTM
F1713-08(2021)el [44]. One side of the cut samples in the shape of disks with a thickness of
5 mm was subjected to wet grinding and polishing using a metallographic grinding and
polishing machine Metkon Forcipol 102 (Metkon Instruments Inc., Bursa, Turkey), equipped
with an automatic header. The samples were embedded into conductive PolyFast resin
(Struers, Cleveland, OH, USA) using an ATM Opal 400 hot mounting press (Spectrographic
Ltd., Guiseley, Leeds, UK) at 180 °C for 10 min. A mirror-like surface of the substrate
was obtained on a wheel used for grinding at 250 rpm with water-based silicon carbide
abrasive papers of P600 to P2500 gradations (Buehler Ltd., Lake Bluff, IL, USA). Diamond
suspensions with 6 to 1 um grain size (Buehler, Waukegan, IL, USA) were used for further
polishing. Polishing was finished using a polishing cloth (Buehler, Waukegan, IL, USA)
and a colloidal SiO, suspension with a grain size of 0.04 um (Struers, Cleveland, OH, USA).

The polished samples were cleaned for 20 min in an ultrasonic cleaner USC-TH (VWR
International, Radnor, PA, USA) with acetone (Avantor Performance Materials Poland
S.A., Gliwice, Poland) and then in ultrapure water with resistivity of 18.2 M) cm (Milli-Q
Advantage A10 Water Purification System, Millipore SAS, Molsheim, France) with two
Milli-Q water changes. As a result of high-frequency ultrasonic waves propagating in the
liquid, vacuum bubbles were formed, under the influence of which rapid evaporation of
the liquid and the formation of water vapor bubbles took place. During the implosion
of the vacuum bubbles, a local increase in temperature and pressure was generated. The
imploding bubbles, located at the contaminated surface, detached the pollutants.

2.2. Anodizing Conditions of Ti—13Zr-13Nb Alloy

Anodes made of the Ti-13Zr-13Nb alloy with a one-sided geometric surface area of
3.14 cm? were prepared in accordance with the detailed information provided in our earlier
work [29]. Immediately before anodizing, the prepared electrodes were immersed in 25%
v/v HNOj3 (Avantor Performance Materials Poland S.A., Gliwice, Poland) for 10 min at
room temperature to remove oxides from the surface of the Ti-13Zr-13Nb alloy, and then
sonicated in Milli-Q water for 20 min.

The ONTs on the Ti-13Zr-13Nb electrode surface were produced in a two-electrode
system by one-step anodizing at room temperature under the conditions shown in Table 1.
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Table 1. Conditions for anodic production of 1G [32], 2G [34], and 3G [31] ONTs on the Ti-13Zr-

13Nb alloy.
ONTs on Ti-13Zr-13Nb
Conditions 3 . .
I Generation (1G) II Generation (2G) III Generation (3G)
Voltage (V) 20 20 50
Time (min) 120 120 80
o M (NH4)2804 +2% M C2H602 +4%

Electrolyte 0.5% HF NH,F NH,F
Inner diameter of

ONT (nm) 71(7) 61(11) 218(39)
Outer diameter of

ONT (nm) 87(10) 103(16) 362(44)

Length of ONT (um) 0.94(9) 3.9(2) 9.7(6)

Hydrofluoric acid (48 wt.% in HyO, >99.99% trace metals basis), ammonium sulfate
(for molecular biology, >99.0%), ammonium fluoride (>99.99% trace metals basis), and
ethylene glycol (anhydrous, 99.8%) were supplied by Sigma-Aldrich (Saint Louis, MO,
USA). A PWR800H high-current power supply (Kikusui Electronics Corporation, Yoko-
hama, Japan) was used. The anodes with freshly prepared ONTs were placed in Milli-Q
water, which was vigorously stirred for 5 min.

2.3. Physicochemical Characteristics of ONTs on Ti—13Zr-13Nb Alloy

The microstructure of the Ti-13Zr-13Nb alloy before and after anodizing was studied
using a TESCAN Mira 3 LMU scanning electron microscope (SEM, TESCAN ORSAY
HOLDING, Brno-Kohoutovice, Czech Republic). The secondary electrons (SE) were used
for imaging that were generated by the incoming electron beam as they entered the surface.
The use of SE allowed to obtain a high-resolution signal with a resolution that was only
limited by the electron beam diameter. The SEM examinations were performed on the
samples covered by an ultrathin layer of chromium deposited using a Quorum Q150T ES
Sputter Coater (Quorum Technologies, East Sussex, UK).

2.4. Microhardness of ONTs on Ti-13Zr-13Nb Alloy

The microhardness of the Ti-13Zr-13Nb alloy before and after anodizing was de-
termined using the Vickers method by means of a Wilson®~WolpertTM Microindenta-
tion Tester 401MVD (Wilson Instruments, LLC, Carthage, TX, USA). A hardness scale of
HV = 0.1 was used. A Vickers indenter was applied, which was a square-based pyramidal-
shaped diamond indenter with face angles of 136° according to the ISO 6507-1 standard [45].
The Vickers microhardness measurements were performed with variable loads of 490, 980,
1560, and 4900 mN, respectively. Indentation diagonal lengths were between 0.020 and
1.400 mm. The Vickers hardness number was calculated based on Equation (1):

18544 x P

pHV £z

)
where P—force (gf) and d—mean diagonal length of the indentation (um).

A direct method of checking and calibrating the microhardness tester, indenter, and diago-
nal length of the measuring system was used according to the ISO 6507-2:2018 standard [46].

2.5. Biotribology of ONTs on Ti—13Zr-13Nb Alloy in Ringer’s Solution

Measurements of biotribological wear of the Ti-13Zr-13Nb alloy in the initial state
and after anodizing were performed in a reciprocating motion in the ball-on-flat system
using a tribometer (Anton Paar Polska, Warsaw, Poland) shown in Figure 1a. The counter-
sample in the test was a ZrO, ball with a diameter of 6 mm. The tests were carried out in
Ringer’s solution with the chemical composition (g cm~3): 8.60—NaCl, 0.30—KCl, and
0.33—CaCl,-2H,0. To adjust the pH of the solution to 7.4(1), 4% NaOH and 1% C3H¢Os3
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were used. Chemical reagents of recognized analytical grade (Avantor Performance Materi-
als Poland S.A., Gliwice, Poland) and Milli-Q water were used to prepare the solution. The
normal force (Fp) in the friction node was 1 N. A sliding rate (r) of 2.5 cm s~ ! and stroke
length (1) of 4 mm were applied. The biotribological test consisted of 3749 cycles (back and
forth = 1 cycle), which corresponded to a total friction distance (s) of 30 m.

laj

Figure 1. Setup for testing biotribological wear: (a) tribometer for measurements in the ball-on-flat

system with a load of 1 N; (b) method of arranging the sample before testing on the contact profilograph.

The assessment of biotribological wear of the tested samples was carried out based on
profilometric analysis of wear scars using the SURFTEST SJ-500 profilometer (Mitutoyo
Corporation, Kanagawa, Japan) shown in Figure 1b.

The specific wear rate (Vv) in mm? N~ m~! was determined according to Equation (2):

Al

Vy = —
v Fns

)

where A—the wear scar area (mm?), l—the stroke length (mm), F,—the normal force (N),
and s—the friction distance (m).

The biotribological wear analysis of the ZrO, ball was carried out based on mea-
surements of the diameter of the wear scar on the counter-sample using a BX51 optical
microscope (Olympus, Shinjuku, Tokyo, Japan). The microstructure was analyzed, with
particular emphasis on the surface of the wear scar of the tested samples, resulting from
prior biotribological testing.

Five samples of each type were tested, and the values of the determined parameters
are the average values with their standard deviations (SD).

3. Results and Discussion
3.1. Microstructure of ONTs on Ti-13Zr-13Nb Alloy

Figure 2 shows SEM images of the microstructure of the self-assembled ONTs obtained
on the surface of the Ti-13Zr-13Nb alloy by anodizing under different conditions (see
Table 1). The detailed mechanism of the electrochemical formation of ONT layers on the
surface of the Ti-13Zr-13Nb alloy in electrolytes containing fluoride ions that form water-
soluble complexes with titanium, zirconium, and niobium was described in our earlier
paper [33,35]. A strong influence of the type of electrolyte on the surface morphology of
the obtained ONT layers could be observed. The on-top general view of the Ti-13Zr-13Nb
alloy with the ONTs of 1G (Figure 2a), 2G (Figure 2b), and 3G (Figure 2c) revealed the
presence of well-developed and evenly distributed oxide nanotubes with single and very
smooth walls.
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Figure 2. SEM image of the microstructure of ONT layer on the Ti-13Zr—13Nb alloy obtained by
anodizing in: (a) 0.5% HF electrolyte (1G); (b) IM (NHy),SO4 + 2% NH4F electrolyte (2G); (c) IM
CyHgO, + 4% NH4F electrolyte (3G).

The 1G ONTs had the smallest inner diameter of 71(7) nm, an outer diameter of 87(10) nm,
and nanotube length of 0.94(9) um [32]. The wall thickness of the 1G ONTs was also the
smallest among all the obtained generations of ONTs on the surface of the Ti-13Zr—13Nb alloy.
The ONTs formed in the 0.5% HF electrolyte at 20 V for 120 min had a circular or elliptical
cross-section (Figure 2a). The 2G ONTs were characterized by higher values of geometrical
parameters of the produced nanotubes on the Ti-13Zr-13Nb alloy, which were determined
based on SEM images from selected areas of the oxide surfaces (Figure 2b). The ONTs with
an inner diameter of 61(11) nm and an external diameter of 103(16) nm were obtained in the
electrolyte of 1M (NH4),SO4 + 2% NH4F at 20 V for 120 min [34]. The length of vertically
positioned 2G ONTs with a circular cross-section was 3.9(2) pm. The 2G ONTs were the
most densely packed and tended to form clusters of oxide nanotubes of various lengths. The
obtained results showed that using the organic electrolyte 1M CoHgO, + 4% NH4F at 50 V for
80 min allowed obtaining an over three-fold increase in inner diameter and an about four-fold
increase in outer diameter of 3G ONTs compared to that of the ONTs of 1G and 2G [31]. The
ONTs of 3G with a circular cross-sectional shape had the thickest nanotube walls. The length
of 3G ONTs increased more than 10-fold and two-fold compared to the length of 1G ONTs
and 2G ONT5, respectively.

The obtained results indicate that the modification of the surface of the Ti-13Zr-
13ND alloy made it possible to obtain porous layers of ONTs with different morphological
parameters and lengths. The surface morphology of all obtained generations of ONTs was
very similar to the structure of trabecular bone, which will affect the ability to transfer
load by implants made of the Ti-13Zr-13Nb alloy with an ONT layer applied. It was
signaled in the literature that ONT layers on titanium and its alloys show the ability to
accelerate osseointegration, leveling the inflammatory states and preventing the penetration
of harmful corrosion products into the biological environment of the body [10,41,43]. The
ONT layers can also be used as intelligent carriers of medicinal substances in drug delivery
systems, especially for personalized medicine [29].

Long-term in vitro corrosion resistance studies of the Ti-13Zr-13Nb alloy in saline
solution showed the influence of the electrode immersion time on the change in the thick-
ness of the self-passive oxide layer [7]. In studies using the electrochemical impedance
spectroscopy method, it was shown that the thickness of the self-passive oxide layer in-
creased from 0.6 to 2.3 nm for 20 days of immersion. It should be emphasized that after
20 days of immersion tests, no pitting was observed on the surface of the Ti-13Zr-13Nb
alloy. Comparative assessment of the determined corrosion resistance parameters showed
that surface modification of the Ti-13Zr—13Nb alloy by anodizing increased its corrosion
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resistance in a saline solution for the 2G ONT layers [12] and slightly decreased for the
3G ONT layer [31] as compared to the non-anodized Ti-13Zr-13Nb alloy surface. It was
shown that the in vitro corrosion resistance of ONT layers depended on their structure and
morphological parameters. In the case of both the Ti-13Zr-13Nb alloy before and after
the production of 2G and 3G ONT layers, no breakdown potential was revealed in poten-
tiodynamic tests conducted up to 9.5 V, which indicates that the tested biomaterials had
excellent resistance to pitting corrosion and can be promising biomaterials for long-term
use in implantology.

3.2. Micromechanical Properties of ONTs on Ti—=13Zr-13Nb Alloy

The assessment of the effect of anodizing conditions on the micromechanical proper-
ties of the Ti-13Zr-13Nb alloy was carried out based on the Vickers microhardness tests.
Microhardness, which is the hardness of the material exposed to low applied loads, is
particularly useful for assessing the structural integrity of the bone tissue on the surface of
the porous layer of ONTs and the bone tissue that surrounds the implant in the process of
osseointegration. For this reason, it is important to compare the micromechanical properties
of the Ti-13Zr-13Nb alloy before and after anodizing. The quantitative assessment of the
anodizing effect in the microscale consisted in determining the micromechanical proper-
ties of the Ti-13Zr-13Nb alloy before and after the formation of ONT layers in various
conditions of electrochemical oxidation (Figure 3).

500
Load [mN]:
I 490
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Type of sample

Figure 3. Vickers microhardness of the Ti-13Zr-13Nb alloy surface before and after anodizing with
variable loads.

The results presented in Figure 3 indicate that Vickers microhardness of the Ti-13Zr-
13Nb alloy changed as a result of anodizing. The value of Vickers microhardness for the
non-anodized alloy determined under variable loads in the range from 490 to 4900 mN was
constant within the error limits and amounted to 302(1). In the case of three generations of
ONT layers, Vickers microhardness depended on the applied load, which resulted from
the different lengths of the tested oxide nanotubes and their morphological parameters
(Figure 2). Compared to the Ti-13Zr-13Nb alloy in the initial state, an increase in the micro-
hardness was observed in the case of the 1G ONT layer, for which Vickers microhardness
value decreased in the range from 433(1) to 340(7) with increasing load. Such microme-
chanical properties of the 1G ONT layer resulted from the smallest outer diameter of oxide
nanotubes and their shortest length among all obtained generations of ONTs (Table 1).
The 1G ONT layer had the largest number of individual nanotubes on the surface, and
thus had the greatest load carrying capacity [18,19]. Vickers microhardness value dropped
for the 2G and 3G ONT layers compared to that of the substrate surface and 1G ONT
layer (Figure 3). The 2G ONT layers showed the smallest Vickers microhardness ranging
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from 181(5) to 252(6) with increasing load in the range of 490 to 4900 mN. The 3G ONT
layers revealed a slightly higher Vickers microhardness than the 2G ONT layers did, which
varied from 254(3) to 221(3) with increasing load. Larger outer diameters of the 2G and
3G ONTs and their greater length cause easier deformation and cracking of the obtained
oxide nanotubes [17]. With the increase in the ONTs diameter on the Ti-13Zr-13Nb alloy,
the number of oxide nanotubes carrying loads in the contact area of the tested surfaces
with the diamond indenter decreased. On the other hand, ONTs are able to compensate for
the large hardness defect of the biomedical Ti-13Zr-13Nb alloy used for the production of
implants, eliminate implant-bone stress mismatch, and minimize “stress shielding” [35].

3.3. Biotribological Properties of ONTs on Ti—13Zr—13Nb Alloy

Biotribological wear resistance tests and friction coefficient measurements were carried
out under sliding friction conditions in the presence of Ringer’s solution, which was a
biological lubricating fluid. The Ti-13Zr-13Nb alloy in the initial state and with the 1G,
2G, and 3G ONT layers was subjected to biotribological tests in reciprocating motion in
the ball-on-flat system, after which microscopic analysis of wear scars of the ZrO, ball was
performed (Figure 4).

(d)

Figure 4. ZrO; ball wear scar after the ball-on-flat biotribological test against (a) Ti-13Zr-13Nb
substrate; (b) 1G ONT layer; (c) 2G ONT layer; (d) 3G ONT layer.

On the microscopic images of counter-sample wear scars after the biotribological wear
test, the direction of damage to the ball from top to bottom was observed for all tested
materials. Residual abrasion of materials on the surface of the ZrO, ball was also visible.
The wear scar of the ZrO; ball in combination with the surface of the Ti-13Zr-13Nb alloy
was characterized by the smoothest surface with a small number of impurities transferred
to the surface of the counter-sample compared to the tested ONT layers, which indicated
the lowest biotribological wear of the alloy substrate. During the friction process of the 1G,
2G, and 3G ONT layers, numerous scratches appeared on the surface of the ZrO, ball. Such
an effect was caused by the presence of residual abrasion products (debris) in the form
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of particles of the ONTs, which were subject to abrasion during the friction process and
constituted an additional factor damaging the surface, causing an increase in friction.

Based on microscopic observations, the average value of the ZrO; ball wear scar diam-
eter (day) was determined, the values of which are shown in Figure 5a. The d,y value for the
Ti-13Zr-13Nb alloy in the initial state was 650(11) pm. The d,y parameter assumed higher
values in the presence of ONT layers produced on the alloy substrate, and thus indicated an
increase in the specific wear of the counter-sample in the form of a ZrO; ball (Vy,). Figure 5b
shows a comparison of the Vi, values determined for all tested materials. The ZrO; ball
wear scar for the 2G ONT layer had the largest width of day = 784(11) um (Figure 5a) and
showed the largest value of V}, equal to 2.07(10)-10* mm3 N~! m™! (Figure 5b), showing a
more than two-fold increase in the biotribological wear of the counter-sample compared to
Vj, obtained for the ZrO, ball-alloy Ti-13Zr-13Nb combination.
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Figure 5. Parameters obtained after the biotribological wear test in the ball-on-flat system for the
Ti-13Zr-13Nb alloy before and after anodizing: (a) ZrO, ball wear scar (day); (b) ZrO, ball-specific
wear (V).

The results of profilometric tests of the wear track on the surface of the tested materials
after the biotribological wear test in the ball-on-flat system are shown in Figure 6. Based
on the obtained cross-sectional profiles of wear tracks for the Ti-13Zr-13Nb alloy before
and after anodizing, it can be concluded that biotribological wear of the material surface
depended on the anodizing conditions, while the surface of the Ti-13Zr-13Nb alloy in the
initial state showed less material wear compared to anodized surfaces.

The width of the wear track for the surface of the Ti-13Zr-13Nb alloy determined
based on the data in Figure 6 was 665(7) um, and for electrochemically oxidized surfaces
it increased, reaching the largest value of 827(8) um for the 2G ONT layer. Larger values
of the wear track width were observed for all the tested materials compared to the width
of the ZrO, ball wear scar (Figure 5a), which suggests a higher biotribological wear of
the Ti-13Zr-13Nb alloy before and after anodizing compared to the ZrO, ball used in a
ball-on-flat combination.

Figure 7b presents wear track depth obtained after the biotribological wear test for the
Ti-13Zr-13Nb alloy before and after electrochemical oxidation. The smallest wear track
depth was shown by the alloy substrate, the value of which was 14(1) um. All generations
of ONT layers showed greater wear track depth compared to that of the non-anodized
substrate, with the greatest wear track depth value being 25(1) pm for the 2G ONT layer.
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Figure 6. Cross-sectional profiles of wear tracks after the biotribological wear test in the ball-on-flat
system for the Ti-13Zr-13Nb alloy before and after anodizing: (a) Ti-13Zr-13Nb alloy; (b) 1G ONT
layer; (c) 2G ONT layer; (d) 3G ONT layer.
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Figure 7. Parameters obtained after the biotribological wear test in the ball-on-flat system for the
Ti-13Zr-13Nb alloy before and after anodizing: (a) wear track width; (b) wear track depth.

Based on the d,y parameter (Figure 5a), which strongly depends on the type of the
tested surface used in the friction node, the average wear surface area (A,y) was determined
after the biotribological test, which took the smallest value equal to 6814(64) um? for the
Ti-13Zr-13Nb alloy in the initial state (Figure 8a). Along with the increase in the average
outer diameter of ONTs and their length, an upward trend of A,y was observed. The A,
value determined for the non-anodized substrate was more than two times lower than the
average wear surface area value for the 2G and 3G ONT layers.
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Figure 8. Parameters obtained after the tribological wear test in the ball-on-flat system for the Ti-
13Zr-13Nb alloy before and after anodizing: (a) average wear surface area (A,y); (b) average material
volume consumption (V).

Average material volume consumption (V) took the lowest value of
8.20(4)-10~* mm3 N~! m~! for the electrochemically unoxidized surface of the Ti-13Zr-
13Nb alloy (Figure 8b). The obtained Vi, value was twice as high as compared to the
average material volume consumption for mechanically polished grade 4 titanium [15],
16 times higher than Vy, for sandblasted grade 4 titanium [15], and 11 times higher than
for sandblasted and steam-sterilized grade 4 titanium [16], subjected to biotribological
wear test under comparable conditions in protein-free artificial saliva. The obtained results
indicate that the value of Vy, increased after the anodizing process of the Ti-13Zr-13Nb
alloy in a solution of 0.5% HEF, 1M (NHy4),SO4 + 2% NH4F, and 1M C,H¢O; + 4% NH4F
The highest value of Vm equal to 1.79(9)-10~ mm?® N~! m~! was observed for the 2G
ONT layer, which was very close to the Vy,, obtained for the 3G ONT layer within the limit
of error (Figure 8b). Such a significant consumption of ONTs resulted from the porous
structure of the tested layers. Oxide nanotubes are a kind of hollow tubes that carry load.
During the friction process, the thin walls of 2G and 3G ONTs with a lower microhardness
compared to that of the alloy substrate and 1G ONTs (Figure 3) break more easily, resulting
in higher material consumption.

Figure 9 shows the course of the friction coefficient as a function of the sliding distance
for the Ti-13Zr-13Nb alloy and its surface after anodizing. In the conducted biotribological
tests, the coefficient of friction was a measure of the resistance of the tested materials in the
process of friction against the counter-sample penetrating the material under study.

In the graph of the coefficient of friction shown in Figure 9, the initial course of friction
was attributed to the initial oxide layer, which was then systematically removed [20]. The
initial lower friction coefficient values were mainly due to two factors. Firstly, the wear
debris produced in the first stage filled the pores of the outer layer, which increased the
contact area between the ZrO; ball and the tested surface. The outermost layer of ONTs
was easy to remove and was a carrier of particles that affected friction processes. Secondly,
as the porous outer layer was gradually worn away, the counter-sample had increased
contact with the denser inner layer. At the end of the friction process, particles formed in
the friction process (wear debris) accumulated and the friction coefficient increased. Long
nanotubes contributed to the accumulation of a large amount of worn material and thus a
higher value of the friction coefficient [21,22]. On the graph of the friction coefficient for
2G ONTs, the smoothest course along the entire length of the sliding distance was visible,
showing the easiest wear of the material (Figure 9¢,f). Based on the friction coefficient,
the kinetic coefficient of friction (py) was determined, which took the smallest value of
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0.86(8) for the surface of the Ti-13Zr-13Nb alloy with a 2G ONT layer (Figure 10). A similar
value of py of 0.86(6) and 0.87(3) was determined for sandblasted [15] and sandblasted and
sterilized [16] grade 4 titanium, respectively.
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Figure 9. Friction coefficient (1) as a function of the sliding distance in the ball-on-flat system for:
(a,b) Ti-13Zr-13Nb alloy; (c,d) 1G ONT layer; (e,f) 2G ONT layer; (g,h) 3G ONT layer.
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Figure 10. Kinetic coefficient of friction (p) obtained in the tribological wear test using the ball-on-flat
system for the Ti-13Zr-13Nb alloy before and after anodizing.
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Figure 11 shows exemplary microscopic images of wear tracks of the tested mate-
rials after the biotribological test in Ringer’s solution performed in the center region of
wear tracks (Figure 11a,c,e,g) and in the border of wear tracks and untested surfaces
(Figure 11b,d,f,h).

Figure 11. Microscopic image of wear track after the biotribological test in the ball-on-flat combination
system for: (a,b) Ti-13Zr—13Nb alloy; (¢,d) 1G ONT layer; (e,f) 2G ONT layer; (g,h) 3G ONT layer.
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Visible scratches and furrows in Figure 11 were the result of the movement of wear
products along the working path of the counter-sample. The surface of the Ti-13Zr-13Nb
alloy in the initial state had numerous material losses and pits filled with remnants of the
abraded material and lubricant in the form of Ringer’s solution (Figure 11a,b). The surface
of the 1G ONT layer (Figure 11c,d) and 2G ONT layer (Figure 11e,f) also showed numerous
material losses. Accumulations of abraded material were visible in the contact area of the
counter-sample with the track of abrasion. The surface with 3G ONTs showed delamination
of the oxide layer (Figure 11g/h). In addition, cracks in the 3G ONT layer were caused by
cyclic loading during the biotribological test. Transverse cracks visible in the wear track
image for the 3G ONT layer indicated additional fatigue wear (Figure 11g,h). The analysis
of microscopic wear tracks showed that abrasive wear was the dominant mechanism.

3.4. Wear Mechanism of Ti—13Zr-13Nb Alloy before and after Anodizing in Ringer’s Solution

The mechanism of biotribological wear of ONT layers on the Ti-13Zr-13Nb alloy
substrate in Ringer’s solution is based on the breaking of oxide nanotubes and their
densification in the outer part of the oxide layers according to the wear mechanism of
three-body abrasive wear [15,16]. In the proposed mechanism, between the surface of the
Ti-13Zr-13Nb alloy with a layer of ONTs (body 1) and the surface of the ZrO; ball (body 2),
there are particles of worn material (body 3), that act as a carrier abrasive (Figure 12). The
wear results from the gradual loss of material in the contact area of the interacting surfaces
as body 1 and body 2 move relative to each other.

Friction direction

ZrO; ball :

Ringer's e
solution ‘ - &

Ti-13Zr-13Nb alloy

Figure 12. Three-body abrasion wear mechanism of the Ti-13Zr-13Nb alloy before and after anodiz-
ing in Ringer’s solution.

Wear debris is mainly formed in the form of single or aggregated ONTs as a result
of cracking of the oxide layers in various places, which results in the appearance of ONT
fragments of various sizes. It was previously observed in the literature that densification of
ONTs is accompanied by wear and cracking [41]. The increase in the indentation depth
of ONTs causes cracking of oxide nanotubes and bending and cracking of adjacent ONTs
resulting in gradual densification of small fragments of ONT layers [47]. As a consequence
of the detachment of the ONT layer from the substrate, the remains of the oxide layer
are released in the contact area, which can be pushed out of the contact or trapped in it.
As soon as sliding starts, it can be expected that wear debris in the contact area will be
exposed to mechanical and electrochemical influences, which may occur sequentially or
at the same time, contributing to increased wear of the material. It was reported that as
a result of continuous smashing and densification of the wear debris in the central area
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of the wear track, a compact oxide layer is formed [41]. The tribolayer obtained in this
way may reveal protective properties against corrosion and biotribological wear of the
substrate. Simultaneously with the formation of the tribolayer along with the movement of
the counter-sample, part of the wear debris is pushed to the ONT layer surrounding the
sliding contact area. This is a probable reason for inducing cyclical compressive stresses,
which cause damage to the structure of the surface and subsurface parts of the ONT layer
by initiation and propagation of cracks leading to delamination. This revealed that the
ONT layers were brittle and had poor adhesion to the Ti-13Zr-13Nb alloy substrate. Xu
and co-authors [47] suggested that brittle ONT layers bend elastically to a very small strain
and consequently collapse. Through the emerging cracks in the ONT layer, the electrolyte
can penetrate into the substrate, which induces electrochemical corrosion and additionally
affects the detachment of the oxide layer.

The micromechanical and biotribological properties of the porous ONT layers on
the Ti-13Zr-13Nb alloy under wet sliding in Ringer’s solution strongly depend on the
anodizing conditions, among which the composition of the electrolyte containing fluoride
ions plays a key role.

4. Conclusions

The assessment of the effect of anodizing conditions on the micromechanical prop-
erties of the Ti-13Zr-13Nb alloy shows that Vickers microhardness determined under
variable loads changed depending on the type of electrolyte and applied voltage-time
parameters of electrochemical oxidation. Vickers microhardness for the non-anodized
alloy was independent of the load used and amounts to 302(1). For 1G, 2G, and 3G ONT
layers, the dependence of Vickers microhardness on applied load was revealed due to
the differences in the morphological parameters and lengths of the ONTs. For the 1G
ONT layer, an increase in Vickers microhardness in the range from 433(1) to 340(7) with
increasing load was observed, which was related to the smallest outer diameter of ONTs
with the shortest nanotube length. Vickers microhardness decreased from 181(5) to 252(6)
and from 254(3) to 221(3) with increasing load for 2G and 3G ONT layers, respectively,
compared to the alloy substrate.

Based on the biotribological tests carried out in Ringer’s solution in a reciprocating
motion in the ball-on-flat system for the Ti-13Nb-13Zr alloy before and after anodizing, it
was found that the non-anodized alloy was characterized by the highest wear resistance
for which the average material volume consumption was 8.20(4)-10~* mm3 N~ m~1. The
resistance to abrasive wear decreased for 1G, 2G, and 3G ONT layers, taking the highest
value of the average material volume consumption of 1.79(9)-10~2 mm3 N~ m~! for the
2G ONT layer. It was ascertained that the lower the coefficient of friction, the greater the
volumetric wear, i.e., the lower the resistance to abrasive wear. The kinetic coefficient of
friction determined based on the friction coefficient, took the smallest value of 0.86(8) for
the 2G ONT layer. The highest coefficient of kinetic friction of 0.94(1) was characterized by
the surface of the 1G ONT layer. Based on the results obtained, a three-body abrasion wear
mechanism was proposed for biotribological wear of the Ti-13Zr—13Nb alloy before and
after anodizing in Ringer’s solution.

In this study, the in vitro biotribological properties of the tested biomaterials were
studied in protein-free simulated body fluid. In order to create studies under wet sliding
more similar to in vivo conditions, future research will focus on the determination of the
wettability of ONT layers and biotribology wear assessment in a simulated body fluid with
the addition of proteins.
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Abstract: The success of implant treatment is dependent on the osseointegration of the implant.
The main goal of this work was to improve the biofunctionality of the Ti-13Nb-13Zr implant alloy
by the production of oxide nanotubes (ONTs) layers for better anchoring in the bone and use as an
intelligent carrier in drug delivery systems. Anodization of the Ti-13Nb-13Zr alloy was carried out
in 0.5% HF, 1 M (NH4)2504 + 2% NH.F, and 1 M ethylene glycol + 4 wt.% NHA4F electrolytes. Phys-
icochemical characteristics of ONTs was performed by high resolution electron microscopy
(HREM), X-ray photoelectron spectroscopy (XPS), and Scanning Kelvin Probe (SKP). Water contact
angle studies were conducted using sitting air drop method. In vitro biological properties and re-
lease kinetics of ibuprofen were investigated. The results of TEM and XPS studies confirmed the
formation of the single-walled ONTs of three generations on the bi-phase (a + 3) Ti-13Nb-13Zr al-
loy. The ONTs were composed of oxides of the alloying elements. The proposed surface modifica-
tion method ensured good hemolytic properties, no cytotoxity for L-929 mouse cells, good adhe-
sion, increased surface wettability and improved athrombogenic properties of the Ti-13Nb-13Zr
alloy. Nanotubular surfaces allowed ibuprofen to be released from the polymer matrix according
to the Gallagher-Corrigan model.

Keywords: anodization, biological activity, biomaterials, drug delivery system, oxide nanotubes,
Ti-13Nb-13Zr alloy, athrombogenity

1. Introduction

Each implant introduced into a living organism is initially treated as a foreign body
and causes a defensive reaction of the immune system in the form of allergy or inflam-
mation. The material that is to be used to produce a biomedical implant should have
many features that will prove high biocompatibility, called biotolerance. It should show
very good corrosion resistance and no adverse impact of degradation on the surrounding
body cells. Ensuring high biocompatibility has become the reason for a far-reaching
reduction of the content of harmful elements in metallic biomaterials [1-7]. The literature
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discusses in detail the influence of the excess of some biocompatible elements in the
human body on human organs and tissues, such as DNA damage and mutations, car-
cinogenicity and metal sensitivity [8].

Currently, the most common titanium alloys for biomedical applications include the
Ti-13Nb-13Zr alloy [9-14]. The superiority of the willingness to use Ti-13Nb-13Zr alloy
includes the fact that there is less release of metal ions during the spontaneous pas-
sivation of Ti-13Nb-13Zr because the corrosion products of the smaller alloy elements Nb
and Zr are less soluble than Al and V. In addition, the native oxide layer on the alloy
surface reveals higher resistance to corrosion and provides better protection for the un-
derlying alloy [4,13-17]. The combination of the three most biocompatible elements, i.e.
titanium, niobium and zirconium that do not show toxic or carcinogenic reactions with
tissue and cells, allowed this alloy to be classified as the most promising material for bone
implants [8,18].

Titanium and its alloys are used as implants for the osteosynthesis of the limbs and
the skull and face, dental implants, some elements for contact joints, implants for cardiac
surgery, implants for laryngology, elements for reconstruction, knee and hip endopros-
thesis and bone implants. Implants are artificial bodies implanted to the body to recreate
the natural function or aesthetics of the damaged organ. Implants replacing hard tissues
are most commonly used [1,2,7,8]. The success of implant treatment is mainly dependent
on the osseointegration of the implant [2,19-21]. It is clinically confirmed by the lack of
mobility of the implant and no signs of inflammation. The process of structural and
functional connection between the tissue and the implant is influenced by many factors,
like the technique of inserting the implant, its stabilization, bone quality, physical prop-
erties of the bioimplant, its shape and surface [2,5,22,23]. The first condition necessary for
the correct course of the osseointegration process is to ensure the primary stabilization of
the implant. The stabilization is influenced by the surface structure, bone density at the
site of implementation, and the shape and size of the biomaterial. It has been proven that
the denser the bone in which the implant is implanted then the better the primary stabi-
lization. The surface of the bone and implant materials play an important role in osteo-
blast adhesion and bone growth. Many factors affect the quality of the connection be-
tween bone and implant, including the chemical composition as well as the morphology
of the implant surface [2,24]. Appropriate development of the implant surface seems to
be an important factor for determining the level of interaction between tissues and bio-
materials, therefore the modification methods used are aimed at obtaining the appropri-
ate surface roughness, both at the micro- and nano-scale. In vivo studies demonstrate
smooth predisposing surfaces for the fibrous tissue formation, and rough surfaces at a
microscale more favorable bone formation. The rough surface, due to the presence of
micro-latches, affects better anchoring, but also the distribution of pressure on the sur-
rounding environment between the implant and human tissue. Moreover, the mentioned
implants, compared to those with a smooth surface, show better contact with the bone,
provide greater mechanical support and result in faster integration of osseointegration
compared to implants with a smooth surface [2,25,26].

Nano-engineered surfaces have the unique ability to directly interact with cells on
the overall biological response of implanted biomaterial. Therefore, various nanotech-
nology based techniques have been developed to produce nano-scale surfaces on existing
biocompatible implant materials. Porous nano-structured titanium alloy oxide layers in
the form of nanotubes make them more suitable surgical materials for implantation.
Based on numerous studies, it has been proven that implants covered with a layer of
oxide nanostructures have the ability to exhibit antibody properties, and thus inhibit
microbial infections. Titanium nanotube materials furthermore can provide drug de-
livery system continuous of the pharmacological agent to the specific place in the body
where it is needed, ensuring adequate treatment over a longer period of time [4,27-31].

Anodizing is one of the techniques for modifying the surface of titanium and tita-
nium-based biomaterials [32-37]. Electrochemical oxidation of biomedical Ti-13Nb-13Zr
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101 alloy in aqueous solutions containing fluoride ions allows to obtain an anodic nanotubes
102 layer protecting against corrosion and the passage of metal ions, as well as improves the
103 bioactivity of the implant [13,32,33]. The electrolyte selection for electrochemical oxida-
104 tion allows to assign the obtained layers of nanotubes to one of several generations
105 [13,34-37].

106 Due to our interest in the modification of the surface of the newest group of titanium
107 alloys, this research was undertaken to study the effect of anodizing conditions on vari-
108 ous biological properties of three generations of oxide nanotubes (ONTs) obtained on the
109 Ti-13Nb-13Zr alloy surface. The aim of the research was to produce first generation (1G),
110 second generation (2G) and third generation (3G) ONTs and investigate their influence
111 on biological properties such as cytotoxity and adhesion, thrombogenic,
112 hemocompatibility, wettability and how they act as drug delivery system.

113 2. Materials and Methods

114 2.1. Preparation of Research Material

115 The investigated disc-shape samples of the Ti-13Nb-13Zr (wt.%) alloy were pre-
116 pared by cutting the rod with a diameter of 0.9 mm. Samples after grinding with abrasive
117 paper with a gradation of 1200 and 25004 were polished using the OP-S suspension, and
118 next washed in an ultrasonic washer in ultrapure water (Milli-Q, 18.2 MQ cm?) for 20
119 minutes. Electrochemical production of 1G ONTs was carried out at room temperature at
120 the voltage 20 V for 2 houres in 0.5 % HF solution. 2G ONTs were obtained at room
121 temperature in 1M (NH4)2SO4 solution with 2 wt.% of NH4F addition at the voltage 20 V
122 for 120 min. 3G ONTs were produced at room temperature in 1M C2H¢O:z solution with 4
123 wt.% content of NH4F. The time of anodizing was 80 minutes at the voltage of 50 V. Hy-
124 drofluoric acid (48 % HF), ammonium sulfate (= 98.5 % trace metals basis), ethylene gly-
125 col (anhydrous, 99.8 %), and ammonium fluoride (= 99.99 % trace metals basis) were used
126 (Avantor Performance Materials Poland S.A., Gliwice, Poland). Anodizing was con-
127 ducted using a Kikusui PWR800H Regulated DC Power Supply (Kikusui Electronics
128 Corporation, Yokohama, Japan).

129

130 2.2. Material Characterization

131 The structure of formed ONTs layers were examined using by high resolution elec-
132 tron microscopy (HREM) technique using a JEOL JEM-3010 Transmission Electron Mi-
133 croscope (TEM, JEOL Ltd., Tokyo, Japan) operating at 30 kV equipped with 2kx2k Orius
134 TM 833 SC200D Gatan CCD camera. To produce TEM samples the anodized alloy under
135 investigation was suspended in isopropanol and sonicated for 60 minutes in an ultrasonic
136 bath. The resulting liquid was dropped on standardized Cu grid with an amorphous
137 carbon film and after evaporation under normal condition samples were studied using
138 TEM. The bright field images were recorded. Chemical states of the Ti-13Nb-13Zr alloy
139 surface in the initial state and after anodizing were studied using X-ray photoelectron
140 spectroscopy (XPS) by means of a Prevac photoelectron spectrometer with a VG
141 SCIENTA R3000 hemispherical analyzer (Pleasanton, CA, USA). Monochromatic X-rays
142 characterised by energy of 1486.74 eV and power of 400 W, were applied.

143

144 2.3. Scanning Kelvin Probe Measurements

145 Contact potential difference (CPD) maps of the Ti-13Nb-13Zr alloy surface covered
146 with ONTs layers were registered using SEW-PAR Model 370 device (Princeton Applied
147 Research, Oak Ridge, USA). A tungsten Kelvin probe was used (KP, 8150 pm, Princeton
148 Applied Research, Oak Ridge, USA). The surface area of 1 x 1 mm? was scanned. The
149 sample was placed in a distance ca. 80 um from the micro-probe. Statistical analysis of
150 the CPD maps allowed to determine histograms as well as the height and spatial pa-
151 rameters that quantitatively characterized CPD magnitudes and their distribution on the

152 surface of tested material. The arithmetic average (CPDav), the root mean square devia-
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153 tion (CPDrms), the skewness (CPDsk), the excess kurtosis (CPDw) and the autocorrelation
154 length (CPDa1) parameters were determined.
155
156 2.4. Wettability Measurements
157 Water contact angle measurements were carried out using an OCA 15EC goniome-
158 ter (Future Digital Scientific Corp., Westbury, NY, USA) with an accuracy of + 0.01 ° by
159 the sitting airdrop method. 10 images of water drops with a volume of about 5 pl placed
160 on the tested surface were recorded within 10 s. On the basis of the received images, the
161 mean values of the contact angle (©) were determined. The average of five measurements
162 conducted in different parts of the tested surface was taken as the final values of the ©.
163
164 2.5. In Vitro Hemocompatibility Test
165 Hemocompatibility of the ONTs layers on the Ti-13Nb-13Zr alloy substrate was
166 investigated in accordance with the ASTM F756-17 [38]. Healthy human volunteers were
167 donors of blood. Based on the International Committee for Standardization in Hematol-
168 ogy (ICSH) the hemoglobin (Hb) calibration curve meeting the requirements was pre-
169 pared. Phosphate buffered saline (PBS) was used for preparation of dilutions to the Hb
170 concentration of 10(1) g I'". Specimens with the determined surface area were applied at a
171 ratio of 3 cm? surface area to 1 ml of test blood solution. In case of samples with produced
172 ONTs layers, 0.57(02) ml human blood was applied. Exposition of the final samples in
173 human blood lasted for 4 hours at 37(1) °C. After incubation for 4 hours, the fluid was
174 transferred to the test-tubes and centrifuged at 3000 rpm for 15 minutes in a standard
175 clinical centrifuge. The supernatant was removed, being careful not to disturb any button
176 of erythrocytes in the test-tube. Then, the solution absorbance was investigated using a
177 spectrophotometer at a wavelength of 540 nm. Calculation of % hemolysis was based on
178 the following Formula (1):

% hemolysis = concentration of hemoglojbin released i.n sgpernatart -100% 1)

total hemoglobin concentration in tube

179
180 2.6. Cell Culture and Cytotoxicity Assays
181 Cytotoxicity tests were performed in accordance with the ISO 10993-5:2009 [39].
182 Mammalian cell culture monolayer consisting of L-929 mouse Fibroblast cells (Sigma,
183 L929, Lot: 10i019) was used. An extraction of the test material was performed by incu-
184 bating the material with MEM supplemented with 10% FBS, Penicillin/Streptomycin and
185 GlutaMAX at 37(1) °C (humidified) in 5(1)% CO2 for 24(2) hours. Quadruplicate mono-
186 layers of L-929 mouse fibroblast (passage no.: 15) cells were dose with 1x, 2x, 3x and 4x
187 dilutions of the extract and incubated at 37(1) °C in the presence of 5(1) % CO: for 24(1)
188 hours. Following the incubation, 50 pl of the MTT solution, prepared just before use, were
189 dispended in each well and incubated for 120(15) minutes at 37(1) °C (humidified) in 5(1)
190 % COs2. Following the incubation, MTT solution was replaced with 100 ul isopropanol and
191 incubated for 10 min in 37(1) °C (humidified) in presence of 5(1) % COz. The percent via-
192 bility for the test article and control article were determined from the blanks. Reduction of
193 the number of living cells caused a decrease in the metabolic activity in the sample. That
194 decrease was directly connected with the amount of blue-violet formazan, whose pres-
195 ence was confirmed by the optical density at 570 nm with differential filter of 650 nm.
196 Negative Control was HDPE (Granulat G. Motloch, LOT: C7260) extract with MEM
197 supplemented with 10 % FBS, Penicillin/Streptomycin and GlutaMAX. Positive Control
198 was MEM supplemented with 10 % FBS, Penicillin/Streptomycin, GlutaMAX and 30 %
199 DMSO. Blank Control was MEM supplemented with 10 % FBS, Penicillin/Streptomycin
200 and GlutaMAX.
201

202 2.7. Qualitative In Vitro Cell Adhesion Assay
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203 Duplicated test articles, with the indicated side up, were placed individually in a
204 well of a 6-well plate. The L929 mouse Fibroblast cells (Sigma, L929, Lot: 10i019, passage
205 no.:8) were harvested using trypsin and counted. To each well, 80,000 cells were added
206 with enough MEM (supplemented with 10% FBS, Penicillin/Streptomycin and
207 GlutaMAX) to cover the discs. The plates were incubated at 37(1) °C (humidified) in 5(1)
208 % CO: for 24(2) hours. After the incubation period, the cells were fixed in 10% PFA for 15
209 minutes followed by the Hematoxylin and Eosin staining. PFA was replaced with the
210 Hematoxylin and incubated at room temperature for 5 minutes. Each well was washed 3
211 times with tap water. Then, Eosin was added, and plates were incubated for 5 minutes at
212 room temperature, followed by 3 washes with tap water. The stained cells were visualized
213 using Delta Optical stereomicroscope SZ-630T. The photos were captured using
214 Scopelmage 9 software and HDCE-X5 camera.

215

216 2.8. Thrombogenity Test

217 2.8.1. Blood Donation and Platelet-Reach Plasma Preparation

218 Blood was collected for the anticoagulant CPDA-1 from healthy human volunteers,
219 after making sure that they did not take any anticoagulants, including acetylsalicylic acid,
220 clopidogrel or warfarin/acenocumarol over 14 days. Storing the collected blood lasted up
221 to 24 hours at 2-7 °C. Blood count (hematology automaton BC 2800 VET, Mindray, China),
222 platelets aggregation under the adenosine diphosphate (ADP) and arachidonic acid (im-
223 pedance aggregometer Multiplate, Roche, Switzerland, with ADPtest and ASPltest tests)
224 and concentration of plasma-free hemoglobin fHB (spectrophotometer Plasma/Low Hb,
225 Hemocue AB, Sweden), were controlled before starting further measurements. Blood was
226 qualified for further tests, provided that the blood count was normal, the platelet count
227 was higher than 120-1031 ul™, the ADP test result was above 122 AUC, the ASPItest result
228 was higher than 136 AUC, and the fHB below 0.2 g dI"!. Platelet-rich plasma (PRP) [40]
229 was prepared directly before the tests by a centrifugation whole blood at 100 G for 10
230 minutes at room temperature. Plasma morphology was investigated before the use PRP in
231 the test. Examined samples were put into polypropylene test-tubes with a flat bottom of
232 Falcon type with a volume of 50 ml and a diameter of 30 mm. Each sample was put into a
233 separate test-tube so that the sample area, which was not subjected to final processing and
234 polishing, was at the bottom. Test-tubes were filled with 10 ml of PRP, and the studied
235 samples were incubated with PRP for 60 minutes at the temperature of 37(1) °C. The
236 test-tubes used for the incubation, were placed on the hematology cradle at deflection +5 ©
237 and frequency 10 cycles/minute, ensuring even coverage of the samples with platelets and
238 their aggregates. Before the incubation end, the examined samples were withdrawn from
239 the test-tubes and carefully washed with PBS, and next fixed in 4% buffered formalin. The
240 material prepared in such a way was then the subject of imaging tests.

241

242 2.8.2. Qualitative Thrombogenicity Scale

243 The analysis of thrombogenicity test was carried out on 39 specimens including 12
244 specimens of the 1G ONTs, 9 specimens of the 2G ONTs, 9 specimens of the 3G ONTs,
245 and 9 specimens of the non-anodized Ti-13Nb-13Zr alloy. Neither literature data nor
246 standards (e.g. ISO 10993-5:2009 [39]) give quantitative method of measurement
247 thrombogenicity of biomaterials. Therefore in the studies described in this paper a quali-
248 tative method was used. In order to make the measurement more reliable the assessment
249 was done by two experts who used a six-level ordinal scale (Table 1) [41]. As the experts a
250 biologist with 25 years of experience in cell testing and a bioengineer with 20 years of
251 experience in thrombogenicity and medical statistics were chosen.

252 The class 0 constituted negative control. As a reference material polyurethane based
253 on polyesters Bionate 55D (DSM Biomedical Inc. Nederland) was chosen. This material is
254 used in medical devices devoted for long-term contact with blood. The material samples

255 were prepared in form of disks of 8 mm diameter and 0.8 mm thickness by high-pressure
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injection. The surface roughness described by an arithmetic mean deviation of the
roughness profile was Ra=0.16.

The class 5 constituted positive control. As a reference material here there were
chosen glass disks covered by collagen (Neuvitro Corporation, Germany). Collagen is a
natural fibrous protein that exists in extracellular matrix and has strong ability to activate
platelets.

Table 1. Ordinal thrombogenicity scale together with description and exemplary images of surface
of the sample belonging to a given class [41].

Class Description Example

0 contains samples characterized by mini-
mal thrombogenicity: separated, platelets
of low diverse level, no platelet aggregates

1 contains samples characterized by very
low degree-thrombogenicity: a dozen or
so adhered blood platelets not creating
aggregates

2 contains samples characterized by very
low  degree-thrombogenicity:  several
dozen of visible platelets which can be
present as single, separated aggregates
with a small area

197:3672450695
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3 contains samples characterized by average
degree-thrombogenicity: biological mate-
rial mainly comprise aggregates larger
than individual blood platelets

4 contains samples characterized by high-
degree thrombogenicity: sample is cov-
ered with highly differentiated biological
material and the individual objects are
connected with each other without possi-
bility to separate them

5 contains samples characterized by very
high degree-thrombogenicity: platelets are
highly differentiated and form numerous
aggregates, which are connected with
each other, without possibility to separate
and count objects

264

265 2.8.3. Statistical Analysis Methods

266 Both experts evaluated the same material in six-level ordinal scale. In order to study
267 the degree of compliance of the two experts the alpha — Krippendorf coefficient was used.
268 The coefficient has values from 0 to 1. It is agreed that if it's value is >0.80, the compliance
269 of assessments is very good. The Kruskal — Wallis test was used for that data analysis
270 because the number of classes was higher than 2, variable describing thrombogenicity
271 was on ordinal scale and the experimental model was independent. The Kruskal — Wallis
272 test is nonparametric equivalent of variance analysis. Multiple comparison test was ap-
273 plied for post-hoc analysis.

274

275 2.9. Drug Delivery System

276 The Ti-13Nb-13Zr samples with ONTs layers were subjected to surface functional-
277 ization heparine-dopamine (Hep-DOPA) conjugate by mixing 40 mg ml™ heparin, 19.06
278 mg ml™ EDAC (N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide, hydrochloride) and
279 11.5 mg ml™* NHS (N-Hydroxysuccinimide) and reacted with 10 ml of MES buffer pH=4.5
280 for 10 min (solution 1). Then 102.2 mg ml™ dopamine was mixed with 1 ml MES buffer
281 pH=4.5 (solution 2). Solution 1 and solution 2 were mixed and reacted for 12 hours in the
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282 dark. The Ti-13Nb-13Zr alloy with ONTs layers was placed into the mixture prepared for
283 12 hours. The material obtained in this way was dried, then ibuprofen was immobilized
284 on the surface of the heparinized melt by adding 10 mg ml™ of ibuprofen to 10 ml of
285 Tris-HCI at pH=8. The reaction was conducted for 24 hours at room temperature with
286 gentle shaking. The release kinetics of ibuprofen from the nanotubular layer was investi-
287 gated by immersing the sample in 15 ml PBS with pH=7.45 at 37(1) °C for 24 hours. The
288 kinetics of the released drug was studied for 60 minutes, taking the solution for analysis
289 every 10 minutes. Each time 1 ml of the solution was withdrawn by adding fresh solution.
290 Using UV-VIS spectroscopy, the amount of substance released from the nanotubular ox-
291 ide layer was determined. The absorbance value was measured at the wavelength A =257
292 nm, determining the absorbance value of the PBS in the first step, and then the absorbed
293 solution. Based on the following Formula (2), the percentage amount of released drug was
294 calculated:

% drug release = actualabsorbance-absorbanceOh 2)

actualabsorbance

295 3. Results and Discussion
296 3.1. FE-SEM and TEM Characterization
297 The selected Ti-13Nb-13Zr alloy to obtain 1G, 2G and 3G ONTs layers is a new type
298 of vital titanium alloys. The addition of Nb and Zr in the amount of 13 wt.% provides
299 appropriate properties for application in regenerative medicine. Additionally, it ensures
300 better biocompatibility and higher corrosion resistance compared to titanium [11-14].
301 Anodization of the Ti-13Nb-13Zr alloy was conducted using the anode made of the tested
302 sample, and the Pt cathode in a distance of 25 mm in a face-to-face position (Figure 1).
303
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305 Figure 1. Scheme of the set-up for anodizing the Ti-13Nb-13Zr alloy in aqueous solution with fluo-
306 ride ions.

307

308 The obtained FE-SEM images of surface morphology for 1G, 2G and 3G ONTs layers
309 on the Ti-13Nb-13Zr substrate with corresponding TEM images are presented in Figure 2.
310 From the observed regions selected area electron diffraction (SAED) patterns were rec-
311 orded. SAED patterns (see insight in the Figure 2) clearly indicate that all layers of 1G, 2G
312 and 3G ONTs exhibit amorphous structure. From selected areas of the FE-SEM images of

199:1016623236
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three generations of ONTs layers obtained via anodization, the morphological parame-
ters of the nanotubes were determined and summed up in Table 2.

200 nm

(b)
Figure 2. FE-SEM and corresponding below TEM images of the oxide nanotubes obtained on the
Ti-13Nb-13Zr alloy: (a) 1G ONTs produced in 0.5 % HF solution [10]; (b) 2G ONTs produced in 1M
NH4(SO4)2 + 2 % NHA4F solution; () 3G ONTs produced in 1M C2HeOz + 4 % NH4F solution [13].

Based on the results shown in Table 2, it can be seen that each generation of ONTs is
characterized by different morphological parameters. For 1G ONTs, the smallest diameter
of the nanotubes are obtained. In case of 2G ONTs, an increase of 20% in the length of the
outer diameter compared to 1G ONTs is observed. More than four and a half times larger
outer diameters of 3G ONTs compared to 1G ONTs is confirmed. The longest oxide
nanotubes are obtained for 3G ONTs of the order of almost 10 um. The shortest ones are
observed for 1G ONTs. The proposed anodic oxidation conditions for 2G ONTs allow to
obtain nanotubes almost 4 um long.

Table 2. Morphological parameters of 1G[10], 2G and 3G [13] ONTs produced on the Ti-13Nb-13Zr
alloy via anodization.

Electrolyte Anodization ONT internal  ONT outer ONTs length
Parameters diameter diameter [pm]
[nm] [nm]
0.5% HF E=20V, t=120 min 71(7) 87(10) 0.94(9)
1M (NH4)250s4 B B .
+ 2% NHLF E=20V, t=120 min 61(6) 103(10) 3.9(4)
1M C2HeO2 .
+ 4% NILF E=50V, t=80 min 169(17) 342(34) 9.7(9)

Based on the literature, the influence of anodizing conditions on the diameters and
lengths of oxide nanotubes obtained for different generations on the Ti-13Nb-13Zr alloy
can be confirmed. The influence of voltage change on the diameter of 2G ONTs on the
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334 Ti-13Nb-13Zr alloy is presented in the paper [42]. In the voltage range 10-45 V, an in-
335 crease in nanotube diameter from 55 to 250 nm can be seen. For 3G ONTs on the same
336 substrate at the voltage of 15-35 V, the outer diameter of nanotube increased from 104(13)
337 to 230(30) nm [43].

338

339 3.2. Roughness Profile Measurements

340 Since the roughness of the contact surface affects the adhesion, and thus the strength
341 of the connection, an important element for obtaining a good adhesive connection is the
342 proper development of the contact surface of biomaterials. For titanium implants such as
343 orthopedic and dental, it is advisable to obtain a permanent connection between the tissue
344 and the material, therefore the aim is to obtain an optimum surface roughness of Ra be-
345 tween 1 and 3 um, while in the case of surgical tools and implants intended, among oth-
346 ers, for implants prepared for contact with blood surfaces with as little roughness as pos-
347 sible them [43-45].

348 The geometric structure of the surface (GSS) of the Ti-13Nb-13Zr alloy without and
349 with ONTs layers of three generations was characterized by surface micro-geometry
350 measurements in a two-dimensional (2D) system. The discussion of the influence of ano-
351 dizing conditions on the GSS was based on the selected profile height parameter Ra. Fig-
352 ure 3 presents the exemplary roughness profiles after alignment for the 1G, 2G and 3G
353 ONTs layers on the Ti13-Nb-13Zr alloy. All obtained surface profiles were symmetrical. A
354 similar value of Ra=0.16(01) and Ra=0.13(01) parameter for the 1G and 2G ONTs layers
355 was determined, respectively. The 3G ONTs was characterized by the highest Ra param-
356 eter of 1.34(04).

357
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359 Figure 3. Roughness profile for the 1G, 2G and 3G ONTs layers obtained on the Ti13-Nb-13Zr alloy
360 via anodization.

361 The Ra for the 3G ONTs increased over 8 times in comparison with the 1G ONTs and 10
362 times in relation to the 2G ONTs due to the differences in the morphological parameters
363 of the obtained nanotubes on the Ti-13Nb-13Zr alloy. It can be seen that the most devel-
364 oped surface and the thickest layer of nanotubes were obtained for the 3G ONTs layer
365 (Table 2). Based on the obtained results, it can be expected that the 3G ONTs layers will
366 allow for better stability at the implant-bone interface, improve osseointegration and re-
367 duce the risk of metal ion release as products of corrosion processes and biotribological
368 wear. In our earlier work [43], it was reported that deviations of the roughness profile
369 from the mean line at the micro-scale were not observed for the smooth surface of the
370 Ti-13Zr-13Nb alloy before anodizing, for which Ra was only 0.10 pum. The positive role of
371 surface roughness was reported in studies on stainless steel, Co-Cr alloy, titanium and

372 Ti-6Al-4V and Ti-6Al-7Nb alloys using human osteoblasts [46,47]. The authors studied the
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activity of bone tissue after implanting titanium implants with a smooth and rough sur-
face on rabbits. Better contact of the implant with the bone and a larger volume of bone
tissue was obtained for rough surfaces in compared to smooth surfaces.

3.3. XPS Study of Chemical States

The XPS studies concerned the determination of atomic concentration and chemical
states analysis of the obtained ONTs components. Detailed analysis of the shape and po-
sition of Ti2p, Nb3d, Zr3d photoemission lines for the 1G and 2G ONTs in Figure 4 a-f
was conducted and compared with the results of our previous XPS research on the
Ti-13Nb-13Zr alloy reported in the earlier work [13].

The titanium in electrochemically obtained 1G and 2G ONTs occurs mainly as the
TiO2. The binding energy of the prominent peak (Figure 4a) is located at 458.8 eV and is
characteristic of Ti# oxidation state as observed in anatase [48]. A weak contribution of
oxidized titanium characteristic for trivalent titanium is visible at binding energy 457.2 eV
[49]. Both chemical states were previously observed in the Ti-13Nb-13Zr alloy, for which
91.64% of titanium atoms were in 4+ valence state and 8.36% in the 3+ [13]. The amount of
the trivalent titanium in the 1G and 2G ONTs is lower than in mentioned reference sam-
ple; for the 1G ONTs Ti** atoms account for only 1.81 % of all titanium atoms, whereas for
the 2G ONTs, only 6.35 %.
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Figure 4. XPS high resolution spectra for Ti2p7x: (a) 1G ONTs, Ti2piz2; (b) 2G ONTs, Ti2pi2; (c) 1G
ONTs, Nb3d; (d) 2G ONTs, Nb3d; (e) 1G ONTs, Zr3d; (f) 2G ONTs, Zr3d; (g) Sample-dependent
atomic concentration; (h) Relative composition elements dependent on the sample.

The deconvolution of the lines Nb3d of the 1G and 2G ONTs indicates the presence
of Nb in one chemical state — the position of the Nb3ds. at about 207.4 eV (Figure 4c-d) is
characteristic for the Nb20s oxide [50]. The same result for niobium was observed in 3G
ONTs in our previous studies [13]. Analysis of the zirconium lines in Figure 4e-f revealed
some similarities between the surfaces of the 1G and 2G ONTs and previously reported
electrochemically modified Ti-13Nb-13Zr. The positions of deconvoluted peaks indicate
the presence of ZrO: with a peak at 182.3 eV and Zr in another oxidation state with a peak
at 182.9 eV or Zr(OH) [51]. The amount of Zr in a particular chemical state is different for
1G and 2G ONTs, and differs even more when compared with the previously analyzed
3G ONTs sample [13].

The results of the contribution of the particular chemical state for the electrochemi-
cally obtained 1G, 2G, G3 ONTs layers, and reference alloy are summarized in Figure 4g.
The data points represent the calculated atomic concentration for each atom in each
chemical state. The general observation suggests that Nb and Zr bonded with oxygen or
OH group in anodic ONTs layers are relatively stable — their amount does not depend on
the applied procedure of electrochemical modification. In the case of Ti, applied
anodization generally influences the amount of titanium but also titanium chemical states.
This is worth noting that applied procedures for electrochemical oxidation of
Ti-13Nb-13Zr in all three generations lead to changes in the relative ratios of the elements
under consideration (Figure 4h). Those changes are related to titanium as only the relative
ratios of Ti/Zr, and Ti/Nb are changed when compared with the reference sample. Based
on the 1G and 2G ONTs layers studies, it can also be observed that even if the relative
amount of sample constituents is almost identical, as observed for the 1G and 3G [13]
ONTs layers, their chemical composition is different.
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422 3.4. Electronic Properties

423 Statistical analysis of the contact potential difference maps in Figure 5 allowed to
424 determine the arithmetic average (CPDav), the root mean square deviation (CPDrms), the
425 skewness (CPD:sk), the excess kurtosis (CPDku) and the autocorrelation length (CPDa) i.e.
426 parameters that quantitatively describe electronic properties of the Ti-13Nb-13Zr alloy
427 surface covered with ONTs. The values of above parameters are presented in Table 3.

428 It was found that the substrate surface covered with ONTs is characterized by the
429 higher value of the CPDav in comparison with the biomedical Ti-13Nb-13Zr alloy, re-
430 gardless of the solution composition from which nanotubes were obtained. Moreover, it
431 was stated that the 3G ONTs are characterized by the highest CPDav value (ca. 387 mVkr)
432 among all the investigated biomaterials. This result may be related to the different chem-
433 ical composition of solutions and hence different concentration of fluorine ions in elec-
434 trolytes (Table 2), from 0.5% F~ for the 1G ONTs, 2% for the 2G ONTs and 4% for the 3G
435 ONTs.
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437 Figure 5. CPD maps determined for: (a) Ti-13Nb-13Zr alloy; (b) 1G ONTs; (¢) 2G ONTs; (d) 3G
438 ONTs.

439 The root mean square deviation (CPDms) determines the deviation of CPD heights in re-
440 lation to the arithmetic average whereas autocorrelation length (CPDa) characterizes the
441 spatial distribution of CPD heights on the material surface. In other words, CPDal is a
442 measure of the distance over the surface by which one would find a surface feature (CPD
443 in this case) that is statistically different from the one that can be found in the original
444 location. The CPDrms parameters obtained for the investigated surfaces indicate increasing
445 heights of CPD in the order Ti-13Nb-13Zr, 1G ONTs, 2G ONTs, and 3G ONTs. Simulta-
446 neously values of CPDa parameter show that the correlation length is the highest for
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447 Ti-13Nb-13Zr substrate and decreases for surfaces covered with the nanotubes. Generally,
448 both parameters i.e. CPDms and CPDal indicate that the Ti-13Nb-13Zr substrate is charac-
449 terized by the most uniform surface of all the samples tested and also that the production
450 of nanotubes on the Ti-13Nb-13Zr surface increases its electrical heterogeneity. Increase in
451 CPD:ms and CPDar determined for the surfaces covered with ONTs can be explained by
452 increasing dimensions of outer diameters the nanotubes from 87(10) nm for the 1G ONTs,
453 103(10) nm for the 2G ONTs, and 342(34) nm for the 3G ONTs. Skewness (CPDs) and
454 excess kurtosis (CPDxku) describe the shape of the CPD distribution and give additional
455 information on the CPD peaks/valleys profile. It was found that for all investigated sam-
456 ples CPDsk and CPDw parameters change in the range +0.3 (see Table 3) thus one can state
457 that for each material tested CPD distribution follows a Gaussian (normal) distribution.
458 Table 3. Statistical parameters calculated using CPD maps of the Ti-13Nb-13Zr substrate and for the
459 1G, 2G and 3G ONTs; CPDav is the arithmetic average, CPDms is the root mean square deviation,
460 CPDa is the autocorrelation length, CPD:sk is the skewness, and CPDxu is the excess kurtosis; Vke is
461 the voltage measured versus Kelvin probe.
Parameter Ti-13Nb-13Zr 1G ONTs 2G ONTs 3G ONTs
CPDav [mVke] -634.2 -566.5 -480.4 -386.7
CPDrms [mVkp] 17.8 19.1 23.7 24.7
CPDal [pum] 63.61 31.37 43.12 52.29
CPDsx -0.20 0.06 -0.15 0.07
CPDxwu -0.09 0.05 0.28 -0.02
462
463 Histograms of the CPD values with fitted Gaussian distributions are shown in
464 Figure 6. The comprehensive description of the histograms preparation and the determi-
465 nation of the parameters can be found elsewhere [52-54].
466
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468 Figure 6. CPD histograms determined for the Ti-13Nb-13Zr alloy and for the 1G, 2G and 3G ONTs;
469 solid lines—fit of the Gaussian function.
470
471 Approximation of the histograms using the Gaussian function allows determining arith-
472 metic average CPDav and the standard deviation which in this case corresponds to the
473 CPDmms parameter. Values of CPDsk and CPDw also indicate that the CPD heights are
474 symmetrically distributed around the average as well as that the investigated surfaces do
475 not show inordinately high peaks/deep valleys. Generally one can state that the entire
476 surface of the Ti-13Nb-13Zr alloy is evenly covered with ONTs irrespective of the differ-

477 ent production process (solution composition, anodization parameters).
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478
479 3.5. Surface Wettability
480 The nature of the interaction of the biomaterial with the tissue, related to each of the
481 key properties of the surface layer mentioned above, is also determined by surface
482 wettability. It determines protein adsorption, blood coagulation and biological response.
483 Most of the commonly used biomaterials are hydrophobic and has a high affinity for
484 many proteins. Inmediately after implantation, the biomaterial is covered with a layer of
485 proteins. These are mainly albumin, fibrinogen, fibronectin, immunoglobulins and von
486 Willebrand factors. In shaping the surface properties of implants, wettability should also
487 be taken into account, which is important for the osetoinduction process preceding
488 osseointegration and affects the absorption of molecules favoring the adhesion of
489 fibroblasts and/or bacteria [55,56]. Hydrophilic surfaces have better biological activity in
490 contact with body fluids, and thus provide better osseointegration [57]. The surface
491 wettability tests of the produced ONTs layers showed that the contact angle measured for
492 the Ti-13Nb-13Zr alloy without and with veritically oriented 1G, 2G and 3G ONTs took
493 the following © values in sequence: 62.9(9) °, 25.3(5) °, 11.9(1) ° and 14.7(2) °, respectively
494 (Figure 7).
495

(@) (b)

() (d)
496 Figure 7. Image of a water drop on the surface the Ti-13Nb-13Zr alloy: (a) Non-anodized; (b) Ano-
497 dized in 0.5 % HF; (c) Anodized in 1 M (NH4):SOs + 2 % NH:F; (d) Anodized in 1 M C2HsO2+ 4 %
498 NH.F.
499
500 The tests performed confirmed the favorable hydrophilic nature of the produced ONTs
501 layers. Investigation of the contact angle of the individual sample surface showed that
502 they were hydrophilic in nature both before and after anodization (Figure 7a-d). A
503 reduction in © value was observed for the samples after anodization, which indicates an
504 increase in hydrophilicity. The most advantageous hydrophilic properties showed the 2G
505 ONTs, then 3G ONTs, 1G ONTs, and the smallest Ti-13Nb-13Zr alloy. The obtained
506 wettability results of nanotubular surfaces on titanium are similar [58]. Using anodization
507 as a method of electrochemical modification enhance surface wettability of titanium and
508 its alloys.
509
510
511 3.6. In Vitro Hemocompatibility Study
512 Currently, the most popular method of determining hemocompatibilty is the he-

513 molysis test. The process of hemolysis is based on the transition hemoglobin into the
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514 cytoplasma due to the rupture of erythrocytes. According to the ASTM F756-17 standard
515 [38] the biocompatibility of the 1G and 2G ONTs examinations were performed (Figure 8).
516

HEMOLYSIS (%)

0.05

517 s -
518 Figure 8. Anti-hemolytic activity of the 1G and 2G ONTs on the Ti-13Nb-13Zr alloy.

519

520 The value of the hemolytic index lower than 2 indicates that the biomaterial is
521 nonhemolitic. The obtained results of in vitro hemocompatibility study shown in Figure 8
522 revealed the value of the hemolytic index of 0.05 for both the 1G and 2G ONTs. The he-
523 molytic index for the 3G ONTs we found to be 0.00 [13]. The highest hemolytic index of
524 0.30 was reported for the non-anodized Ti-13Nb-13Zr alloy [13]. The obtained values
525 prove that the proposed electrochemical modification ensures outstanding
526 hemocompatibility. In case of the 3G ONTs it is even possible to completely eliminate
527 hemolysis.

528

529 3.7. Cytotoxity and Cell Adhesion Assay

530 The interaction of the substrate material with a nanotubular structure with the bio-
531 logical environment can also be assessed during the use of cell cultures and cellular re-
532 sponse on the surface prepared in this way. In the past, in order to evaluate cytotoxicity
533 of biomaterials for medicine, in vitro mammalian cell culture tests were used. At present
534 morphology, chemistry surface and type of cells especially concentration and time of
535 exposure determine cytotoxicity of nanomaterials. The test article showed no cytotoxic
536 potential to L-929 mouse fibroblast cells for the non-anodized Ti-13Nb-13Zr alloy and
537 with the obtained 1G, 2G and 3G ONTs layers (Table 4). It can be noticed that in the case
538 of oxide nanotubes produced on the vital Ti-13Nb-13Zr alloy by the anodizing method,
539 the obtained cytotoxicity for mouse fibroblast cells is similar. The adhesion, proliferation
540 and migration of cells forming bone tissue is related to the diameters of nanotubes. This
541 is confirmed by numerous studies showing that the ONTs surface is conducive to the
542 growth of cells. It should be noted that different research groups used different cell col-
543 onies, which affected the results of the study [59-61].

544 Based on the prepared samples for cytotoxicity testing, cell adhesion to layers
545 obtained via anodization and to the starting material was also tested. The cells adhere
546 with different efficiency which can be seen in Table 5. The obtained results of the
547 adhesion test showed a different degree of adhesion depending on the tested oxide layer.
548 For the self-passive oxide layer present on the Ti-13Nb-13Zr alloy and for the 1G ONTs,
549 high cell adhesion was obtained. For the 2G and 3G ONTs the medium adhesion was
550 revealed. It can be colerated with diameter and lenght of the obtained nanotubes in

207:4571028573
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551 dependence of generation. Cell adhesion decreased with the growth and length of the
552 ONTs.
553 Table 4. Cell response for the Ti-13Nb-13Zr alloy before and after formation of 1G, 2G and 3G
554 ONTs.
Material Percent Viability [%] System Suitability
Positive control 0.54 No Cytotoxic Potencial
Negative control 98.33 No Cytotoxic Potencial
Ti-13Nb-13Zr (1x) 92.26 No Cytotoxic Potencial
Ti-13Nb-13Zr (2x) 97.18 No Cytotoxic Potencial
Ti-13Nb-13Zr (3x) 97.49 No Cytotoxic Potencial
Ti-13Nb-13Zr (4x) 99.63 No Cytotoxic Potencial
1G ONTs (1x) 100.6 No Cytotoxic Potencial
1G ONTs (2x) 85.29 No Cytotoxic Potencial
1G ONTs (3x) 103.8 No Cytotoxic Potencial
1G ONTs (4x) 98.67 No Cytotoxic Potencial
2G ONTs (1x) 87.91 No Cytotoxic Potencial
2G ONTs (2x) 99.59 No Cytotoxic Potencial
2G ONTs (3x) 106.3 No Cytotoxic Potencial
2G ONTs (4x) 106.2 No Cytotoxic Potencial
3G ONTs (1x) 88.45 No Cytotoxic Potencial
3G ONTs (2x) 89.97 No Cytotoxic Potencial
3G ONTs (3x) 95.02 No Cytotoxic Potencial
3G ONTs (4x) 96.63 No Cytotoxic Potencial
555
556 Table 5. Estimated cell adherence to the Ti-13Nb-13Zr alloy before and after formation of 1G, 2G
557 and 3G ONTs.
Material Level of adhesion
Ti-13Nb-13Zr High
1G ONTs High
2G ONTs Medium
3G ONTs Medium
558
559 ONTs layers are able to increase the bioactivity of the implant surface. First of all, they
560 increase the surface roughness at the nano-scale, forming a biomimetic nanostructure,
561 which is similar to natural rough bone tissue. Bone-forming cells (osteoblasts) have been
562 proven in numerous studies [62,63] to adhere to a surface that is morphologically and
563 chemically similar to natural bone tissue. The interaction of the nanotube-structured sub-
564 strate material with the biological environment can also be assessed during the use of cell
565 culture. Cell adhesion is related to the diameter of the nanotubes, research shows in [64].
566 The authors showed that oxide nanotubes with a smaller diameter had a more stimulating
567 effect on cell growth and differentiation.
568
569
570

571
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572 3.8. Thrombogenicity Test
573 The alpha Kappendorf coefficient was 0.88, which proved very good compatibility
574 of thrombogenicity assesment carried out by the two experts. The relationship between
575 the evaluations is shown in Table 6. Numbers in the table cells represent the number of
576 samples.
577 Table 6. Number of samples assigned to each expert.
Expert 2
Class 1 Class 2 Class 3 Class 4 Class 5
Class 1 5 0 0 0 0
i
t Class 2 1 4 0 0 0
3 Class 3 0 1 8 1 0
Class 4 0 0 1 9 1
Class 5 0 0 0 0 7
578 The result of the Kruskal — Wallis test was significant (p=0.0000) which means that at least
579 one group differs from the rest. Results of the post-hoc test is shown in Table 7 and Figure
580 9.
581 Table 7. Results of the post-hoc test.
1G ONTs 2G ONTs 3G ONTs Ti-13Nb-13Zr
1G ONTs 0.0030 0.1520 0.5908
2G ONTs 0.0030 0.0000 0.4582
3G ONTs 0.1520 0.0000 0.0017
Ti-13Nb-13Zr 0.5908 0.4582 0.0017
582
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584 Figure 9. Thrombogenicity of the studied Ti-13Nb-13Zr alloy before and after formation of 1G, 2G
585 and 3G ONTs (in six-level ordinal scale).
586 The class 0 meant very small thrombogenicity comparable with negative control. The

587 class 5 meant very high thrombogenicity comparable with positive control. Meaning of a
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588 given class was described in Table 1 and each description was exemplified by images of
589 the biomaterial surfaces (Bionate 55D polymer, PEEK, Ti6 Al7Nb alloy with layer of TiN,
590 PEEK polymer, ZrO:+Y20s ceramics and oraz glass covered by collagen) dotted by
591 thrombocytes and their aggregates. Usage of the interval scale limited the possibility of
592 applying of advanced statistical methods and made worse the quality of inference but, on
593 the other hand, made carrying out a statistical proof possible.

594 In order to study how the expert assessments differ the alfa Kappenrorf coefficient
595 was used. Taken values from 0 to 1 where 0 means total discrepancy of the expert as-
59 sessments and 1 means their total agreement. It is accepted in literature data that the co-
597 efficient value larger than 0.8 means a very good agreement in the assessments. The alpfa
598 Kappendorf coefficient for the presented studies was 0.88, thus, the expert’s opinions
599 were practically equal. Further analysis was carried out with the use of the
600 Kruskal-Wallis test with post-hoc multiple comparison method.

601 Thrombogenicity of the 1G and 3G ONTs layers is practically the same and those
602 biomaterials strongly unfavorably influence activation of coagulation factors. They
603 were classified to class 4 and 5, respectively. The class 5 contains samples of positive
604 control, so the 3G ONTs biomaterial activates the coagulation system in the same degree
605 as strongly thrombogenic collagen. Athorombogenic properties of the 1G ONTs bio-
606 material are only slightly better that these of the 3G ONTs, but one should remember that
607 there are no differences statistically important between those two materials (p=0.1520 —
608 see Table 4). Thrombogenicity of the 2G ONTs and Ti-13Nb-13Zr does not differ, how-
609 ever these biomaterials show much better athrombogenic properties than the 1G and 3G
610 ONTs. The 2G ONTs and Ti-13Nb-13Zr were classified into class 1 and 3, respectively.
611 The class 1 contained biomaterials slightly worse from the positive control (Table 1).
612 Thus, the 2G ONTs biomaterial has small effect on coagulation system. The Ti-13Nb-13Zr
613 alloy is situated in class 3, however there are no statistical proofs that it differs from the
614 2G ONTs (p=0.4582, compare Table 4).

615

616 3.9. Drug Release Kinetics

617 To check the possibility of a potential use of ibuprofen loaded Hep-DOPA/ONTs as
618 carriers for the controlled release of drug, was compared the ibuprofen release profiles for
619 three generation of oxide nanotubes on the Ti-13Nb-13Zr alloy obtained via anodization.
620 The analysis of the obtained results showed a rapid increase in the released ibuprofen in
621 the first 10 minutes for the 1G ONTs (Figure 10). A continuous increase in drug content is
622 observed up to 30 minutes. After this time, the ibuprofen content began to decrease, and
623 after 60 minutes, the drug content dropped to 0. In the first 10 minutes ibuprofen is re-
624 leased from 16.25 % for the 2G ONTs and 10.96 % for the 3G ONTs. Between 20 and 30
625 minutes, there is an increase in drug release to about 35 and 36 %. From 40 minutes, the
626 release of the drug decreases to less than 10 % at 60 minutes. The high dose released from
627 the 1G ONTs in the first minutes proves the possibility of rapid anti-inflammatory and
628 analgesic effect by releasing the substance from the nanotubular coating, which is neces-
629 sary to relieve pain in peri-implantation tissues and reduce inflammation without using
630 oral analgesic therapy [65].

631 Ibuprofen (CisHisOz2) is a non-steroidal anti-inflammatory drug, a derivative of
632 propionic acid [66]. It has anti-inflammatory, analgesic and antipyretic properties. It in-
633 hibits platelet aggregation. The action mechanism of ibuprofen is based on the inhibition
634 of the activity of the COX-1 and COX-2 cyclooxygenase enzymes [66]. COX-2 enzyme ac-
635 tivity increases rapidly in inflamed tissues. The inhibition of this enzyme by ibuprofen
636 reduces the inflammatory process from the first moments of action. Orally administered
637 ibuprofen has a number of side effects. Therefore, administration of the ibuprofen in the
638 form of a drug release system reduces the risk of side effects without irritating the gas-
639 trointestinal mucosa, which is especially important in ulceration and bleeding from the
640 stomach and duodenum [67]. Ibuprofen is a drug that cannot be used long-term like an-

641 tibiotics [67]. Therefore, the rapid release of a dose of ibuprofen in the first moment after
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642 implantation can effectively inhibit the action of the COX-2 enzyme and thus limit the
643 development of the first inflammation in the tissues surrounding the implant. Orally
644 administered ibuprofen disintegrates very rapidly. The disintegration time of ibuprofen
645 in the liver is about 2 hours, therefore ibuprofen is an excellent substance for application
646 in controlled drug release systems [68-70]. The drug immobilized inside the nanotubes
647 must be soluble in water environments so that they dissolve in body fluids, in particular
648 in blood. This condition must be met to achieve full biodistribution in the human body.
649 The advantage of using ibuprofen is that it is 90% bound to plasma proteins [70].
650
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651 Figure 10. Ibuprofen release profile from the 1G, 2G and 3G ONTs on the Ti-13Nb-13Zr alloy in
652 function of the time.
653
654 In addition, the material to which the drug is applied must be biocompatible. Oxide
655 nanotubes belong to a group of materials characterized by a developed and diversified
656 surface, and thus a greater possibility of application of therapeutics [71]. In the case of
657 ONTs of the 1G, 2G and 3G with a single-walled structure, the drug is applied to the in-
658 side of the nanotube by attaching the drug to the surface with covalent amide or ester
659 bonds [72,73]. Ibuprofen from the nanotubes is released through the so-called "burst ef-
660 fect”, i.e. a rapid release of the drug within the first 15 minutes [71,74]. The primary
661 mechanism of drug release is the Gallagher-Corrigan model. This model describes a
662 two-stage drug release kinetics. According to the Gallagher-Corrigan model, the first
663 phase of drug release is its burst from the polymer Hep-DOPA matrix. The second stage
664 is slow release determined by the matrix degradation. The rate of the drug release pro-
665 cess in this type of drug delivery systems is high in the initial period, then it decreases
666 [71].
667 5. Conclusions
668 The obtained FE-SEM and TEM results confirmed the presence of the 1G, 2G and 3G
669 oxide nanotubes on the Ti-13Nb-13Zr alloy surface obtained via anodization in different
670 conditions. The morphological parameters of the obtained oxide nanotubes increased
671 with the increase in the fluorine ions content in the solution causing the increase in the
672 surface roughness. The Ra parameter for the 3G ONTs was over 8 times higher in com-
673 parison with the 1G ONTs and 10 times higher in relation to the 2G ONTs. XPS studies
674 showed that these nanotubular layers of three generations were composed of TiOz, Nb20s,
675 71Oz, and ZrOx. The electronic properties of the 1G, 2G and 3G ONTs tested by the SKP
676 method depended on the content of F~ ions. Statistical analysis of the contact potential
677 difference maps showed that the quantitative parameters in the form of the arithmetic
678 mean and the square root of the height irregularity increased with the increase in the

679 content of fluorine ions in the solution from 0.5 % to 4 %. The 2G nanotubular oxide layers
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show the best hydrophilic properties. Biological assessment of hemocompatibility of the
obtained ONTs revealed no hemolytic effects confirming the fulfillment of the require-
ments for clinical use. The best adhesion was shown by the 1G ONTs and the alloy before
surface modification. The thrombogenicity of the 2G ONTs and Ti-13Nb-13Zr alloy does
not differ from each other, but they have much better athrombogenic properties than the
1G and 3G ONTs. The ibuprofen release profile from the Hep-DOPA matrix from three
type of oxide nanotube generation was investigated. A two-stage Gallagher-Corrigan
model was selected to describe the kinetics of ibuprofen release mechanism.
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Smotka A., Rodak K., Dercz G. Simka W., Dudck K., Losiewicz B., “Electrochemical
Formation of =selforganized nanctubular oxide layers on Ti13Zr]13Nb alloy for biomedical
applications” , in: Acta Physica Polomica A, Yol. 125, No4
DOL10,12693 /APhysPolA. 125,932, ISSN 05874246, 2014, mdj udzial polegal na
wykonaniu badart XRD oraz dostarczenia podloza w postaci stopu Til3Nb13Zr,
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UNIWERSYTET SLASKI
. WEATOWICACH

D i cz prof, US. Choradw, 20.06.2023r.

Instyviut [nsynierii Materiatows]
Wydmial Maulc Seislych 1 Technicenych
Uniwersytet Slaski w Katowicach

ul. 75 Pulleu Plechoty LA

4 1500 Chorzow

OSWIADCZENIE

ODéwiadozam, e w pracy:

Strak A., Losiewicz B., Zubka M., Chmisla B., Balin K., Dercz G., Gawlikowski M.,
Goryezka T., 'Characterizafion and biocompatible properties of oxide nanotubes aon
NIaNbI3Zr alloy for medical applications’, in: Materials Characterization, Vol.132,
DOL10.1016fj.matchar.2017.09.004, 158N 10445803, 2017, 363-3V2, mdj udzial
polegal na wykonaniu czesci badan XRD oraz dostarczenia podlofa w postaci stopu
Til3WNbi3Zr,

Uniwersylat Slask| w Katowicach
Windzizd Nauk Scilych | Technicznyeh
ul. % Pudion Machaty 14, $1-500 Charzdw

]
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UNIWERSYTET SLASKI

WEATOWICACH

Dr hab. Grzegorz Derce prof, US, Chorzdw, 20.06.2023r,

Instytut Indgyiieri Materialowe]
Widzial Maule Scishych i1 Technicznych
Uniwersyiet Slaski w Katowicach

ul. 75 Pulku Piechoty 1A

41-500 Chorsday

OSWIADCZENIE

Oéwiadczam, de w pracy:

Strag A., Dercz (3., Chmiela B., Stroz D., Losiewicz B. . Electrochemical formation of
second generation Ttk nanotubes on Ti12ANbI2Zr ailoy for biomedical applications” in:
Acta Fluvsica Polonica A, Vaol. 1340, MNo. 4, 1079- 1080,
DOL10.12693/APhy=PolA.130.1079, ISSN 03874246, 2016 mdaj udzial polegal na
wykonaniu badad XRD oraz dostarczenia podtoza w postac stopu Til3Nb 132y,
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Padpis
Unbwersytar Slas w Kitowicach
Wedzial Hauk Scisiych | Techniceryeh
wl 75 Pulkis Piechoty LA, 41-500 Chorzdw
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l dr inZ. Karoling Dudek Giliwice, 22.05.2023
Sie¢ Badawcza bukasiewics
[nstytut Ceramiki 1 Materialdw Budowlanych
Centrum Materiatow Ogniotrwalych
il Toszecksa 949, 44-100 Gliwice

tukasiewicz
ICirB

ODSWIADCZENIE

Oswiadczam, ic W pracy:

Stroz A, Luxbacher T., Dudek K., Chmicla B., Osak P., Losiewicz B., "In Vitro
Bivelectrochemical Properties of Second-Generation Oxide Nanotubes on TV-132r-

13Nb Biomedical Alloy" i Materials, vol. 16, DOI: 10.3390/mal604 1408,
[SSN 10061044, 2023, méj udzial polegal na:

Preparatyce probek do pomiarow SEM, wykonanin pomiarcw SEM, analizie i interpretacii
wynikonw

228:6923636827



i dr ing. Dudek Gliwice, 22.05.2023
Sie¢ Badawcza Lukasiewicz
Instytut Ceramiki i Materialéw Budowlanych
centrum Materialdw Ognictrealych
ul. Togzecka 09, 44-100 Oliwice
tukasiewlcz
IcimB

OSWIADCZENIE

Oéwiadczam, #c w pracy:

Stroz A., Maszybrocka .J., Goryczka T., Dudek K., Osak P., Loslewicz B., "Influence
af Anodizing Conditions on Biofribological and Micromechanical Properties of Ti-132r-
13NDb Alloy" i Materials, vol. 16, DOL 10,3390/ mal6031237, ISSN 19961944,
2023, moj ud=zial polegat na:

Preparatyce probek do pomiardw SEM, wykonanm pomianow SEM, analizie i interpretacyi
i

229:4936365233



! dr iné. Karolina Dudek
Siel Badawcza bukasiewics
Instytut Ceramiki i Materialow Budowlanych
Centrum Materialéw Ogniotrwalych
ul. Toszeclea 90 44-100 Cliwdce
tukasiewicz
ICIME

Gliwice, 22.05.2023

OSWIADCZENIE

Dfwiadczam, e W Dracy.

Losiewicz B., Skwarek S., StroZ A, Osak P., Dudek K., Kubisstal J., Maszvbrocka
J., "Production and Characlerization of the Third-Generation Oxide Nanotubes on Ti-
132r-13Nb Alloy", in: Materials, wol. 15, DO 10.3390,/mal5062321, ISSN
19961944, 2022, moj udzial polegal na:

Preparatyce probek do pomiardw SEM, wykonaniu pomiaréw SEM, analizie i interpretacii
wynikiw

230:1639700653



i dr ing. Karoling Dudek Gliwice, 22.05.2023
Sie¢ Badawcza Lulkasiewics
Instytut Ceramiki | Materialdw Budowlanyvch

Centrum Materiatdw Ogniotrwalych
ul. Tospecks 98, 44- 100 Gliwice

tukaslewlcz
ICiMB

OSWIADCZENIE

Odwiadczam, fc w pracy:

Smolka A, Rodak K., Dercz G, Simka W., Dudek K., Losicwice B., "Electrochemical
Formation of self-organized nanotubular oxide layers on Til3Zr13Nb alloy for
biomedical applications™, in: Acta Physica Polonica A, Vol125, Nod4
DO 10. 12603/ APhysPolA. 125,932, ISSN 05874246, 2014, moj udzial polegal na ;

Wykonaniu pomiarow AFM, analine wynikdw 1 wiznalizacy damych

231:4517476184
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74

Dr int. Maciei Gawlikowslki

Katedra Biosensardw i

Frestwarzania Sygoaddw Biomedycznych
Wirdziad [ndymierh Mareriatowe)
Paditechnilia Slaaka

ul. Roosevelis 40

1-B00 Tnbroe

OSWIADCZENIE

Oswiadczam, £¢ W pracy:

Sirdz A, Gawlikowsla M, Balin K, Csak P, Eubisst
K, Losiewicz B. Biological activity and thrombogenic properies of axdde nanotu
Ti- 13Nb- 1 3%r biomedical alloy. J Fune HBiomater., ot

Zabrze, 2806, H 22 1.

al JJ, Zubke M, Maszybrocka J, Dudkk
bes i the

méj udzial pelegad na: preeprowndzaniu badan oceny trombogennedol owsymanych

matcrialéw oraz analizic wynikow.

Wit Bk B cowicinch
i od Hined Soipch i Techmizangch
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V, UNIWERSYTET SLASKI
W KATOWICACH

Dr inz. Maciej Gawlikowski Zabrze, 13/06/2023

Katedra Biosensorow i

Przetwarzania Sygnatow Biomedycznych
Wydziat InZzynierii Materiatowej
Politechnika Slaska

ul. Roosevelta 40

41-800 Zabrze

oraz
Fundacja Rozwoju Kardiochirurgii im. prof. Zbigniewa Religi
ul. Wolnosci 345a

41-800 Zabrze

OSWIADCZENIE

Oswiadczam, ze w pracy:
Stroz A., Losiewicz B., Zubko M., Chmiela B., Balin K., Dercz G., Gawlikowski M.,
Goryczka T. "Production, structure and biocompatible properties of oxide nanotubes

on Ti13Nb13Zr alloy for medical applications”, in: Materials Characterization, Vol.132,
DOI:10.1016/j.matchar.2017.09.004, ISSN 10445803, 2017, 363-372, mdj udziat polegal na:

wykonaniu pomiaru hemolizy wytworzonych materiatéw.

Uniwersytet Slaski w Katowicach
Wydziat Nauk Scistych i Technicznych
ul. 75 Putku Piechoty 1A, 41-500 Chorzéw

[ ]
www.us.edu.pl I‘r u



W UNIWERSYTET SLASKI
W KATOWICACH

Dr hab. Tomasz Goryczka, prof. US. Chorzéow, 28.06.2023

Instytut Inzynierii Materialowej
Wydziat Nauk Scistych i Technicznych
Uniwersytet Slaski w Katowicach

ul. 75 Putku Piechoty 1A

41-500 Chorzow

OSWIADCZENIE

Oswiadczam, ze w pracy:

Stré6z A., Losiewicz B., Zubko M., Chmiela B., Balin K., Dercz G., Gawlikowski M.,
Goryczka T. "Production, structure and biocompatible properties of oxide nanotubes on
Ti13Nb13Zr alloy for medical applications”, in: Materials Characterization, Vol.132,
DOI:10.1016/j.matchar.2017.09.004, ISSN 10445803, 2017, 363-372, moj udzial

polegat na: przeprowadzeniu badan rentgenowskich technika statego kata padania wigzki
pierwotnej oraz interpretacji wynikow.

Uniwersytet Slaski w Katowicach
Wydziat Nauk Scistych i Technicznych
ul. 75 Putku Piechoty 1A, 41-500 Chorzéw

www.us.edu.pl I‘r u



WEATOWICACH

‘i UNIWERSYTET SLASKI

Dr hab. Tomasz Goryvezka prof, US. Chorziw, 28 maj 2023r,

Instyiut Indytiers Materiabowe]
Wydzial Nauk Scislveh | Technicenych
Uniwersytet Slaski w Katowicach

ul. 75 Pulku Pischoty 1A

41-500 Chorzdw

OSWIADCZENIE

Odwiadcezam, 2e w pracy:

8troz A., Maszybrocka J., Goryczka T., Dudek K., Osak P., Eosiewicz B., "Influence of
Anodizing Conditions on Biotribological and Micromechanical Properties of T-132r-13Nb
Alloy" in; Materials, vol.16, DOIL: 10.3390/malf031237, ISSN 19961044, 2023, midj
wspdhudzial polegal na: interpretacji korelacji pomiedzy struktura ONT a wlasciwodciami
tribologicznymi.

Univeerseten 5l aski w Katowicach
WdziakMauk Scishchi Techricznvch
ul. 75 Pudic Plechety 14, g3-o0 Chorndw

wwew, us, edu_pl

235:3090493429



W | UNIWERSYTET SLASKI

| W KATOWICACH

Julian Kubisztal Chorzéw, 25.05.2023

Instytut Ingynierli Materialows
Wydzial Nauk Scislvch i Techniesnych
Urniwersytet Slaski w Katowicach

al. 75 Putiou Piechoty 1A

#1-500 Chorzow

OSWIADCZENIE

Oswiadczam, de w pracy:

Losiewicz B., Stré: A., Kubisztal J., Osak P., Zubko M., "EiS and LEIS Study on In Vitro
Corrosion Resistance of Anodic Oxide Nanotubes on Ti-132r—13Nb Alloy in Saline Solution
in; Coatings, 13(5), DOl 10.3390/coatings 13050875, 2023, mdj udsial polegal na;
wykonaniu metodami LEIS i SVET map rozkladu modutu mpedancji i pradu jonowego
nad powierzchnig badanych materislow oraz interpretacii otrgymanych winikéw,

—r] :
.._,','Llr:f.': ':-'.L -rL-‘i{Il-l_ ':ri--:’

Podpis

Ureiwersytnt Slaski w Kabowicach
Wiedziat Nauk Soshych i Techniczrych
Ul 7y Putiog Plachoty 14, 41500 Chorade
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W UNIWERSYTET SLASK]

W KATOWICACH

Dy Julian Kubisztal Chorzéw, 25.05.2023

Instytut Ingynierii Materiatowe
Wydzial Nauk Scislych { Technicznyeh
Uniwersytet Slaski w Katowicach

ul. 75 Pulku Piechoty 1A

41-300 Chorzdw

OSWIADCZENIE

Oswiadczam, 2e w pracy:

Losiewicz B., Skwarck 5., Stréz A, Osak F., Dudek K., Kuabisztal J,, Maszvbrocka J.,
‘Production and Charaeterization of the Third-Generation Oxide Nanotubes on Ti-13Zr-13Nb
Alloy", in: Materials, vol. 15, DOL: 10.3390/ma 15082321, ISSN 19961944, 2022, md
udziat polegal na: wykonaniu metods SKP map rozkiadu napiccia kontaktowego na
powierzchni badanych materialéw i linipwych skanéw topografii powierzchni oraz
interpretacji otrzymanych wynikow,

Paodpis

Unhwersptat Slqski w Katewicach
Weydzisd Mok Scishech | Technicenych
il 75 Pl Fiechily 14, §1-oo0 Chbrrde

——— he 5ei
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V ' UNIWERSYTET SLASKI

|
|

’ WKATOWICACH

Dr Julian Kubisztal Chorzéw, 29.06.2023

Instytut Inzymierii Materialowej
Wydzial Nauk Scislych i Technicznych
Uniwersytet Slaski w Katowicach

ul. 75 Putku Piechoty 1A

41-500 Chorazdw

OSWIADCZENIE

Oswiadczam, ze w pracy:

Stréz A, Gawlikowski M, Balin X, Osak P, Kubisztal J, Zubko M, Maszybrocka J, Dudek

K, Losiewicz B. Biological activity and thrombogenic properties of oxide nanotubes on the
Ti-13Nb-13Zr biomedical alloy. J. Func. Biomater., 2023

méj udzat polegal na: wykonaniu metoda, SKP map rozkladu napigcia kontaktowego na
powierzchni badanych materialéw oraz interpretacji otrzymanych wynikow.

Podpis
|
Unewmrsytet Slyskiw Katowicach
Wdzial Nauk Schvehi Tachriczmych
w7 Putku Piechoty 14, ga-go0 Choeadw
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‘( UNIWERSYTET SLASKI

WEATOWICACH

Dr. Thomas Luxbacher date: June 16, 2023
Principal Scientist

Surface Charge and Zeta-Potential

Anton Paar GmbH

Anton-Paar-Str. 20

8054 Graz Austria

Declaration

I declare that in the work:

Stroz A., Luxbacher T., Dudek K., Chmiela B., Osak P., Losiewicz B., "In Vitro
Bioelectrochemical Properties of Second-Generation Oxide Nanotubes on Ti-13Zr-13Nb
Biomedical Alloy" in: Materials, vol. 16, DOI: 10.3390/mal16041408, ISSN19961944, 2023,
my contribution was as follows: Zeta potential measurements for the tested materials and analysis

of results.

signature

Uniwersytet Slaski w Katowicach
Wydziat Nauk Scistych i Technicznych
ul. 75 Putku Piechoty 1A, 41-500 Chorzow

www.us.edu.pl l1r



w UNIWERSYTET SLASKI

W EKATOWICACH

Dir hab. Bogzena Eosiewicz, prof, US Chorzow, dn, 15.06.2023 r.

Instytut Ingvnicrii Materialowej
Wydzinl Nauk Scistych i Technicanych
Uniwersytet Slaski w Katowicach

ul. 75 Pulku Piechoty 1A

41-500 Chorzdw

OSWIADCZENIE

Oswiadczam, e w pracy:
Strdi A, Dercz G, Chmiela B, Losiewicz B. Electrochemical synthesis of oxide nanotubes

on biomedical Til3Nb13Zr alloy with potential use as bone implant, AP Conf. Proc,
2019, 2083, 030004-1-030004-5. DO1:10.1063/1.5094314

méj udzial polegal na: oprecowaniu koncepeji badan, dyskusji wynikéw i preygotowaniu
koncowe] wers|i manuskryptu,

Padpis

niwsprsytet S sk vw Eatowicach
‘Wiydzial Nauk Sgislych | Tachniceyeh
wl. po Pl Ples bty 18, 42-goo Choesdw

— he ool

]
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w UNIWERSYTET SLASKI

WEATOWICACH

Dr hab. Botena Losiewice, profl. US Chorzow, dn. 15.06.2023 r.

Instytut Indgynierii Materialowsj
Wydzial Nauk Scislych i Technicznych
Uniwersytet Slaski w Katowicach

ul. 75 Pulku Piechoty 1A

41-500 Chorzow

OSWIADCZENIE

Odwiadczam, e w pracy:

Losiewice B, Stroz A, Kubisztal J, Osak P, Zubko M. EIS and LEIS astudy on in vitro
corrosion resistance of anodic oxide nanotubes on Ti=13Zr-13Nb alloy in saline solution.
Coatings, 2023, 13(5), 875. DO1:10.3390/ coatings 13050875

mij udzial polegal na: opracowaniu konecepeji badan, interpretacii wynilkdw i
preveoiowaniu manuskrypiul.

s

Podpis

Uniweriyte Slpskiw Eatowicach
wrvazial Mauk Sisheeh | Tachnicmseh
ul. 75 Pobkou Fiechoty 18, s1-sa0 Choendw
n . . a ]
[ | ]
weav L, By ol 1r . a®
| = 1 .

241:3342578 B



UNIWERSYTET SLASKI

W KATOWICACH

Dr hab. Bozena Eosiewicz, prof, US Chorzow, dn. 15.06.2023 r.

Instyiut Indvnierii Materialowe]
Wydzial Nauk Scistych i Technicznych
Uniwersytet Slaslkd w Katowicach

ul. 75 Pulku Piechoty 1A

41-500 Chorzdw

OSWIADCZENIE

Oséwiadczam, Ze w pracy:

Smolka A, Rodak K, Derce G, Dudek K, Losicwicz B. Electrochemical formation of seclf-
organized nanotubular oxide layers on Til3Zrl13Nb alloy for biomedical applicatons.
Acta Phys. Pol., 2014, 1254}, 932-935, DOI:10.12693/APhysPolA. 125.932

maj udzial polegal na: opracowaniu koncepdi badan, dyskusji wynikow i preygotowaniu
koncowe] wersjii manuskryptu.

il

Podpis

Uniwerspret Siyskl w Katowicach

epdzial Mauk Scigvych & Technicarpch
ul, 7 Py Piechaty 48, 43-0o0 Chormdw
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w UNIWERSYTET SLASKI

W EKATOWICACH

Dr hab, Bozena Losiewicz, prof. US Chorzdw, dn. 15.06.2023 1.

[natytut Indynierii Materialows)
Wydzial Naulk Scialyeh [ Technicenych
Uniwersytet Slaski w Katowicach

ul. 75 Pulloy Piechoty 1A

41-500 Chorade

OSWIADCZENIE

Déwiadczam, Ze w pracy:
Smolka A, Dercz G, Rodak K, Losiewicz B. Evaluation of corrosion resistance of

nanotubular oxide layers on the Til3Zr13Nb alloy in physiological saline solution, Arch
Metall. Mater., 2015, 60{4), 2681-2686. DOL:10.1515/amm-2015-0432

madj udzial polegal na: opracowaniu koncepcji badan, dyskusji wynikow i praygotowaniu
korcowe] wersfl manuskry ptu.

71 a
Podpis

Uniwersytet Sigaklw Katowicch
Wpdalat Mauk Soigheh | Techal czweh
ol 75 Puliou Pinchoty 18, 43-go0 Chiesdw

—— hr . "

[ ]
-
243:22403738 ™



w UNIWERSYTET SLASKI

W RKATOWICACH

Dr hab. Bogena bosiewice, prof. US Chorzéw, dn. 15.06,2023 .

Instytut Ingsmieri Materialowe]
Wrydzint Nauk Scistych i Technicenych
Uniwersytet Slaski w Katowlcach

ul. 75 Putlu Piechoty LA

41-500 Chorzow

OSWIADCZENIE

Ofwiadezam, ¢ w pracy:
Stroz A, Derce G, Chmicla B, Strdz D, Losicwicz B, Electrochemical formation of second

generation TiO; nanotubes on Ti13Nb13Zr alloy for biomedical applications. Acta Phys.
Pol., 2016, 130(4), 1079-1080. DOI:10.12693 /APhysPolA.130.1079

mdj udzal polegal na: opracowaniu koncepeji badan, dyskusji wynikdw i preygotowaniu
koficowej wersji manuskryptu,

(Hosiente

Padpis

Unlwarigtet Skl w Katowicnch
Wpezial Mauk Sesbyeh | Techaicampch
o 35 Fulou Piechoty 18, 42-g00 Chosndw

" he .50
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w UNIWERSYTET SLASKI

W EATOWICACH

Dr hab. BoZena bosiewice, prof. US Chorzow, dn. 15.06.2023 1.

Instytut Ingynierii Materialowsj
Wydslal Nauk Scislych i Technicznych
Uniwersytet Slaski w Katowicach

ul. 75 Pullku Piechoty 1A

41-500 Chorzow

OSWIADCZENIE

Odwiadczam, e w pracy:

Stroz A, Luxbacher T, Dudek K, Chmiela B, Osak P, bosiewicz B. In vitro
bioelectrochemical properties of second-generation oxide nanotubes on Ti-137r—13Nb
bismedical alloy. Materials, 2023, 16(4), 1408, DOIL: 10.3390/mal604 1408

mdj udsal polegal na: opracowaniu koncepeji badan, dyskusji wynikdw i przygotowaniu
koticowe] wersji manuskryptu.

[f%ﬂ?t‘t’mf >
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Uniwersgrat Slaskiw Eatowicach
Wipdzial Mauk Scistyah | Tachnriczsgpeh
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UNIWERSYTET SLASKI

WhATOWICALH

Dr hah. B e f, U

Imstytut Ingynierii Materialowej
Wydzial Naulk Scistvch i Technicenych
Uniweraytet Slaski w Katowicach

ul, 75 Pullu Piechoty 1A

41-500 Chorzéw

OSWIADCEZENIE

Oswiadczam, e w pracy:

Chorzdw, dn. 15.06 2023 r.

Losiewicz B, Skwarck 3, Stréz A, Osak P, Dudek K, Kubisztal J, Maszybrocka .J.
Production and characterization of the third-generation oxide nanotubes on Ti-13Zr-
13Nb alloy, Materials, 2022, 15(6], 2321. DO:10.3390 /ma15062321

mdj udzial polegal na; opracowaniu koncepcji badati, preeprowadzeniu preyspieszonych
badari korozyjnych w abtmosferze obojeine] mpgly solnej, interpretacjii wynikdw |

preygotowaniu manuskryptu.

Uniwersptet Slaki w Katowicach

WhydeiatMauk Scisbyech i Tachaiczrpch
ul. 95 Pty Plachaty 18, ga-po0 Choredaw

woo e dhupl
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-
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W UNIWERSYTET SLASKI

W EKATOWICATH

Dr hab. Bodena Eosiewice f

Instytut Ingynicrii Materialowe]
Wydsial Nauk Scistyeh i Technicanych
Uniweraytet Alazki w Katowicach

ul. 75 Pulku Piechoty 14

41-500 Chorzdar

OSWIADCZENIE

Oswiadczam, e w pracy:

Chorzdw, dn. 15.06.2023

Strdd A, Losiewicz B, Zubke M, Chmicla B, Balin K, Derce G, Gawlikowski M, Goryczka T.
Froduction, structure and biocompatible properties of oxide nanotubes on Til3Nbl13Zr

alloy for medical applications.

DOI:10.1016 /j.matchar.2017.09.004

Mater. Charact., 2017, 132, 363-372.

mdj udzial polegal na: opracowaniu koncepeji badan, dyskusji wynikow i praygotowaniu

kofcovwe] wergjl manuskrypt.

Upiwarsytet Shyski w Eatosicach
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W UNIWERSYTET SLASKI

W EATOWICACTH

Dr hab. Botena Losiewicz, prof. US Chorzdw, dn. 15.06.2023 r.

Instytut Indynieri: Materiatowej
Wydszial Nauk Scislveh | Technicemyeh
Uniwersytet Slaski w Katowicach

ul, 75 Pultlkeu Piechoty 1A
4 1-500 Charsdn

OSWIADCZENIE

Odwiadczam, 2e w pracy:

Btréz A, Maszybrocka J, Goryegka T, Dudek K, Osak P, Losiewicz B. Influence of
anodizing conditions on biotribological and micromechanical properties of Ti-13Zr-13Nb
alloy. Materials, 2023, 16(3), 1237. DOL10.3390/mal16031237

md] udzial polegal na: opracowaniu koncepcji badari, dyskusji wynikéw i praygotowaniu
koncowe] wersji manuskryptu.

Podpis
Urswersyter Slyehd w Katowioech
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V UNIWERSYTET 5LASKI

W EATOWICACH

Dr hab. Bozena Losiewicz, prof. US. Chorzow, dn. 11.07.2023 r

Instytut Inzynierii Materialowej
Wydziat Nauk Scistych i Technicznych
Uniwersytet Slaski w Katowicach

ul. 75 Putku Piechoty 1A

41-500 Chorzéw

OSWIADCZENIE

Oswiadczam, ze w pracy:

Stroz A, Gawlikowski M, Balin K, Osak P, Kubisztal J, Zubko M, Maszybrocka J, Dudek
K, Losiewicz B. Biological activity and thrombogenic properties of oxide nanotubes on the
Ti-13Nb-13Zr biomedical alloy., J. Func. Biomater., 2023

moj udzial polegal na: opracowaniu koncepcji badan, dyskusji wynikow i przygotowaniu
koncowej wersji manuskryptu.

Putews. donann

Uniwersytet Slaski w Katowicach
Wydziat Nauk Scistych i Technicznych
ul. 75 Putku Piechoty 1A, 41-500 Chorzéw

www.us.edu.pl I‘r



w  UNTWERSYTET $LASKI

o EATOWICACH

Dr Joanna Maszybrocks Chorzdw, 01/06/2023

Instytut Ingynierii Materialowej
Wydzial Nauk Seistych i Technicznych
Uniwersytet Slaski w Katowicach

ul. 75 Pullou Piechoty 1A

41-500 Chorzdw

OSWIADCZENIE

Odwiadczam, e w pracy:

Losiewicz B,, Skwarek 5., Stréz A., Osak P., Dudek K., Kubisztal .J., Maszvbrocka J.,
“Production and Characterization of the Third-Generation Oxide Nanotubes on Ti-137-13Nb
Alloy”, in: Materials, vol. 15, DOI: 10.3390/mal5062321, ISSN 19961944, 2022, mdj
udzial polegal na: precprowadzeniu pomiardw chropowatosgci badanego materialu wraz 2
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W KEATOWICACH

W | UNIWERSYTET SLASKI

Dr_Joanna Massybrocks Chorzow,

Inatytut Insynieri Materialowej
Wydzial Nauk Scislych i Technicznych
Uniwersytet Slaski w Katewicach

ul. 75 Pulku Piechoty 1A

41-500 Chorzdw

OSWIADCZENIE

Oéwiadczam, ¢ w pracy:

Strdz A., Maszybrocka J., Goryezka T., Dudek K., Osak P, Losiewicz B., "Influence of
Anodizing Conditions on Biotribological and Micromechanical Properties of Ti-13Zr—13Nb
Alloy" in: Materials, vol.16, DOL: 10.3390/ma 16031237, ISSN 19961944, 2023, méj
udzial polegal na: pomiarach biotribologicznych otreymanych materiatow, wWyInaczeniy
parametrow chropowatodci oraz analizy wynikow.
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w UNIWERSYTET SLASKI

W EATOWICACH

Dr in#. Patrygja Osak Chorzow, dn. 13.06.2023 r.

Inetyiut Indgynierii Materialowe]
Wydzial Nauk Scistych i Technicenych
Uniwersytel Slaski w Katowicach

ul. 75 Pulku Piechoty 1A

41-500 Chorzéw

OSWIADCZENIE

Oswiadczam, Ze w pracy:

Straoz A, Maszybrocka J, Goryczka T, Dudek K, Osak P, Losicwicz B. Influence of
anodizing conditions on biotribological and micromechanical properties of Ti-13Zr-13Nb
alloy. Materials, 2023, 16(3), 1237. DOL:10.3390 /ma 16031237

md] ud=zial polegal na: edygji 1 interpretacyi wynikow badan biotribologicznych oras
wepdiudsale w preygotowaniu manuskryptu.

ibnhwersytet Slgskiw Kotowicach
Wivdzial Mauk Sishych | Technicmych
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w UNIWERSYTET SLASKI

WEATOWICACH

Dr ing. Patryeja Osalk Chorzow, dn. 13.06.2023 r.

Instytut Ingynierii Materialowe)
Wydmial Nauk Scistych i Technicanych
Uniwersytet Slaski w Eatowicach

ul. 75 Pulku Piechoby 1A

41-500 Chorzdw

OSWIADCZENIE

Ofwiadczam, gc w pracy:

Losiewicz B, Skwarek 3, Stré2 A, Osak P, Dudek K, Kubisztal J, Maszybrocka .J.
Production and characterization of the third-generation oxide nanotubes on Ti-13Zr-
13Nb allay. Materials, 2022, 15(6), 2321, DOI:10.3390/mal5062321

mé] ud=sal polegal na: wspéhidziale w preeprowadzeniu  przyspieszonyeh badan

korozyinych w atmosferze obojetne] mgly solnej, dyskusji wynikiéw i prevgotowania
koncowe] weraji manuskryptu.
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UNIWERSYTET SLASKI

WEATOWICATH

Dr ingE. cja Osak Chorzéw, dn. 13.06.2023 r.

Instytut Insvnieri Materialows)
Wydzial Mauk Scistveh i Technicenych
Uniwersytet Slaski w Katowicach

ul. 75 Pulku Pischaty 1A

41-500 Chorséw

OSWIADCZENIE

Ofwiadczam, Ze w pracy:

Stroz A, Luxbacher T, Dudek K, Chmiecla B, Osak P, Eosiewicz B, In vitro
biselectrochemical properties of second-generation oxide nanotubes on Ti-13Zr-13Nb
biomedical alloy. Materials, 2023, 16(4), 1408. DOL: 10.3390/mal6041408

mdj udzial polegal na: wspéhadziale w przeprowadzeniu badan odpornodel korozyjnej in
vitre 1 dyskusji wynikow oraz wspdludziale w  przygotowaniu kodcows] wersji
manuskryptu.
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UNIWERSYTET SLASKI

WEATOWICACH

Dr inz. Patrycja Osalk Chorzéw, dn. 13.06.2023 r,

Instytut Ingynierii Materialowe]
Wydzial Nauk Scistych i Technicanych
U:I'Li.'l.l.?erﬂj,"l:et Elﬂ,ﬂt:i w Katowicach

ul 75 Pullku Piechoty 14

41-500 Chorztw

OSWIADCZENIE

Ofwiadczam, 2o w pracy:

Losiewicz B, Siroz A, Kubisztal J, Osak P, Zubke M. EIS and LEIS study on in vitro
eorrosion registance of anodic oxide nanotubes on Ti-13Zr-13Nb alloy in saline solution.
Coatings, 2023, 13(5), 875. DO1:10.3390 / coatings 13050875

mdj udzial polegal na: preeprowadzeniu badan metods spektroskopii w podezerwieni 2
transformacja Fouricra | interpretacji wynikdw, wspiludziale w przeprowadzeniu badan
odpornodci korezyjnej i dyskusji wynikiéw oraz wspiludziale w przygotowaniu koricowej
wersjl manuskryptu.
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dr hab. mé Kinga Rodale prof. Pol. 81 Katowice, 24 /05/2023

Estedra Technolagn Materialowych
Wydsial Infynierit Materalowe)
Politechnika Slaska w Katowicach
ul Erasinskiego 5, 40-01% Katowioe

OSWIADCZENIE

Oswiadegam, ¥e w pracy:

Smotka A, Derez G., Redak K., Losiewicz B., "Evaluation of corrosion resistance of
nanotubulor oxde layers on the Tel3Zr] 3Nb alloy in physiclogical saline solution”
in: Archives of Metallurgy and Maternals, vol. 60, 2681-2686 DOL 10,1515/ amm-
2015-0432, 2015, mdj udsial polegal na wykonamu analizy morfologii otrzymanych

pribek z wykorzystaniem skaningowo-transmisyjnego mikroskopu clektronowego
ISTEM).

256:1029528297



dr hab. int. Kinga Rodak prof. Pol. 81 Katowice, 24 /05,2023

Eatedrs Technologii Materialowvch
Wydzial Ingynierii Materialowe;
Politechnika Slaska w Katowicach
ul. Krasttisliegs 8, 40-019 Katowice

OSWIADCZENIE

Oawiadezam, s w pracy:

stolka A, Rodak K., Dercz G., S8imka W, Dudek K., bosiewicz B., “Electrochemical
Formation of self-orgunized nanctubular oxide lagers on Ti13Zr1 306 ailoy feor
biomedical applications”, in: Acta Physica Polonica A, Val. 125, No.4

DOl 10. 12693/ APhysPolA, 125,932, ISSN 05874246, 2014, ma] wdzial polegal na:
wykonaniu anahizy morfologi oraz skiadu chemicenego uzyskenveh probek

7 wykorzystaniem skaningowo-transmisyinego mikroskopu elektronowepgn (STEM)
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V’ UNIWERSYTET SLASKI

W EATOWICACH

mer inz. Agnieszka Stroz Chorzow, 26.06.2023

Instytut InZzynierii Materiatowej
Wydziat Nauk Scistych i Technicznych
Uniwersytet Slaski w Katowicach

ul. 75 Putku Piechoty 1A

41-500 Chorzéw

OSWIADCZENIE

Oswiadczam, ze w pracy:

Smotka A., Rodak K., Dercz G., Dudek K., Losiewicz B., “Electrochemical formation of self-
organized nanotubular oxide layers on Til3Zr13Nb alloy for biomedical applications”, in: Acta
Physica Polonica A, Vol.125, No.4 DOI:10.12693/APhysPolA.125.932, ISSN 05874246, 2014,
moj udzial polegal na : wytworzeniu materialu badann w postaci warstw NT 2G,
opracowaniu metodologii badan, kierowaniu calo$cia prac eksperymentalnych, analizie

i dyskusji wynikéw oraz przygotowaniu tekstu publikacji.

Uniwersytet Slaski w Katowicach
Wydziat Nauk Scistych i Technicznych
ul. 75 Putku Piechoty 1A, 41-500 Chorzéw

www.us.edu.pl I‘r



V’ UNIWERSYTET SLASKI

W EATOWICACH

mer inz. Agnieszka Stroz Chorzow, 26.06.2023

Instytut InZzynierii Materiatowej
Wydziat Nauk Scistych i Technicznych
Uniwersytet Slaski w Katowicach

ul. 75 Putku Piechoty 1A

41-500 Chorzéw

OSWIADCZENIE

Oswiadczam, ze w pracy:

Smotka A., Dercz G. Rodak K. bLosiewicz B., “Evaluation of corrosion resistance of
nanotubular oxide layers on the Til3Zr13Nb alloy in physiological saline solution” ; in: Archives
of Metallurgy and Materials, vol. 60, 2681-2686 DOI: 10.1515/amm-2015-0432, 2015, mJj
udziat polegal na: wytworzeniu materiatu badart w postaci warstw NT 2G, opracowaniu
metodologii badan, kierowaniu caloscig prac eksperymentalnych, wykonaniu pomiaréw
odpornosci korozyjnej, opracowaniu uzyskanych wynikéw i przygotowaniu tekstu

publikagiji.

Uniwersytet Slaski w Katowicach
Wydziat Nauk Scistych i Technicznych
ul. 75 Putku Piechoty 1A, 41-500 Chorzéw

www.us.edu.pl I‘r
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Uniwersytet Slaski w Katowicach
Wydziat Nauk Scistych i Technicznych
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V’ UNIWERSYTET SLASKI

W EATOWICACH

mer inz. Agnieszka Stroz Chorzow, 26.06.2023

Instytut InZzynierii Materiatowej
Wydziat Nauk Scistych i Technicznych
Uniwersytet Slaski w Katowicach

ul. 75 Putku Piechoty 1A

41-500 Chorzéw

OSWIADCZENIE

Oswiadczam, ze w pracy:

Stroz A., Dercz G., Chmiela B., Stréz D., Losiewicz B. , Electrochemical formation of second
generation TiO: nanotubes on Til3Nb13Zr alloy for biomedical applications” in: Acta Physica
Polonica A, Vol. 130, No. 4, 1079-1080; DOI:10.12693/APhysPolA.130.1079, ISSN 05874246,
2016 moj udzial polegal na: wytworzeniu materiatu badan w postaci warstw NT 2G,
opracowaniu metodologii badan, kierowaniu cafoscia prac eksperymentalnych,

opracowaniu uzyskanych wynikéw i przygotowaniu tekstu publikagji.

Uniwersytet Slaski w Katowicach
Wydziat Nauk Scistych i Technicznych
ul. 75 Putku Piechoty 1A, 41-500 Chorzéw

www.us.edu.pl I‘r



V’ UNIWERSYTET SLASKI

W EATOWICACH

mer inz. Agnieszka Stroz Chorzow, 26.06.2023

Instytut InZzynierii Materiatowej
Wydziat Nauk Scistych i Technicznych
Uniwersytet Slaski w Katowicach

ul. 75 Putku Piechoty 1A

41-500 Chorzéw

OSWIADCZENIE

Oswiadczam, ze w pracy:

Stroz A., Losiewicz B., Zubko M., Chmiela B., Balin K., Dercz G., Gawlikowski M.,
Goryczka T., "Production, structure and biocompatible properties of oxide nanotubes on
Ti13Nb13Zr alloy for medical applications”, in: Materials Characterization, Vol.132,
DOI:10.1016/j.matchar.2017.09.004, ISSN 10445803, 2017, 363-372, m¢j udzial polegat na
wytworzeniu materiatu badan w postaci warstw NT 3G, opracowaniu metodologii badan,
kierowaniu catoscia prac eksperymentalnych, wykonaniu pomiaréw odpornosci

korozyjnej, opracowaniu uzyskanych wynikéw i przygotowaniu tekstu publikagji.

Uniwersytet Slaski w Katowicach
Wydziat Nauk Scistych i Technicznych
ul. 75 Putku Piechoty 1A, 41-500 Chorzéw

www.us.edu.pl I‘r



V’ UNIWERSYTET SLASKI

W EATOWICACH

mgr inz. Agnieszka Stréz Chorzow, 28.06.2023

Instytut Inzynierii Materiatowej
Wydzial Nauk Scistych i Technicznych
Uniwersytet Slaski w Katowicach

ul. 75 Putku Piechoty 1A

41-500 Chorzow

OSWIADCZENIE

Oswiadczam, ze w pracy:

Stroz A., G. Dercz, B., Chmiela, B. Losiewicz, "Electrochemical synthesis of oxide nanotubes on
biomedical Til3Nb13Zr alloy with potential use as bone implant" in: AIP Conference
Proceedings, DOI:10.1063/1.5094314, ISSN 0094243X, 2019, mdj udzial polegal na:
wytworzeniu materiatu badan w postaci warstw NT 1G, opracowaniu metodologii badan,
kierowaniu catoscia prac eksperymentalnych, interpretacji uzyskanych wynikéw

i przygotowaniu tekstu publikacji.

Uniwersytet Slaski w Katowicach
Wydziat Nauk Scistych i Technicznych
ul. 75 Putku Piechoty 1A, 41-500 Chorzow

www.us.edu.pl I‘r
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V’ UNIWERSYTET SLASKI

W EATOWICACH

mer inz. Agnieszka Stroz Chorzow, 26.06.2023

Instytut InZzynierii Materiatowej
Wydziat Nauk Scistych i Technicznych
Uniwersytet Slaski w Katowicach

ul. 75 Putku Piechoty 1A

41-500 Chorzéw

OSWIADCZENIE

Oswiadczam, ze w pracy:

Losiewicz B., Skwarek S., Stré6z A. Osak P. Dudek K. Kubisztal ]., Maszybrocka J.,
"Production and characterization of the third-generation oxide nanotubes on Ti-13Zr-13Nb alloy”,
in: Materials, vol. 15, DOI: 10.3390/ma15062321, ISSN 19961944, 2022, mdj udziat polegat
na: wytworzeniu materialu badan w postaci warstw NT 3G, opracowaniu metodologii
badan, kierowaniu catoscia prac eksperymentalnych, wspotudziale w przeprowadzonych
badaniach  chropowatosci  powierzchni, opracowaniu uzyskanych  wynikéw

i wspotudziale w przygotowaniu tekstu publikagji.

Uniwersytet Slaski w Katowicach
Wydziat Nauk Scistych i Technicznych
ul. 75 Putku Piechoty 1A, 41-500 Chorzéw
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V’ UNIWERSYTET SLASKI

W EATOWICACH

mer inz. Agnieszka Stroz Chorzow, 26.06.2023

Instytut InZzynierii Materiatowej
Wydziat Nauk Scistych i Technicznych
Uniwersytet Slaski w Katowicach

ul. 75 Putku Piechoty 1A

41-500 Chorzéw

OSWIADCZENIE

Oswiadczam, ze w pracy:

Str6z A., Maszybrocka J., Goryczka T., Dudek K., Osak P., Losiewicz B., "Influence of
anodizing conditions on biotribological and micromechanical properties of Ti—13Zr—13Nb alloy” in:
Materials, vol.16, DOI: 10.3390/ma16031237, ISSN 19961944, 2023, mdj udziat polegat na
wytworzeniu materiatlu badan w postaci warstw NT 1G, 2G, 3G, opracowaniu
metodologii badan, kierowaniu calo$cia prac eksperymentalnych, wspotudziale
w badaniach mikromechanicznych i biotribologicznych, interpretacji otrzymanych

wynikow i przygotowaniu tekstu publikacji.

Uniwersytet Slaski w Katowicach
Wydziat Nauk Scistych i Technicznych
ul. 75 Putku Piechoty 1A, 41-500 Chorzéw

www.us.edu.pl I‘r



V’ UNIWERSYTET SLASKI

W EATOWICACH

mer inz. Agnieszka Stroz Chorzow, 26.06.2023

Instytut InZzynierii Materiatowej
Wydziat Nauk Scistych i Technicznych
Uniwersytet Slaski w Katowicach

ul. 75 Putku Piechoty 1A

41-500 Chorzéw

OSWIADCZENIE

Oswiadczam, ze w pracy:

Losiewicz B., Str6z A., Kubisztal J., Osak P., Zubko M., "EIS and LEIS Study on In Vitro
Corrosion Resistance of Anodic Oxide Nanotubes on Ti—13Zr—13Nb Alloy in Saline Solution” in:
Coatings, 13(5), DOI: 10.3390/coatings13050875, 2023, mdj udziat polegat na: wytworzeniu
materialu badant w postaci warstw NT 1G, wspotudziale w przeprowadzeniu badan

odpornosci korozyjnej, analizie i dyskusji wynikow oraz przygotowaniu tekstu publikagji.

Podpis

Uniwersytet Slaski w Katowicach
Wydziat Nauk Scistych i Technicznych
ul. 75 Putku Piechoty 1A, 41-500 Chorzéw
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V’ UNIWERSYTET SLASKI

W EATOWICACH

mer inz. Agnieszka Stroz Chorzow, 26.06.2023

Instytut InZzynierii Materiatowej
Wydziat Nauk Scistych i Technicznych
Uniwersytet Slaski w Katowicach

ul. 75 Putku Piechoty 1A

41-500 Chorzéw

OSWIADCZENIE

Oswiadczam, ze w pracy:

Stroz A, Gawlikowski M, Balin K, Osak P, Kubisztal ], Zubko M, Maszybrocka J, Dudek K,
Losiewicz B. Biological activity and thrombogenic properties of oxide nanotubes on the Ti-
13Nb-13Zr biomedical alloy. . Func. Biomater., 2023 mdj udziat polegat na: wytworzeniu
materialu badan w postaci warstw NT 1G, 2G, 3G, opracowaniu metodologii badan,
kierowaniu catoscia prac eksperymentalnych, wspdtudziale w przeprowadzonych

badaniach, interpretacji otrzymanych wynikow i przygotowaniu tekstu publikacji.

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

Uniwersytet Slaski w Katowicach
Wydziat Nauk Scistych i Technicznych
ul. 75 Putku Piechoty 1A, 41-500 Chorzéw
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V’ UNIWERSYTET SLASKI

W EATOWICACH

mer inz. Agnieszka Stroz Chorzow, 26.06.2023

Instytut InZzynierii Materiatowej
Wydziat Nauk Scistych i Technicznych
Uniwersytet Slaski w Katowicach

ul. 75 Putku Piechoty 1A

41-500 Chorzéw

OSWIADCZENIE

Oswiadczam, ze w pracy:

Str6z A., Luxbacher T. Dudek K. Chmiela B., Osak P. tLosiewicz B. "In Vitro
bioelectrochemical properties of second-generation oxide nanotubes on Ti—13Zr-13Nb biomedical
alloy” in: Materials, vol. 16, DOIL: 10.3390/ma16041408, ISSN19961944, 2023, mdj udziat
polegal na: wytworzeniu materialtu badann w postaci warstw NT 2G, opracowaniu
metodologii badan, kierowaniu calo$cia prac eksperymentalnych, wspotudziale
w przeprowadzonych badaniach korozyjnych, opracowaniu uzyskanych wynikow

i przygotowaniu tekstu publikacji.
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