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Wykaz stosowanych skrotow i oznaczen wytworzonych ukladow

Skroty:

a — krawedz komorki rownolegta do kierunku X

a-Ti — niskotemperaturowa odmiana alotropowa czystego tytanu

o — stop tytanu o strukturze ztoZonej z fazy a

a+p — stop tytanu o strukturze dwufazowej

ADSCs — komorki macierzyste pochodzace z tkanki thuszczowej (ang. adipose-derived stem/stromal cells)
ALP — fosfataza zasadowa (ang. alkaline phosphatase)

b — krawedZ komoérki rownolegta do kierunku Y

S — stop tytanu o strukturze zltozonej z fazy S

S-Ti —wysokotemperaturowa odmiana alotropowa czystego tytanu

BMSCs — komorki macierzyste pochodzace ze szpiku kostnego (ang. bone marrow stromal/stem cells)
¢ — krawedz komorki rownolegta do kierunku Z

CaP — fosforan wapnia (ang. calcium phosphate)

cpTi — handlowo czysty tytan (ang. commercially pure titanium)

® — kat zwilzania

DRIFT — spektroskopia rozproszonego odbicia w zakresie podczerwieni z transformatg Fouriera
(ang. diffuse reflectance infrared Fourier transform spectroscopy)

E — modut sprezystosci - modut Younga (ang. elastic modulus)

EDS/EDX — spektroskopia z dyspersjg energii promieniowania rentgenowskiego (ang. energy-dispersive X-
ray spectroscopy)

EDTA — kwas etylenodiaminotetraoctowy (ang. ethylenediaminetetraacetic acid)

XRD - dyfrakcja rentgenowska (ang. X-ray diffraction)

H — twardos¢ (ang. hardness)

| — natezenie pradu

J — gestos¢ pradu

MSCs — mezenchymalne komorki macierzyste (ang. mesenchymal stem cells)

MTT — test cytotoksyczno$ci wykorzystujacy bromek 3-(4,5-dimetylotiazol-2-ylo)-2,5-
difenylotetrazoliowy

PLA — polilaktyd (ang. polylactic acid)

PLGA — kopolimer polilaktyd-glikolid (ang. poly(lactic-co-glycolic acid))

Sa — parametr chropowatosci, Srednie arytmetyczne odchylenie wysokosci nierownosci powierzchni
od plaszczyzny odniesienia

SBF — symulowany ptyn ustrojowy (ang. simulated body fluid)

SEM - skaningowa mikroskopia elektronowa (ang. scanning electron microscopy)

SEM/EDS - skaningowa mikroskopia elektronowa sprzezona z energo-dyspersyjng mikrosonda

elektronows (ang. scanning electron microscopy equipped with an energy dispersive X-ray spectrometer)



SVF — frakcja zr¢bowo-naczyniowa (ang. stromal vascular fraction)
T — temperatura

t—czas

U — napigcie pradu

Ra — parametr chropowatos$ci, Srednie arytmetyczne odchylenie od linii §redniej

Uklady:

1. T -stop tytanu Ti6Al4V
2. TNT — (ang. titania nanotubes) — nanowarstwy TiO, wytworzone podczas elektrochemicznego
utleniania stopu Ti6AI4V
a. TNT5 (zamiennie z T5) — warstwa nanoporowata, wytworzona przy U =5V
b. TNT15 —warstwa nanorurkowa, wytworzona przy U = 15V
c. TNT40 — warstwa nanogabczasta, wytworzona przy U = 40 V
3. TNF - (ang. titania nanofibers) — nanowtokniste warstwy TiO2 wytworzone przy réznych parametrach
prowadzenia chemicznego utleniania stopu Ti6AI4V
a) TNF4C — utlenianie t =4 h, pod chtodnicg zwrotng
b) TNF6C — utlenianie t =6 h, pod chtodnicg zwrotng
¢) TNF10C — utlenianie t= 10 h, pod chtodnicg zwrotng
d) TNF4S — utlenianie t = 4 h, w inkubatorze
e) TNF6S — utlenianie t = 6 h, w inkubatorze
f) TNF10S- utlenianie t = 10 h, w inkubatorze
g) TNF72a — utlenianie t =72 h, w inkubatorze, proba aktywowana kwasem fluorowodorowym
h) TNF72b — utlenianie t = 72 h, w inkubatorze, proba aktywowana mieszaning rozcienczonego
kwasu azotowego (V) i fluorowodorowego
4. T-S — nanowldknista, tytanianowa warstwa powstata w wyniku alkaliczno—sodowej obrobki stopu
Ti6Al4V
5. T5-S — tytanianowa warstwa splgtanych nanowtdkien i nanopretdéw, powstata w wyniku anodowego
utleniania stopu Ti6Al4V, a nastepnie alkaliczno—sodowej obrobki powstatego uktadu
6. HA —powtoka hydroksyapatytowa (ang. hydroxyapatite)
a) HA 1.5 mA —wytworzona przy | = 1.5 mA
b) HA 2.5 mA —wytworzona przy | = 2.5 mA
¢) HA 3.5 mA —wytworzona przy | =3.5 mA

7. 1L —warstwa po$rednia (ang. intermediate layer)



Streszczenie

Postep W réznych dziedzinach naszego zycia codziennego, w tym takze i w medycynie,
wigze si¢ z szerokim wykorzystaniem nowych technologii. Przyktadem jest chociazby
rozwijajaca si¢ w zauwazalnie szybkim tempie implantologia, ktéra wymaga stosowania coraz
to bardziej ztozonych i wielofunkcyjnych materiatow, ktore umozliwiajg odtworzenie funkcji
tkanek, np. kostnych. Chcac uzyskac trwale potaczenie implant—ko$¢ poszukuje si¢ materiatéw,
ktore obok odpowiednich wlasciwosci  fizykochemicznych, mechanicznych, jak
i tribologicznych bedg pobudzaé i przyspiesza¢ regeneracje tkanki kostnej oraz dziatac
stymulujaco wzgledem komorek osteogenicznych. Sposrod materialdow uzywanych do
produkcji np. implantow ortopedycznych 1 stomatologicznych, szczegdlng role odgrywaja
materialty metalowe, a zwlaszcza tytan i jego stopy. Pomimo wielu korzystnych wtasciwosci
materiatlow tytanowych, takich jak niski ciezar wlasciwy, wysoka odpornos$¢ na korozje oraz
dobra biokompatybilno$¢ w srodowisku tkanek i ptynéw ustrojowych, materialy te wykazuja
stabe wtasciwosci osteoinduktywne, niezbgdne do uzyskania trwatego 1 stabilnego potaczenia
implantu z tkankg kostng. Jednym z czynnikdéw ograniczajacych ich zastosowanie jest wysoki
modut sprezystosci, ktory znacznie przewyzsza modul warstwy korowej, co moze prowadzic¢
do zaniku kosci wokot implantu. Dobrym rozwigzaniem wydaje si¢ by¢ wytworzenie na
powierzchni implantéw metalowych powtoki hydroksyapatytu. Takie rozwigzanie powinno
poprawi¢ biozgodno$¢ wszczepionego materiatu z tkanka kostng, jak réwniez znacznie
wydtuzy¢ czas uzytkowania implantow. Ponadto powtoka taka powinna wplywac na poprawe
odporno$ci implantu na S$cieranie, jak rowniez pemi¢ funkcje dodatkowej bariery,
zmniejszajgcej uwalnianie jonow metali z materiatu podtoza. Obecnie, przeszkoda do szerszego
wykorzystywania tych powtok jest ich bardzo niska adhezja do podtoza tytanowego.

Celem moich badan byla modyfikacja powierzchni implantéw ze stopu Ti6Al4V, ktore
moga by¢ wytwarzane mi¢dzy innymi w technologii 3D (spiekanie laserowe proszkow
tytanowych przeznaczonych dla wyrobow medycznych). Zatozono, iz gldownym rezultatem
przeprowadzonych prac badawczo-rozwojowych bedzie przygotowanie do wprowadzenia na
rynek prototypu implantdow stomatologicznych oraz ortopedycznych posiadajacych aktywna
warstwe sprzyjajaca regeneracji kosci, odpowiednia do pozniejszego natozenia frakcji bogatej
w komorki macierzyste. Zalozony cel zostat osiggniety w dwoch etapach badan. W pierwszym
etapie dokonano modyfikacji powierzchni probek stopu Ti6Al4V, co doprowadzito do
otrzymania tlenkow tytanu o zrdéznicowanej morfologii, strukturze oraz witasciwosciach

mechanicznych i biologicznych (artykuty P1, P2, P3). W etapie drugim wykorzystano wysoce



biokompatybilne tlenkowe nanowarstwy (wytworzone w ramach etapu 1), jako warstwy
posrednie (IL) i wytworzono uktady typu Ti6Al4V/IL/HA. Warstwy posrednie stanowity
tacznik pomiedzy powloka hydroksyapatytowa a podlozem ze stopu Ti6Al4V (artykuty P4,
P5). Ich zadaniem byto poprawienie sity wigzania pomigdzy metalicznym podtozem a powtoka
hydroksyapatytowa przy zachowaniu odpowiednich wtasciwosci fizykochemicznych oraz
biologicznych uktadu.

Podsumowujac, w ramach przeprowadzonych badan przedstawiono charakterystyke
fizykochemiczng, mechaniczng oraz biologiczng trzynastu zrdéznicowanych nanowarstw
TiOo/tytanianu. Scharakteryzowano dwadziescia cztery uktady z powtoka hydroksyapatytowa,
pod katem ich wiasciwosci fizykochemicznych 1 mechanicznych, a nastepnie oceniono
aktywno$¢ biologiczng wybranych, trzech uktadéw. Wynikiem przeprowadzonych badan jest
opracowanie metody dwustopniowej modyfikacji (TNT5/HA) implantu ze stopu Ti6Al4V, co
stanowi innowacyjne rozwigzanie gotowe do zastosowania w produkcji nowej generacji
implantéw stomatologicznych oraz ortopedycznych. Proponowany implant mozna bezpiecznie
sterylizowa¢ metodg parows, co jest dodatkowym atutem z punktu widzenia tatwosci
zastosowania klinicznego. Implanty z bioaktywng warstwg powierzchniowg wzbogacong
o0 frakcje bogata w komorki macierzyste pacjenta bedzie mozna stosowac u szerszego grona
odbiorcow, w tym diabetykdéw, 0osob o obnizonej odporno$ci immunologicznej, 0sob starszych,

jak i u dzieci.



Abstract

Development in various areas of our daily life, including medicine, involves the extensive
use of new technologies. An example of this is implantology, which is developing at
a noticeably high pace and requires the use of more complex and multifunctional materials to
allow the restoration of tissue function, e.g. bones. In order to achieve a durable implant—bone
connection, materials are sought that, in addition to appropriate physicochemical, mechanical
as well as tribological properties, will stimulate and accelerate bone tissue regeneration and
stimulate osteogenic cells. Among the materials used in the production of, for example,
orthopaedic and dental implants, metallic materials play a particular role, especially titanium
and its alloys. Despite the numerous favourable properties of titanium materials, such as low
specific weight, high corrosion resistance and good biocompatibility in tissue and body fluid
environments, these materials exhibit poor osteoinductive properties, which are necessary to
achieve a durable and stable bond between the implant and bone tissue. One of the factors
limiting their use is their high elastic modulus, which significantly exceeds that of the cortical
layer, which can lead to bone loss around the implant. A good solution seems to be the
production of a hydroxyapatite coating on the surface of metallic implants. This solution should
improve the biocompatibility of the implanted material to the bone tissue, as well as
significantly prolong the service life of the implants. In addition, such coating should improve
abrasion resistance of the implant, as well as function as an additional barrier by reducing the
release of metal ions from the substrate material. Currently, the obstacle to the wider use of
these coatings is their very low adhesion to the titanium substrate.

My research focused on modifying the surface of Ti6Al4V alloy implants that can be
produced using i.a. 3D technology (laser sintering of titanium powders for medical devices). It
was assumed that the main outcome of the carried out research and development would be the
preparation for introducing a prototype of dental and orthopaedic implants to the market, which
would have an active layer to promote bone regeneration, suitable for subsequent application
of a stem cell-rich fraction. The stated purpose was achieved in two stages of the research. In
the first stage, surface modifications of Ti6Al4V alloy samples were carried out, leading to
titanium oxides with different morphology, structure and mechanical and biological properties
(articles P1, P2, P3). In the second stage, highly biocompatible oxide nanolayers (produced as
part of stage 1) were used as intermediate layers (ILs) and fabricated Ti6AlI4V/IL/HA systems.
The intermediate layers were the link between the hydroxyapatite coating and the Ti6AlI4V

alloy substrate (articles P4, P5). Their aim was to improve the bonding strength between the
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metallic substrate and the hydroxyapatite coating while maintaining the relevant
physicochemical and biological properties of the system.

In conclusion, the study presents the physicochemical, mechanical and biological
characterisation of thirteen diverse TiOo/titanate nanolayers. Twenty—four hydroxyapatite—
coated systems were characterised in terms of their physicochemical as well as mechanical
properties, and then the biological activity of three selected systems was evaluated. The result
of the research is the development of a method for the two—stage modification (TNT5/HA) of
a Ti6Al4V alloy implant, which represents an innovative solution ready to be used in the
production of a new generation of dental and orthopaedic implants. The proposed implant can
be safely steam-—sterilised, which is an additional advantage in terms of simplicity of clinical
use. Implants with a bioactive surface layer enriched with the patient's stem cell-rich fraction
will be suitable for a wider range of recipients, including diabetics, immunocompromised

patients, the elderly, as well as children.



1. Wstep

Demograficzne starzenie si¢ wspotczesnego spoleczenstwa, intensywny tryb zycia
czlowieka i zwigzane z tym czeste urazy, a takze choroby cywilizacyjne, to gldéwne czynniki
decydujace o rozwoju medycyny [1-6]. Z zagadnieniami tymi wigzg si¢ interdyscyplinarne
badania nad nowoczesnymi materiatami, a przede wszystkim poszukiwania nowych
biomateriatow i dziatania majace na celu ich wprowadzenie do praktyki lekarskiej. Szczegdlnie
wazne jest uzyskanie nowych, wielofunkcyjnych materiatdbw przeznaczonych na implanty
dhugotrwate (czas ich przebywania w $§rodowisku tkankowym moze przekroczy¢ dwadziescia
lat), ktore umozliwiajg odtworzenie funkcji tkanek, np. kostnych [1-4,7,8]. Chcac uzyskac
trwale polaczenie implant—kos¢ poszukuje si¢ materiatow, ktore obok odpowiednich
whasciwo$ci  fizykochemicznych, mechanicznych, jak i tribologicznych bedg pobudzaé
I przyspiesza¢ regeneracj¢ tkanki kostnej oraz dziata¢ stymulujaco wzgledem komorek
osteogenicznych. Sposrod wielu materiatdow uzywanych do produkcji np. implantow
ortopedycznych i stomatologicznych, szczegdlng rol¢ odgrywaja materialy metalowe,
a zwlaszcza tytan i jego stopy. Pomimo wielu korzystnych wiasciwosci tych materiatow, takich
jak: niski ciezar wlasciwy, wysoka odpornos¢ na korozje oraz dobra biokompatybilnosé¢
w srodowisku tkanek i ptynéw ustrojowych, wykazujg one stabe wtasciwosci osteoinduktywne,
niezbedne do uzyskania trwalego i stabilnego potgczenia implantu metalowego z tkankg kostna.
Kolejnym czynnikiem ograniczajacym zastosowanie tytanu i jego stopéw do produkcji
implantow jest ich wysoki modut sprezystosci. Jego warto$¢ znacznie przewyzsza modut
warstwy korowej, co moze prowadzi¢ do zaniku ko$ci wokot implantu [6,9-11]. Stad tez,
prowadzone obecnie badania nad biomateriatami skupiaja si¢ na zblizeniu ich funkcjonalnosci
do naturalnej ludzkiej tkanki lub narzadu.

Whpisujac si¢ w ten kierunek, zainteresowatam si¢ mozliwosciami modyfikacji powierzchni
implantéw wykonanych ze stopu Ti6Al4V, prowadzacymi do zwigkszenia bioaktywnos$ci ich
powierzchni, a takze poprawy wiasciwosci mechanicznych. Zakres rozprawy doktorskiej
obejmuje wytworzenie na powierzchni stopu Ti6Al4V tlenkowej nanoarchitektury, celem
zwigkszenia biointegracji implantu z koscia, przy jednoczesnym zachowaniu odpornosci
powierzchni na uszkodzenia mechaniczne i §cieranie. Z uwagi na fakt, iz hydroksyapatyt jest
materialem naturalnie wystepujacym w  ludzkim organizmie, wzbogacenie nim
zmodyfikowanych powierzchniowo implantow tytanowych, powinno wptyna¢ na zwigkszenie
ich bioaktywnosci i biozgodnosci, zintensyfikowaé proces osteointegracji, zapobiec metalozie,

jak 1 skutkowa¢ obnizeniem wartosci modutu Younga. Niestety powtoki hydroksyapatytowe
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charakteryzuja si¢ staba adhezjg do podloza metalicznego. Innowacyjny charakter rozprawy
doktorskiej, wynika z dazenia do uzyskania trwatych potaczen powtok hydroksyapatytowych
Z podtozem bazujacym na stopie Ti6Al4V, poprzez zastosowanie wysoce biokompatybilnych,
tlenkowych nanowarstw posrednich. Opracowanie uktadu: implant metalowy/nanowarstwa
posrednia/hydroksyapatyt ma istotne znaczenie dla konstrukcji i wdrozenia na rynek medyczny
implantéw przeznaczonych dla ortopedii, a takze stomatologii. Zaktada si¢, iz powstaty w ten
sposob implant mogtby by¢ stosowany u szerszego grona pacjentéw, w tym diabetykdéw, osoéb

0 obnizonej odpornosci immunologicznej, 0sob starszych, jak i u dzieci.

1.1.Biomaterialy

Definicj¢ biomateriatu ustalono w 1982 roku, na konferencji ,,Biomaterials Consensus
Conference at the National Institute of Health”. Zgodnie z nig biomaterialem nazywamy kazda
substancje inng niz lek, albo kombinacje¢ naturalnych lub syntetycznych substancji, ktéra moze
by¢ uzyta w dowolnym okresie, a ktorej zadaniem jest uzupeinienie lub zastgpienie tkanek
narzadu, albo jego czgsci lub spetnienie ich funkcji [12].

Stowo ,,biomaterial” zostato wprowadzone w potowie XX wieku, chociaz biomateriaty byty
uzywane juz znacznie wczesniej. Pierwsze wykorzystanie tego typu materiatow do celow
medycznych datuje si¢ na 3000 r. p.n.e., Kiedy to w starozytnym Egipcie stosowano szwy Iniane
w zabiegach chirurgicznych. Majowie wykorzystywali muszle morskie do produkcji
sztucznych z¢bow ok. 600 r. n.e. [7,13,14]. Okres XVIII i XIX wicku, w ktorym narodzita si¢
wspotczesna medycyna stal si¢ jednoczesnie poczatkiem znaczgcego postepu W dziedzinie
biomateriatow. Zdano sobie sprawe, ze zgodno$¢ biologiczna materiatow odgrywa gtdéwnag role
W wytwarzaniu 1 stosowaniu urzadzen wspomagajacych, np. W zrastaniu kosci
z wprowadzonym do organizmu cialem obcym (implantem) [7,15]. Rozwdj implantologii
zwigzany z naprawg kosci dtugich i stawow, rozpoczat si¢ pod koniec XIX wieku, dzigki W.A.
Lane, ktory w latach 1893-1912 zaprojektowat stalowe $ruby i ptytki umozliwiajace zespolenie
ztaman kosci [16]. Wraz z poczatkiem przemystu tworzyw sztucznych w latach trzydziestych
XX wieku, zaczeto wykorzystywaé polimery w réznych zastosowaniach rekonstrukcyjnych
[16]. Jednak to w trakcie IT Wojny Swiatowej najintensywniej poszukiwano biomateriatow
i projektowano implanty [16,17]. Chirurdzy cze¢sto stawiali na szali zycie pacjenta, byli gotowi
wykona¢ ogromny skok technologiczny i zawodowy, aby uratowaé¢ cztowieka [17]. Waznym
odkryciem z czasow 11 wojny $wiatowej byt fakt, ze piloci samolotow bojowych, ktorzy zostali
zranieni przez fragmenty kabiny samolotu, wykonanej z polimetakrylanu metylu (PMMA), nie

odczuwali negatywnych, przewlektych reakcji na obecno$¢ odlamkéw tworzywa sztucznego
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w organizmie. PMMA stato si¢ po tym czasie powszechnie stosowanym materialem do
wymiany rogowki i zastepowania fragmentow uszkodzonych kosci czaszki [18]. Ten okres jest
okreslany jako era ,chirurga/lekarza bohatera”, a takze jako era pierwszej generacji
biomateriatow [17]. Do tejze grupy biomaterialow naleza materiaty bioinertne, ktore stuza do
zapewnienia wsparcia i utrwalenia uszkodzonej kosci [19,20]. Tlenki Al.Oz i ZrO, sa
najwczesniej wzmiankowanymi bioceramikami tej generacji biomateriatdéw, stosowanymi do
zastgpowania tkanki kostnej [19]. Dalsze postepy w zakresie materiatdéw i rozwoju technik
chirurgicznych w latach 50-tych ubieglego wieku pozwolily na proby zastepowania naczyn
krwionosnych, a w latach 60-tych stalo si¢ mozliwe wszczepienie pierwszych sztucznych
zastawek serca [18]. Niemniej jednak era ,.chirurga/lekarza bohatera” nadal zaktadata raczej
podejmowanie przez lekarzy i chirurgéw prob ,,na wyrywki” niz prowadzenie systematycznych
badan. W latach 80-tych XX wieku podjeto prace nad projektowaniem biomateriatlow do
konkretnych zastosowan [21]. Silikony, teflony, hydrozele, poliuretany, glikol polietylenowy
i hydroksyapatyt to tylko niektore przyktady biomateriatdw, nad ktorymi intensywnie
pracowano w tym czasie [7,19]. Wiele z tych biomaterialow tzw. drugiej generacji
(bioresorbowalnych) charakteryzuje nie tylko zdolnos$¢ do regeneracji tkanek wokot siebie, ale
takze zdolno$¢ do indukowania biologicznych interakcji z otaczajacymi je tkankami
(bioaktywnos$¢) [7,19,22]. Stenty wewngtrznaczyniowe uwalniajace leki, ktoére pomagaja
w kontrolowaniu restenozy po balonowej angioplastyce, to jeden z przyktadow biomateriatlow
drugiej generacji stosowanych w urzadzeniach medycznych [23,24]. Coraz lepsze technologie
laboratoryjne oraz lepsze zrozumienie biokompatybilnosci na poziomie komorkowym
i molekularnym, jakie pojawito sie¢ w XXI wieku, umozliwily opracowanic bardziej
wyrafinowanych biomateriatlow, wykorzystujacych markery powierzchniowe, czynniki
wzrostu i inne zwiazki biologicznie czynne niezb¢dne w inzynierii tkankowej [19,22]. Wraz
z pojawieniem si¢ koncepcji inzynierii tkankowej, powstajg biomaterialy trzeciej generacji,
zaprojektowane specjalnie  wcelu pobudzenia reakcji na poziomie komoérkowym
i molekularnym. Termin inzynieria tkankowa jest szerokim pojeciem, ktore taczy w sobie
jednocze$nie zasady biomedycyny, inzynierii i nauk medycznych [25]. Dla przyktadu, w celu
wykonania implantow trzeciej generacji z bioceramiki, rusztowania z bioceramiki drugiej
generacji sg np. posiewane komodrkami koS$ciozastepczymi i czynnikami wzrostu [26].
Biomaterialy te sa projektowane jako tréjwymiarowe struktury porowate, ktore sa zdolne do
stymulowania regeneracji tkanek, dostarczania sktadnikow odzywczych 1 ewentualnie

inicjowania angiogenezy [27,28]. Zjawiska zachodzace na roéznych poziomach organizacji
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biologicznej, ze szczegdlnym uwzglednieniem poziomu komorkowego i molekularnego
pozwalaja na glgbsze zrozumienie biomateriatow trzeciej generacji, Co prowadzi do
powstawania nowych materiatow stosowanych w inzynierii tkankowej. Czwarta generacja
biomateriatbw wchodzi w spersonalizowang interakcj¢ z procesami komorkowymi
I mikrosrodowiskiem [27,29]. Biomaterialy czwartej generacji, ktore moga monitorowac
zewnatrz— 1 wewnatrzkomorkowe procesy elektryczne, sa wazne dla zrozumienia zaréwno
wewnatrz— jak i miedzykomorkowej sygnalizacji oraz sposobu, w jaki komorki komunikujg si¢
na duzych odlegtosciach [29,30]. Ewolucja biomateriatdéw stosowanych w chirurgii kostnej

zostala schematycznie przedstawiona na Rysunku 1.

\
* Bioinertne
I generacja » Metale 11ch stopy (np. stal nierdzewna, tytan1 jego stopy)
~1960 r..
* Bioaktywne lub Bioresorbowalne
* Ceramika 1 polimery (np. bioszklo, kolagen, HA, PLGA, PLA, BG)

* Biomimetyczne

* Bioaktywne 1 Bioresorbowalne
| + Kompozyty 1 polimery hybrydowe (np. kolagen/HA, BG/PLGA)
* Rusztowania tkankowe (np. kolagen/nanoHA) }

Rysunek 1. Ewolucja biomateriatow dla chirurgii kostnej (opracowanie wilasne na podstawie

pi$miennictwa [19,30,31]).

Biomaterialy moga by¢ naturalne lub syntetyczne. Do podstawowych materiatdw
stosowanych w produkcji implantow nalezg metale i ich stopy, polimery, ceramiki, tworzywa
sztuczne, materialty kompozytowe, a takze materialy bazujace na weglu. Materiaty naturalne sg

czesto podobne, jesli nie identyczne, do materialow, ktore organizm moze rozpoznac
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I przetworzy¢é poprzez szlaki metaboliczne [7,32-34]. Podzial obecnie stosowanych
biomateriatow zostal przedstawiony na Rysunku 2.

Stale.
Tytan i jego stopy.

Materiaty .
. | — Stopy na osnowie kobaltu.
metaliczne .
Tantal. Niob i ich stopy.
Metale szlachetne
Materiaty resorbowalne np. hydroksyapatyt,
Materiaty — Materialy bioaktywne np. bioszkia
ceramiczne ) i P- ’
Pochodzenia Materialy obojetne np. AL,O,, ZrO,
syntetycznego Polimery biostabilne np. polietylen,
Materiaty Cementy chirurgiczne,
polimerowe Zywice silikonowe,
Polimery resorbowalne np. PGA, PLA
Materiaty Kompozyty C-C
: : kompozytowe ’
Biomaterialy im%gf?we Kompozyty Metal-Ceramika
Proteiny — lancuchy aminokwasow
(kolagen, fibryna, jedwab, elastyna)
Pochodzenia Polisacharydy — tanicuchy cukrow
naturalnego (glikozaminoglikany. chityna)

Polinukleotydy - fancuchy nukleotydéw
(DNA, RNA)

Rysunek 2. Schemat blokowy klasyfikacji biomateriatdw (opracowanie wiasne na podstawie

pisSmiennictwa [7,32-34]).

Nowe koncepcje biologii molekularnej i lepsze zrozumienie reakcji ,,gospodarz—gos¢”
powinny wplyngé na poprawe dziatania biomaterialow. Optymalna reakcja ,,gospodarza”
(gojenie, regeneracja) na wszczepiony material (,,go$¢”) jest bardzo wazna dla dziatania
dzisiejszych biomateriatow [7]. Istnieje szereg parametréw, ktore nalezy uwzglednié przy
opracowywaniu biomateriatdw i zwigzanych z nimi produktow medycznych. Wymagania te,
Scisle zaleza od funkcji, jaka majg spetnia¢ w organizmie [35,36]. Obok odpowiednich
wilasciwoséci  fizykochemicznych i mechanicznych (tj. wytrzymalo$¢ zmeczeniowa,
wytrzymato§¢ na rozciaganie, twardos¢, odporno$¢ na Scieranie, sztywnosé, ciagliwosc),
biomateriaty powinny charakteryzowa¢ si¢ wysokim stopniem integracji z natywng tkanka
kostng [35,37—-39]. Ponadto, zaleca si¢ aby wytworzony materiat o wymaganej jakosci byt
tatwy w obrobcee, tani w produkcji oraz ulegat efektywnej sterylizacji [36,37,40]. Niemniej
jednak, to brak toksycznosci i biokompatybilno$¢ gtéwnie decyduja o bezpieczenstwie wyrobu

medycznego i warte sg bardziej szczegdtowej charakterystyki [7].
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1.2. Oddzialywania tkanka kostna — biomateriat
1.2.1. Budowa i sklad chemiczny tkanki kostnej

Schorzenia kosci, stanowigce potowe chordb przewlektych u oséb powyzej pigcdziesigtego
roku zycia, nadal pozostaja waznym wyzwaniem klinicznym [35,41]. Ko$¢ jest dynamiczng
I silnie unaczyniong tkanka laczna, ktora ulega przebudowie przez cate zycie czlowieka.
Odgrywa ona integralng role¢ w poruszaniu si¢, zapewnia szkieletowi odpowiednig nosnos¢
I dziata jako ostona dla delikatnych narzadow wewnetrznych organizmu. Oprocz tych funkcji
strukturalnych, ko$¢ jest $cisle zaangazowana w homeostaze poprzez magazynowanie jonow
wapnia i fosforu oraz poprzez regulacje stezenia kluczowych elektrolitow we krwi [41,42].
Szkielet cztowieka sktada si¢ z ponad 206 roéznych kosci, poczawszy od kosci diugich
znajdujacych si¢ w naszych konczynach, kosci krotkich w nadgarstku 1 kostce, kosci ptaskich
w mostku i czaszce, po kosci nieregularne, takie jak miednica i kregi [42]. Naturalna koS¢ jest
heterogenicznym 1 anizotropowym nanokompozytem, ktorego gtowne sktadniki sg
zorganizowane hierarchicznie na kilku poziomach strukturalnych (Rysunek 3) [43,44]. Ko$¢
jest podzielona na rézne czesci w oparciu o makroskalg (kos¢ trzonowa 1 korowa), mikroskale
(kanaty Haversa, osteony), submikroskale (pojedyncza warstwa blaszek z wildknami
kolagenowymi), nanoskale (fibryle kolagenowe) i subnanoskale (mineraly, czasteczki
kolagenu) [43,44]. To wtasnie, nanostrukturalny poziom organizacji (twarde i elastyczne
wlokna kolagenowe wzmocnione krysztatami hydroksyapatytu) zapewnia naturalnej kosci
odpowiednie wiasciwosci mechaniczne (wytrzymalo$¢ na Sciskanie, wysoka odporno$¢ na

ztamanie) oraz zdolno$¢ do przebudowy [44,45].

Czasteczka
Ko$¢ trzonowa Blaszka kolagenu
kostna ; .
‘Wi6kno Fibryla
kolagenowe kolagenowa
Osteon Kanal
/ Haversa
Kos¢ 2 gy N AN 0 T WRNNN - Krysztaly
korowa (EEEEE 002Gl 00 WM ~— hydroksyapatytu
l AAAAAA t
05um
— — -
10-500 ym 3.7um 1nm
Makroskala Mikroskala Sub-Mikroskala Nanoskala Sub-Nanoskala

Rysunek 3. Hierarchiczna struktura kosci, od makrostruktury (poziom makroskopowy) do skali nano

(poziom molekularny). Opracowanie na postawie piSmiennictwa [43,44].
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W sktad tkanki kostnej (textus osseus) wchodza [45,46]:

e Komorki (5% masy kostnej):
e osteoblasty, czyli komorki kosciotworcze (wielkos¢ ok. 20-30 pm, z okragltym
jadrem 1 dobrze rozwinigtym szorstkim reticulum endoplazmatycznym),
e osteocyty, czyli osteoblasty otoczone zmineralizowang istota miedzykomorkowa
kosci,
e osteoklasty, czyli komoérki kosciogubne (wielkos¢ ok. 100 pum, owalne,
wielojadrzaste komorki),
e Macierz pozakomérkowa (ECM, ang. extracellular matrix), na ktora sktada sie:
e osteoid (20-40% masy kostnej):
e niezmineralizowany sktadnik organiczny w postaci fibryli kolagenowych
ztozonych gtéwnie z czasteczek kolagenu typu I (ok. 300 nm dtugosci
i 1.5 nm $rednicy),
e organiczna substancja bezpostaciowa — gléwnie biatka nickolagenowe
(glikoproteiny, proteoglikany i sialoproteiny)
e zwigzki mineralne (50-70% masy kostnej), z czego potowa wystepuje W postaci
nanokrysztatéw hydroksyapatytu (HA, Ca10(PO4)s(OH)2 — plytki, igietki, listki
0 grubosci 1.5-4 nm) osadzonych wzdtuz fibryli kolagenowych,
e woda (5-10% masy kostnej),
e lipidy (3% masy kostnej).

Powierzchnia zewnetrzna kosci pokryta jest bogato unaczyniong i unerwiong btong widknista
(okostng). Zewnetrzna geometria i wewnetrzna architektura tkanki kostnej jest utozona
W sposOb zwarty (warstwa korowa, stanowigca 80% masy kostnej) lub gabczasty (kosé
0 utkaniu beleczkowym, stanowiaca 20% masy kostnej) reprezentuja makro— i mezoskopowe
poziomy strukturalne [42,45]. Porowato$¢ obj¢tosciowa warstwy korowej wynosi ponizej 10%,
natomiast istoty gabczastej ok. 50-90%. Oba rodzaje kosci podlegaja dynamicznej
przebudowie, dojrzewaniu, roznicowaniu 1 resorpcji, ktoére sa kontrolowane przez
oddzialywania pomi¢dzy komoérkami osteocytow, osteoblastow i osteoklastow. Osteoblasty
i osteocyty pochodza z mezenchymalnych komoérek macierzystych (MSCs), natomiast
osteoklasty z krwiotworczych komorek macierzystych. Dziewigédziesigt procent populacji
komorek kostnych stanowig osteocyty (dojrzale komorki kostne), ktére sa podstawowymi

komodrkami odpowiedzialnymi za tworzenie kosci, mineralizacj¢ 1 regulacje sygnalizacji
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komorkowej. Potozone sg w tzw. jamkach kostnych gdzie poprzez kanaliki kostne i wypustki
komorek, uczestniczag W procesie wymiany substancji odzywczych i metabolitow [47-49].
Kosci zbite sktadaja si¢ z kanatow Haversa i1 osteondw. Osteony, czyli cylindry zawierajgce
osteocyty, sa utozone roéwnolegle do trzonu kostnego. Kazdy osteon sktada si¢ z blaszek
otaczajacych kanat Haversa, zawierajacych naczynia krwiono$ne i uktady widkien jako jego
podjednostki, zawierajace zmineralizowane fibryle kolagenowe zbudowane z przylegajacych
do siebie czasteczek potaczonych wigzaniami krzyzowymi [49]. Podczas fizjologicznego
procesu przebudowy kosci, Osteoblasty sg gtdéwnie odpowiedzialne za tworzenie nowej kosci,
podczas gdy osteoklasty sg odpowiedzialne za resorpcje starej kosci [47—49]. Taki dynamiczny
proces, w ktorym uczestniczg osteoklasty i osteoblasty, nazywany jest remodelingiem kosci
I jest odpowiedzialny za utrzymanie zdrowej kosci. Pomimo iz, kosci majg pewng zdolno$¢ do
gojenia si¢ 1/lub regeneracji, nie mozna jej samodzielnie osiggna¢ w przypadku duzych
ubytkow kostnych. Duze ubytki lub urazy kostne, spowodowane podeszlym wiekiem,
wypadkami komunikacyjnymi, brakiem zrostu ztaman, resekcjg guza nowotworowego kosci
itp. stanowig powazny problem w ortopedii i sg przyczyng duzych szkod dla zdrowia i jako$ci
zycia pacjenta [35,41]. Dlatego tez, w wigkszosci przypadkow, aby przywroci¢é normalne
funkcjonowanie uszkodzonej struktury, konieczna jest interwencja z zewnatrz. Wsrod roznych
opcji leczenia, takich jak autoprzeszczepy (ko$¢ pobrana z ciata tej samej osoby)
i alloprzeszczepy (tkanka kostna od zmartego dawcy), popularnos$¢ zyskuje inzynieria
tkankowa kos$ci, ktora skupia si¢ na metodach syntezy i/lub regeneracji kosci w celu

przywrocenia, utrzymania lub poprawy jej funkcji in vivo [47,48].

1.2.2. Osteointegracja biomaterialow

Naukowe podstawy wspotczesnej implantologii stworzyt Per—Ingvar Branemark, ktory jako
pierwszy odkryt niezwykte wtasciwosci tytanu. W 1952 roku, przeprowadzit on makroskopowa
i mikroskopowa analize¢ szpiku i warstwy korowej krolika, wprowadzajac do kosci udowe;j
mikrosoczewke W obudowie z tytanu. Przy probie usunigcia soczewki, Branemark zauwazyt,
ze warstwa korowa kosci i obudowa mikroskopu sa ze sobg $ciSle zroénigte [50-52].
Mikroskopowo, tkanka kostna wrosta w bardzo cienkie przestrzenie w obudowie tytanowej
[50]. Od 1965 roku nastgpit intensywny rozwdj badan zaréwno przedklinicznych, jak
i klinicznych implantéw jamy ustnej, zudzialem czlowieka. Rozwdj implantow
zakotwiczonych bezposrednio w ko$ci oznaczal przetom w mozliwosciach leczenia osob

z czgsciows lub catkowitg bezzebnoscia [52].
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Termin osteointegracja zostal zdefiniowany przez Branemarka w 1976 roku i odnosi si¢
do bezposredniego potaczenia kosci z implantem (bez udziatu tkanki tacznej), co skutkuje
strukturalng i1 funkcjonalng integracja pomiedzy zywa koscia a powierzchnig implantu
przenoszacego obcigzenia [50]. W oparciu o wyniki tych badan zdefiniowano obecnie
obowigzujace pojecie implantu, jako urzadzenia medycznego wykonywanego z jednego lub
wiecej biomaterialow, ktore moga by¢ umieszczone czesciowo lub catkowicie pod
powierzchnig nabtonka i ktére moga pozostaé przez dtuzszy okres w organizmie [53].

Osteointegracja jest podstawg udanego wszczepienia implantu $rodkostnego. Pierwotne
niepowodzenie wszczepienia implantu z powodu niewystarczajacej osteointegracji
wystepowato U 0k. 1-2% pacjentéw. Jednak pojawienie si¢ implantow stomatologicznych dato
poczatek dwoém nowym chorobom jamy ustnej: periimplant mucositis i periimplantitis.
Periimplant mucositis okresla sig, jako stan zapalny tkanek migkkich, natomiast periimplantitis
jest to wyrazenie okres$lajagce dodatkowo zmiany w obrebie tkanki kostnej wokot implantu.
Wtorne niepowodzenie jest czesto spowodowane przez periimplantitis Kilka lat po udanej
osteointegracji i wystepuje u okoto 5-20% pacjentow [54-56]. U pacjentow z cukrzyca,
osteoporozg, stosujacych bisfosfoniany lub poddawanych radioterapii, osteointegracja nadal
stanowi wyzwanie w terapii implantologicznej. Liczne badania wykazaty, ze wytrzymato$¢
polaczenia miedzy koScig a implantem wzrasta wkrotce po wszczepieniu implantu
(0 — 12 tygodni). Wytrzymato$¢ ta moze by¢ w rzeczywistoSci zwigzana z iloscig kosci
otaczajacej powierzchnie implantu. Innym czynnikiem, ktéry moze mie¢ wplyw na
wytrzymato$¢ potgczenia jest stymulacja biofizyczna i czas przeznaczony na gojenie. Badania
wykazaly, ze wymierny wzrost interakcji miedzy koscig a implantem ma miejsce przez co
najmniej 3 lata [57].

W momencie rozpoczgcia zabiegu chirurgicznego, majacego na celu wszczepienie
implantu, rozpoczyna si¢ roOwniez proces gojenia rany. Szereg uszkodzen tkanek migkkich
i twardych powstajacych podczas mocowania implantu, prowadzi do zainicjowania reakcji
zapalnej organizmu, ktorej celem jest naprawa lub regeneracja uszkodzonej tkanki. Podczas
tego skomplikowanego procesu, interakcja sit mechanicznych i biologicznych wydaje si¢
krytyczna dla osiagniecia udanej osteointegracji implantu. Klinicznie osteointegracja
odpowiada stabilnosci 1 ankylozie implantu w kos$ci. Stabilno$¢ implantu, posredni wskaznik
osteointegracji, jest miarg klinicznej nieruchliwos$ci implantu. Wyr6znia si¢ stabilno$é
pierwotng 1 wtérng. Stabilno$¢ pierwotna (mechaniczna) implantu wynika gltownie

Z mechanicznego jego polaczenia z koScig zbita, bez oddzialywania biologicznego. Przejscie
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od stabilno$ci pierwotnej do stabilno$ci wtdérnej ma miejsce podczas wczesnego gojenia si¢
rany, po czym nastgpuje przebudowa kosci. Pierwsza z nich jest warunkiem uzyskania
stabilnosci wtornej. Druga natomiast dyktuje czas funkcjonalnego obcigzenia [57,58].

W czasie wprowadzania implantu $rodkostnego, puste przestrzenie pomigdzy beleczkami
kostnymi wypelniajg si¢ krwig i powstaje skrzep krwi. Charakteryzuje si¢ on obecnoscia
trombocytow, erytrocytow, neutrofili i monocytow/makrofagow w sieci fibryny, co prowadzi
do powstania prymitywnej tkanki ziarninowej pochodzacej z proliferujacych komorek struktur
naczyniowych i niezréznicowanych mezenchymalnych komoérek macierzystych (MSCs) [59-
61]. Utworzona macierz fibrynowa dziata jako rusztowanie (osteokondukcja) dla migracji
komorek osteogennych i ostatecznego réznicowania (osteoindukcja) tych komoérek w miejscu
gojenia. Oddzialywanie czynnikow chemotaktycznych, ktore wydzielane sg z komorek jako
czynniki bioaktywne wptywa na mobilizacje sasiednich komoérek i ich migracje poprzez
uformowany skrzep na powierzchni¢ implantu [62,63]. W kolejnym etapie nast¢puje inicjacja
tworzenia kosci. Przebudowa kosci (naprzemienne wystepowanie resorpcji kosci i tworzenia
nowej) jest procesem trwajgcym przez cate zycie [58].

Sam proces osteointegracji jest dynamiczny i zlozony. Istnieje wiele czynnikow, ktore
wplywajg na tworzenie i utrzymywanie tkanki kostnej na powierzchni implantu. Topografia ich
powierzchni ma istotny wptyw na zachodzace podczas osteointegracji procesy biologiczne
[63]. Pokrycie powierzchni i sita przyczepnosci skrzepow fibryny do powierzchni implantu
zalezy od wilasciwosci powierzchni implantu. Jedna z hipotez sugeruje, ze zwickszenie
chropowato$ci powierzchni wspiera powstawanie wickszej ilosci skrzepow fibryny na
powierzchni i zwigksza site przyczepu skrzepu. Ma to istotne znaczenie dla kurczenia si¢ rany
— komorki poruszajgc sie po widknach fibryny przyciggaja je, promujac W ten sposob
skuteczniejsze gojenie si¢ rany [64].

Aby sprosta¢ wymaganiom zwigzanym z osteointegracja, materialty implantacyjne powinny
by¢ indywidualnie dopasowane do $cisle okreslonego zastosowania i posiada¢ odpowiednie
wlasciwosci mechaniczne. Elastyczno$§¢ implantu 1 dlugoterminowa integralno$¢ kosci,
zwigzana z jej przebudowa w obszarze okotoimplantowym, s3 ze soba silnie powigzane.
W przypadku materiatow stosowanych do odbudowy zgbdéw, nalezy uzy¢ materiatow, ktore
maja wlasciwosci podobne do szkliwa i zgbiny (Tabela 1). Wowczas, taka rekonstrukcja bedzie
wykazywala wlasciwosci podobne do naturalnego zgba. Czgstym zjawiskiem wynikajacym
Z nieodpowiednich wtasciwosci implantu jest pojawiajacy si¢ efekt ekranowania naprezen.

Wysoka sztywnos¢ implantow ortopedycznych (np. trzpienia endoprotezy stawu biodrowego),
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niezdolno$¢ dopasowania ich wytrzymatosci do warstwy korowej i gabczastej, powoduje ze
kos$¢ nie jest odpowiednio obcigzana, a w konsekwencji, ze wzgledu na zanik struktur kostnych,
dochodzi do stopniowego obluzowania implantu [65-69].

Tabela 1. Wtasciwosci mechaniczne tkanek zeba oraz ludzkiej tkanki kostnej [70-73].

Material Modut Younga Wytrzymalo$¢ na Wytrzymalo$¢ na
(GPa) $ciskanie (MPa) rozcigganie (MPa)
Szkliwo 84.1 384 115
Zgbina 18.6 297 105.5
Miazga 0.002 - -
Warstwa korowa 7-30 100-230 50-150
Istota gabczasta 0.05-0.5 2-12 -

1.2.2. Mezenchymalne komo6rki macierzyste (MSCs)

Komoérki macierzyste (tzw. komorki pnia, ang. stem cells lub stromal cells) stanowig
populacje komorek, ktore sg zdolne do samoodnowy 1 wykazuja zdolnos¢ do réznicowania si¢
w wielu kierunkach [74,75]. Ich glowne funkcje to rozwoj tkanek, homeostaza, a w przypadku
uszkodzenia tkanek — ich reperacja. Komorki macierzyste wystepujg w organizmie czlowicka
W niszach (wyspecjalizowanych regionach zewnatrzkomorkowych) roznych tkanek, takich jak
krew, szpik kostny, p¢powina, miazga zebowa, wiezadto przyzebia, tkanka thuszczowa, migsnie
szkieletowe [76-78]. Wigkszo$¢ tkanek posiada multipotencjalne komorki macierzyste, ktore
moga da¢ poczatek wielu typom komorek pochodzacych z jednego listka zarodkowego
(endo-, mezo- i ektodermy) [79,80].

Jednymi z pierwszych komorek przybywajacych do miejsca implantacji sg komorki uktadu
odpornosciowego — neutrofile i makrofagi, ktore oczyszczaja miejsce rany z ewentualnych
patogenow i tkanki martwiczej. Nastepnie, miejsce implantacji kolonizuja mezenchymalne
komorki macierzyste (MSCs) [64,81]. Komorki te posiadaja ruchliwos¢ i aktywnosé
enzymatyczng pozwalajacg na przemieszczanie si¢ przez geste skrzepy fibryny w drodze do
powierzchni implantu, gdzie beda narazone na dziatanie cytokin zapalnych i czynnikéw
wzrostu, sprzyjajacych gojeniu si¢ ran i regeneracji tkanek [64,82]. MSCs maja potencjat do
roznicowania si¢ w kilka typow komorek, takich jak np. osteocyty, chondrocyty, fibroblasty,
adipocyty i mioblasty, w zaleznos$ci od $rodowiska biologicznego i wlasciwosci powierzchni
implantu. Jednakze los komorek macierzystych wokét implantow kostnych wydaje si¢
ukierunkowany na tworzenie tkanki kostnej, z pewna iloscig tkanki migkkiej powstajacej na

styku kosci 1 implantu. Tak wigc, zanim MSCs dotrg do powierzchni implantu, moga juz
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uruchomi¢ calg ,,maszyneri¢” réznicowania niezbedng do przeksztatcenia si¢ w preosteoblasty
i rozpoczecia tworzenia kosci [64,75].

W inzynierii tkanek pochodzenia mezodermalnego, najlepiej poznanym i najczescie]
wykorzystywanym zrédlem mezenchymalnych komoérek macierzystych byl szpik kostny
(BMSCs). Jednak procedura pobrania MSCs pochodzacych z szpiku kostnego (BM) jest
wysoce inwazyjna, a ilos¢ oraz zdolnos¢ do roéznicowania tych komorek izolowanych z BM
maleje wraz z wiekiem pacjenta. Mezenchymalne komorki macierzyste pochodzace z tkanki
tluszczowej (ADSCs) stanowig wiec cenng alternatywe dla komorek mezenchymalnych szpiku
kostnego [76,83-85]. Tkanka tluszczowa, pochodzgca z mezenchymy, wystepuje w szpiku
kostnym, wokot narzadow wewnetrznych, pod skorg i w klatce piersiowej. U czlowieka jest
jedna z najbardziej obfitych tkanek, metabolicznym rezerwuarem do kumulowania 1 uwalniania
wysokoenergetycznych substratow, a takze posiada wiele wlasciwosci endokrynologicznych,
poniewaz wydziela liczne polipeptydy, hormony, czynniki wzrostu i cytokiny [83,86]. Tkanka
tluszczowa sktada sie glownie z adipocytow oraz heterogennej mieszaniny komorek, ktore
okresla si¢ jako frakcje zrebowo—naczyniowa (SVF). W sktad SVF wchodzg roézne typy
komorek — mezenchymalne komoérki macierzyste, adipocyty, fibroblasty, komorki
hematopoetyczne, leukocyty, komorki $érodblonka. Wedlug najnowszych badan, tkanka
tluszczowa jest jednym z najbogatszych zrddel somatycznych komorek macierzystych
W organizmie ludzkim, dlatego tez stanowi wielka nadzieje na wykorzystanie jej w naprawie
i regeneracji tkanek [83,87]. Wyizolowane z tkanki tluszczowej, mezenchymalne komorki
macierzyste (tj. ADSCs), podobnie jak inne MSCs (np. BMSCs), wykazuja wrzecionowaty lub
gwiazdzisty ksztalt, zdolnos¢ przylegania do plastiku w hodowli in vitro i tworzenia kolonii
podobnych do fibroblastow, duza zdolnos$¢ proliferacyjng oraz zdolnos¢ do réznicowania
osteogenicznego, adipogenicznego i chondrogenicznego [76,77,83]. ADSCs moga by¢ szeroko
wykorzystywane w praktyce inzynierii tkankowej zwlaszcza, jesli biorca jest jednoczesnie
dawca (przeszczep autologiczny), poniewaz sa one zdolne do samoodnowy, do réznicowania
w kierunku wielu linii komorkowych i tatwo je pobra¢ w duzych ilo$ciach (~5000 komorek/ml

thuszczu) przy minimalnych procedurach inwazyjnych [83,88,89].
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1.3. Biomaterialy metaliczne

Metale i ich stopy, to jedne z najstarszych i najszerzej stosowanych materiatdéw w ortopedii,
stomatologii, a takze chirurgii szczgkowo—twarzowej. Ich niewatpliwa zaleta sa optymalne
parametry mechaniczne, pozwalajace na zastosowanie metali przy konstrukcji implantow,
ktorych zadaniem jest wzmocnienie, naprawa lub zastapienie uszkodzonej tkanki kostnej.
Dobierajac odpowiednio strukture i wlasciwosci metalu lub jego stopu mozemy wytwarzaé
implanty krotko— lub dtugoterminowe z uwagi na czas ich funkcjonowania w organizmie
biorcy [7,90-92]. Postep w badaniach materiatdéw ceramicznych i polimerowych powoduje, ze
w wielu przypadkach ich biokompatybilnos¢ i biofunkcjonalno$¢ jest lepsza niz metali [93,94].
Jednak w praktyce szacuje si¢, ze ponad 70% wyrobow implantacyjnych jest wykonanych
z metali oraz ich stopéw i odsetek ten pozostaje niezmienny ze wzgledu na ich wysoka
wytrzymatos$¢ i odpornos¢ na ztamanie [93]. Omawiane wszczepy nie powinny ulega¢ korozji
oraz nie powinny wykazywac toksycznosci w kontakcie z ptynami ustrojowymi. Ztoto, srebro
i platyna oraz ich stopy, to grupa metali szlachetnych, ktorych zastosowanie do konstrukc;ji
implantow siega starozytnosci. Obecnie, znaczniki w postaci czasteczek zlota sg stosowane do
obrazowania stentow, platyna jest uzywana W postaci drutow embolizacyjnych, a stopy ztota
i srebra do uzupetien protetycznych w stomatologii [7,92,95-97]. Z metali nieszlachetnych
i ich stopow najszersze zastosowanie majg austenityczne stale, stopy na bazie kobaltu, jak
réwniez tytan i jego stopy. Podstawowym wymogiem stawianym tego typu biomateriatom jest
wspomniana juz odpornos¢ na korozje w srodowisku ptyndw ustrojowych, brak toksycznosci
uwalnianych jonéw, a takze odpornos¢ na zuzycie, co wigze si¢ z ograniczeniem powstawania
odtamkow $ciernych [7,90-93].

1.3.1. Charakterystyka materialow bazujacych na tytanie i jego stopach

Tytan jest wykorzystywany w wielu gateziach przemystu np. lotniczego, motoryzacyjnego,
kosmicznego, chemicznego, jubilerskiego, ale takze i medycznego. Wyniki badan Branemarka
spowodowatly, ze wymieniony wyzej metal i jego stopy staly si¢ najczesciej stosowanymi
materiatami do konstrukcji implantow dtugoterminowych, ktére znajdujg zastosowanie
w stomatologii, ortopedii, chirurgii szczekowo—twarzowej, kardiologii i chirurgii kregostupa
[98,99].

Tytan jest pierwiastkiem, o liczbie atomowej 22 i masie atomowej rownej 47.90 u. Jest
metalem przejsciowym, 0 srebrzystobiatej barwie, potyskujacym, bezwonnym, odpornym na
korozje i statym w temperaturze pokojowej. Gestoéé tytanu (4.5 g/cm®) w poréwnaniu do

innych metali (np. stal nierdzewna — 7.9 g/cm?, stop Cr—Co—Mo — 8.3 g/cm?®) jest bardzo niska,
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co powoduje, ze zaliczany jest do grupy metali ,,lekkich”. Powyzsza wlasciwos¢ wptywa na
jego wykorzystanie do wytwarzania lekkich konstrukcji, przy jednoczesnym zachowaniu
znacznej wytrzymato$ci mechanicznej oraz twardosci [99-103]. Tytan jest materialem
alotropowym, ktory wystepuje w dwoch odmianach: heksagonalnej zwartej sieci o—Ti
(@ = b =0.295 nm, ¢ = 0.468 nm) stabilnej do temperatury 882°C oraz sieci regularnie
przestrzennie centrowanej f-Ti (@ = b = ¢ = 0.328 nm) — powyzej tej temperatury
[100,104,105]. W stopach tytanu, jako dodatki stopowe stosuje si¢ szereg innych pierwiastkow
(np. glin, mangan, molibden, cyna, wanad, cyrkon), uzyskujac w ten sposob materiaty o lepszej
wytrzymato$ci mechanicznej, odpornosci na pelzanie, reakcji na procesy starzenia si¢ pod
wplywem ciepta i odksztatcalno$ci, w porownaniu do czystego tytanu [106,107]. Stopy tytanu
w oparciu o kryterium strukturalne w stanie réwnowagi klasyfikuje si¢ na jednofazowe
a, jednofazowe £ oraz dwufazowe o+pf. Wystepuja takze stopy pseudo o (struktura ztozona
z fazy a, zawierajaca ponizej 5% pierwiastkow stabilizujacych faze ) oraz pseudo f (struktura
ztozona z metastabilnej fazy pM, o wiasciwosciach podobnych do stopow a+f z duza
zawartoscig fazy f). Wihasciwosci tych materiatow zaleza od sktadu, wzglednych proporcji faz
a 1 3, obrobki termicznej oraz warunkoéw obrobki cieplno—mechanicznej. Faza o charakteryzuje
si¢ duzg wytrzymatos$cig i odpornoscig na pelzanie w temperaturze ok. 600°C, mniejsza
sktonno$cig do pochtaniania gazéw oraz lepsza odpornoscig na petzanie anizeli stopy f. Proces
obrobki stopoéw typu a odbywa si¢ na zimno. Faza f wykazuje wytrzymatos¢ bez obrobki
cieplnej, bardzo dobra plastyczno$¢ oraz doskonata odpornos¢ na korozje. Niemniej jednak,
stopy te bardzo fatwo pochtaniajg tlen w wysokich temperaturach i stajg si¢ kruche. Stosowane
sg dos¢ rzadko. Stopy dwufazowe o+f wykazuja wyzsza wytrzymalo$¢ na rozcigganie,
odporno$¢ na ztamania izuzycie od stopow jednofazowych, charakteryzuja si¢ dobra
spawalnoscig i w poréwnaniu do stopéw a, formowane sg gtdéwnie na gorgco, CO czyni je
idealnymi dla implantéw stomatologicznych oraz ortopedycznych [104,106-109]. Temperatura
przemiany fazy a w S czystego tytanu wzrasta lub maleje w zaleznosci od rodzaju pierwiastkow
stopowych. Dodatki stopowe takie jak: Al, O, N, C, maja tendencj¢ do stabilizowania fazy
a | nazywane sg a—Stabilizatorami, a ich dodatek zwigksza temperature przemiany £. Natomiast
dodatek p—stabilizatorow takich jak: V, Mo, Nb, Ta, Fe, Cr, Fe, W, Si, Co, Mn, H obniza
temperatur¢ przemiany f. Niektore z pierwiastkow, ktore nie maja wyraznego wptywu na
stabilno$¢ zadnej z faz, ale tworza z tytanem roztwory stale, okreslane s jako pierwiastki

neutralne (np. Zr i Sn, Th, Hf) [106-108].
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Tytan i jego stopy znajduja szerokie zastosowanie w medycynie [100,104,110-113]. Tytan
wykazuje doskonalg odpornos¢ na reakcje chemiczne w srodowisku biologicznym organizmu
ludzkiego. Bioinertno$¢ tytanu wynika z jego zdolnosci do naturalnego tworzenia na swojej
powierzchni ochronnej warstwy tlenkowej (TiOx, tzw. warstwy pasywnej) dzigki czemu jego
odporno$¢ na korozje jest lepsza niz stali nierdzewnej i stopoéw Co—Cr [90,100,110]. Ditlenek
tytanu jest gléwnym sktadnikiem warstwy pasywnej, w ktorej sktad wchodza takze tlenki, na
nizszych stopniach utlenienia (Ti2O3 oraz TiO). Ten amorficzny film ochronny jest
nieprzepuszczalny chemicznie, wysoce przylegajacy, nierozpuszczalny i zapobiega reakcjom
chemicznym pomigdzy tkankg ludzka a tytanem w srodowisku ptynéw ustrojowych cztowieka.
Niemniej jednak, grubo$¢ tworzacej si¢ na powierzchni pasywnej warstwy tlenkowej jest zbyt
niska (~ 1-8 nm), aby wykazywac wtasciwosci bioaktywne [107,107,114-117]. Kolejna zaletg
tytanu, jest brak podatnosci na namagnesowanie. Wynikajace z tego korzysci dla pacjentow
z wprowadzonym do ciata tytanowym implantem, obejmuja zmniejszenie komplikacji podczas
poddawania si¢ tomografii komputerowej lub promieniowaniu rentgenowskiemu, unikanie
namagnesowania tytanowej wkiadki lub protezy w poblizu zrodia elektromagnetycznego
(takiego jak wiekszos¢ nowoczesnej elektroniki), a takze nie uruchamiaja wykrywaczy metalu
na lotniskach [118,119]. Implanty dentystyczne sa zwykle wykonywane z komercyjnie
czystego tytanu (cpTi) o roznym stopniu czystosci (stopniowanym od 1 do 4 w zaleznosci od
tytanu i zanieczyszczen). CpTi (klasy 4), jak i dwufazowy stop Ti6AI4V (zazwyczaj klasy 5,
wg normy ISO5832/3 o zawartosci 5.5% mas. glinu i 3.5% mas. wanadu) sa najczgsciej
wykorzystywane w stomatologii. Aparaty ortodontyczne wykonane ze stopow tytanu sg lzejsze,
mocniejsze i charakteryzuja  si¢  lepsza  biokompatybilno$cia  niz  stal
[90,93,100,104,112,120,121]. Tytan ijego stopy sg szeroko stosowane mig¢dzy innymi
w artroplastyce i wymianie kosci, implantach czaszkowo—twarzowych, szczekowych
i stomatologicznych, narzedziach chirurgicznych, wyrobach medycznych lub protezach
zewnetrznych i wewnetrznych (Rysunek 4) [118].

Stop Ti6AI4V (w szczegolnoscei klasy 5) w porownaniu z cpTi wykazuje doskonalg granice
plastycznosci 1 wlasciwosci zmeczeniowe, jak rowniez wysoka odporno$¢ na korozj¢ 1 nizszy
modut sprezystosci. Dodatek aluminium zwigksza twardos¢ Ti o 32%, wplywa takze na
umacnianie fazy o stopow tytanowych, zardowno w temperaturze pokojowej, jak
I W podwyzszonej, zmniejsza gesto$¢ stopow oraz ulepsza ich obrabialnos¢. Obecno$¢ wanadu

wplywa na uzyskanie fazy f (podatno$¢ na odksztalcenia) [9,122].
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wklady, korony, mostek, klamra,
podstawy protez

cpTi, Ti6AI7Nb

drut ortodontyczny

TiNb, TiMo

staw lokciowy
Ti6A14V, Ti6AI7ND,
Til5Mo5Zr3Al,
Ti6AI2Nb1Ta0.8Mo

implanty dentystyczne
cpTi, Ti6A14V, Ti6AI7Nb

staw barkowy
Ti6Al4V, Ti6Al7ND,
Til5Mo5Zr3Al,
Ti6AI2Nb1Ta0.8Mo

rozporka migdzykolcowa
kregostupa

Ti6Al4V, Ti6AI7Nb

staw biodrowy i kos¢ udowa
Ti6Al4V, Ti6AI7NbD,
Ti15Mo5Zr3Al,
Ti6AI12Nb1Ta0.8Mo

staw kolanowy
Ti6Al4V, Ti6Al7Nb,
Ti6AI2Nb1Ta0.8Mo

Rysunek 4. Najczesciej stosowane stopy tytanu do produkcji wyrobéw medycznych przeznaczonych

do ciata ludzkiego. Opracowanie na postawie piSmiennictwa [118].

Pomimo, ze stop Ti6Al4V jest szeroko stosowany, jako biomateriat do produkcji
implantow, ostatnie badania wykazaty, ze stop ten moze uwalnia¢ w organizmie jony glinu
i wanadu [100,105,110]. Uwalniane jony wanadu mogg wykazywa¢ wysoka cytotoksycznos¢,
natomiast jony glinu mogg przyczynia¢ si¢ do powstawania zaburzen neurologicznych
[90,93,100,105]. Poniewaz implanty tytanowe, zazwyczaj umieszczane sa W ciele na dtugi
okres, problem ten nie powinien by¢ lekcewazony. Dlatego tez, pozadane jest ciggle
poszukiwanie nowych stopéw na bazie tytanu, o jak najlepszych wlasciwosciach
mechanicznych korozyjnych oraz biointegracyjnych. Niemniej jednak, obecnie i w najblizsze;j
przysztosci stop Ti6AI4V bedzie nadal wykorzystywany, co wynika z faktu, Ze jest on najlepiej
przebadany klinicznie oraz tanszy od pozostatych stopoéw tytanowych [100]. Wigkszos¢ stopow
tytanu jest projektowana przy zatozeniu ich niskiej sztywnosci jako podstawowej wlasciwosci
dla zastosowan przy konstrukcji implantow i protez. Biorac za przyktad tkanke kostng zbita,
wazne jest, aby modut Younga biomateriatu byt jak najbardziej zblizony do modutu Younga
warstwy korowej (7-30 GPa) [120,123]. Ma to istotne znaczenie, poniewaz W przypadku
wyzszych wartosci tego parametru, moze nastapic¢ resorpcja kosci i dojs¢ do ewentualnego
niepowodzenia zabiegu implantacji. Niedopasowanie zachowania sprezystego pomigdzy

implantem a sasiadujaca koscig jest okreslane jako efekt ekranowania. Modul Younga
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w przypadku stopu Ti6Al4V (110-210 GPa) jest zazwyczaj nizszy niz w przypadku stopow na
bazie kobaltu (240 GPa), i stali nierdzewnej (210 GPa), ale nadal znacznie wyzszy niz
w przypadku warstwy korowej [100,105,120,122-124]. Chociaz sztywnos$¢ tytanu i jego
stopow jest ponad dwukrotnie wigksza niz kos$ci, to materiat ten jest szeroko wykorzystywany
w medycynie, pomimo, ze jego stosowanie moze prowadzi¢ do pogorszenia stanu
sgsiedniej/sgsiednich kosci ze wzgledu na ich mniejsze obcigzenie [100]. Zaletg tytanu i jego
stopow jest ich odpornos¢ na korozjg, co czyni je biologicznie oboj¢tnymi, natomiast wada jest
brak trwatych potaczen z ludzkimi komoérkami kostnymi lub tworzenie bardzo stabych tego
typu potaczen [111,112]. Wprowadzanie nowych technologii do produkcji implantow
tytanowych, szczegolnie nanotechnologii, stwarza mozliwosci rozwigzania wielu powyzszych
probleméw. Istotng role pelni obrobka powierzchni implantu, ktorej celem jest

zintensyfikowanie procesow osteointegracji [9,111,112].

1.4. Modyfikacje powierzchni implantéw tytanowych i stopéw tytanu

Tytutlowe procesy sg prowadzone celem uzyskania efektu przyspieszenia osteointegracji
implantu z koscig, a takze poprawy jego wiasciwosci tribologicznych oraz mechanicznych
[57,90,110]. Dotychczasowe doniesienia wskazujg, ze takie czynniki jak: chropowatos¢
powierzchni, tadunek powierzchniowy, energia powierzchniowa i1 sktad chemiczny, maja
istotne znaczenie dla procesow osteointegracji [57,125-128]. W implantach stomatologicznych
czy ortopedycznych nanotopografia ma wplyw na oddzialywania komorka—implant na
poziomie komérkowym 1 biatkowym, co pozwala na lepsza i szybsza osteointegracje, np.
poprzez oddziatywanie na rdéznicowanie mezenchymalnych komorek macierzystych
I osteoblastow [125,126]. Gtadkie powierzchnie sprzyjajg higienie jamy ustnej i poprawiaja
adhezje fibroblastow. Natomiast chropowate powierzchnie wptywaja na bardziej efektywna
kolonizacje i proliferacje komorek osteoblastow. Wtasciwosci powierzchni w skali makro
zapewniaja mechaniczng blokade 1 pierwotng stabilno§¢ implantow wewnatrz kosci.
Powierzchniowe mikro— i nano— struktury wptywaja na zachowanie komoérek, promujac wtorng
lub biologiczng stabilnos¢ [129-132]. Obecnie uwaza sig, ze modyfikacje powierzchni w skali
mikro wywieraja jedynie posredni wptyw na aktywnos$¢ komorkowa, przez co ich dziatanie
oraz sukces implantacyjny jest ograniczony. Dlatego tez istnieje zapotrzebowanie na takie
cechy powierzchniowe implantu, ktore bedg wywiera¢ bardziej bezposredni i szybszy sposéb
oddzialywania z komérkami kostnymi. Zwazywszy na wlasciwosci geometryczne kolagenu,
jak i hydroksyapatytu, komoérki kostne powinny chetniej i szybciej reagowa¢ na zmiany

otoczenia zachodzace w skali nanometrycznej. Dlatego tez modyfikacja powierzchni
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tytanowych implantow do skali nano, wydaje si¢ by¢ obiecujacym sposobem na osiggnigcie
silniejszej i szybszej osteointegracji implantow, a takze promowania krotszego czasu gojenia
[52,129,133].

Nalezy zauwazy¢, ze produkcja implantéw medycznych odbywa si¢ zazwyczaj na duza
skale, dlatego tez istotny jest dobor odpowiedniej metody wytwarzania implantow oraz
zwigzanego z tym sposobu modyfikacji powierzchni. Wielkoskalowy proces wytwarzania
biomateriatow, powinien uwzgledniaé: (a) mozliwos¢ jednoczesnego dotarcia do wszystkich
powierzchni w urzadzeniach o ztozonej geometrii (np. trzony udowe, Sruby dentystyczne
i stenty sercowo—naczyniowe), (b) mozliwos¢ modyfikacji w nanoskali komercyjnie
dostepnych biokompatybilnych metali 1 implantow, oraz (c) prosta integracje¢ z linig
przemystowg [133].

Stosowane obecnie techniki modyfikacji powierzchni tytanu i jego stopow mozna podzieli¢
na trzy grupy: mechaniczne, fizyczne oraz chemiczne.

Modyfikacja mechaniczna obejmuje przede wszystkim podstawowe metody obrobki, takie
jak szlifowanie, polerowanie, piaskowanie i wyzarzanie prozniowe. Metody te sg stosowane
w celu nadania powierzchni biomateriatu odpowiedniej gtadkosci lub szorstkosci, a tym samym
modyfikacji jego wlasciwosci, w tym biologicznej adhezji, hydrofilowosci powierzchni,
powinowactwa do tkanki kostnej, elektrycznej energii potencjalnej 1 napigcia
powierzchniowego. Modyfikacja mechaniczna moze by¢ roéwniez stosowana do usuwania
zanieczyszczen powierzchniowych 1 zwigkszania sity wigzania podioza w celu pozniejszej
obrobki [108,110,112,134].

Modyfikacje fizyczne sg zwykle stosowane w celu zwigkszenia biokompatybilnosci,
odporno$ci na zuzycie i korozje. Metody modyfikacji fizycznej obejmujg technologie
natryskiwania plazmowego (PST), fizyczne osadzanie z fazy gazowej (PVD), plazmowa
immersyjng implantacj¢ jonowa (PIIl) oraz spawanie laserowe. W metodach fizycznych
powierzchnia jest wystawiona na dziatanie wysokoenergetycznych tadunkow lub innych
czynnikow fizycznych jak ptomien, plazma itp. Powstajaca na powierzchni zmodyfikowana
warstwa jest produktem dziatania energii cieplnej, kinetycznej lub elektrycznej [90,108].

Metody modyfikacji chemicznej polegaja na stosowaniu procesow chemicznych, ktore
w przypadku podtoza tytanowego zachodza na styku powierzchni metalu i zastosowanego
medium (roztworu lub fazy gazowej). Reakcjom tym czesto towarzysza efekty luminescenciji,
nagrzewanie, reakcja redoks itp. Metody modyfikacji chemicznej, w tym piaskowanie

I trawienie kwasem, utlenianie termiczne, obrébka hydrotermiczna, utlenianie
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anodowe i utlenianie mikrotukowe sa Szeroko stosowane do przygotowania powierzchni
o0 specjalnej strukturze mikro— i nano—topograficznej i/lub ztozonym sktadzie. Chemiczne
zabiegi modyfikujace sa stosowane w celu wytworzenia bioaktywnej powierzchni
i przewodnictwa kostnego [108,110,133,134].

Z uwagi na to, ze w swoich badaniach skupitam si¢ na modyfikacji powierzchni podiozy ze
stopu Ti6Al4V metodami chemicznymi: (a) anodowego utleniania, (b) bezposredniego
utleniania powierzchni podtoza nadtlenkiem wodoru, oraz (c) alkalicznego trawienia,

W niniejszej czgsci skupie si¢ na doktadniejszym oméwieniu tych technik.

1.4.1. Elektrochemiczne utlenianie (proces anodowania)

Techniki modyfikacji elektrochemicznej sa szczegoélnie interesujgce, ze wzgledu na swojg
prostote, niski koszt (aparatura 1 uzyte odczynniki) oraz mozliwo$¢ kontrolowania cech
powierzchni w nanoskali [6,109,115,124,133,135]. W procesie anodowania, powierzchnia
metalowego elementu (np. tytanowego) stanowigca anodg, jest utleniana w odpowiednim
elektrolicie, podczas gdy obojetny material (np. grafit, platyna), jest uzywany jako katoda
ogniwa elektrochemicznego (Rysunek 5). Poprzez przylozenie okreSlonego potencjatu
elektrycznego, na anodzie, zachodzi reakcja utleniania (Rownanie 1). Generowane sg jony Ti*,
ktore nastepnie pod wpltywem przylozonego napiecia migrujg w kierunku elektrolitu, podczas
gdy obecne w elektrolicie jony O?" migruja w kierunku powierzchni tytanu. Podczas migracji
ujemnie natadowanych jonéw O? wkierunku anody, natrafiaja one na uwalniane
z powierzchni jony Ti**, tworzac zwarta warstwe tlenku tytanu (Réwnanie 2). Anodowemu
utlenianiu towarzyszy wydzielanie wodoru na katodzie (Rownanie 3). To wilasnie reakcje
elektrochemiczne (utlenianie i redukcja), w potaczeniu z dyfuzjg jonow napedzang przez pole

elektryczne, generujg warstwe tlenku na powierzchni anody [109,136-138] .
Ti — Ti* + 4e (1)
Ti* +2H,0 - TiO, +4H"  (2)
4H* + 4e” — 2H,' ©)

Ze wzgledu na wyzsza rezystancje elektryczna od podloza tytanowego, przytozone napigcie
bedzie si¢ zmniejsza¢ na warstwie tlenku tworzacej si¢ na powierzchni. Podczas anodowania,
warstwa tlenkowa bedzie wzrastata tak dlugo, jak dlugo pole elektryczne bedzie wystarczajaco
duze, aby stymulowaé¢ przewodnictwo jonowe poprzez warstwe tlenku. Tworzenie si¢
samoistnych nanostruktur jest zwigzane z obecnoscig jonow fluorkowych (F~) dodanych do

elektrolitu. Dodatek tych jonow do roztworu wpltywa na proces tworzenia si¢ warstwy
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porowatej w wyniku dziatania dwoch konkurencyjnych procesow chemicznych,
tj. elektrochemicznego wzrostu warstwy tlenkowej oraz jej chemicznego roztwarzania. Jony
fluorkowe maja zdolno$¢ do chemicznej reakcji z warstwa tlenku tytanu, tworzac
rozpuszczalne w wodzie kompleksy [TiFs]> (Rysunek 5), zgodnie z réwnaniem reakcji (4)
[109,136,138-140]:

TiOz+ 6F + 6H*— [TiFs]* +2H.0 4)

Ponadto, jony F~ mogg migrowa¢ w glab wytwarzanej warstwy tlenkowej, podobnie jak jony
0% i powodowaé jej miejscowe roztwarzanie. Jednoczesnie, jony te hamuja osadzanie sic
wodorotlenkow tytanu na warstwie TiO2 poprzez kompleksowanie migrujacych ku jej

powierzchni jonoéw Ti** (Réwnanie 5).
Ti** + 6F — [TiF> (5

W miare wzrostu nanorurek, po osiggnieciu krytycznej grubosci warstwy, gestos¢ pradu
w ogniwie elektrochemicznym stabilizuje si¢, jest to wynikiem zréwnania si¢ szybkosci
utleniania tytanu z szybkos$cig rozpuszczania warstwy ditlenku tytanu. W tym momencie
warstwa tlenkowa zyskuje juz swojg maksymalng grubo$¢ [136,140,141]. Nalezy zauwazy¢, ze
w przypadku braku dodatku jonéw fluorkowych do roztworu elektrolitu, otrzymuje si¢ jednolitg
i zwartg warstwe tlenkowg o stabych wlasciwos$ci osteointegracyjnych [136,142].

Zmiana parametrow procesu, takich jak przylozony potencjat, czas anodowania, skiad
elektrolitu i temperatura, ma wptyw na wilasciwosci wytworzonych tlenkéw metali, a tym
samym na uzyskane wyniki modyfikacji powierzchni (Rysunek 5), w tym chropowato$¢,
topografie, zwilzalno$¢, odporno$¢ na korozj¢ i inne wlasciwosci metalowego podtoza. Rodzaj
i sktad elektrolit, ma istotny wplyw na powstajacg generacje¢ nanorurek TiO2 [124,135,143—
145]. Kazda wigksza zmiana w stosowanym elektrolicie jest okreslana jako generacja i dlatego
istnieje okoto szesciu generacji uktadow nanorurek TiO2[146]. Nanorurki pierwszej generacji
wytwarzane sg przy wykorzystaniu nieorganicznych, wodnych roztworow elektrolitow
(gtéwnie roztworow kwasu fluorowodorowego lub jego mieszaniny z innymi kwasami). Do
syntezy nanorurek drugiej generacji stosuje si¢ roztwory buforowane, zawierajace np. NaF lub
NH4F, zamiast HF. Podstawg wyboru sktadu elektrolitow trzeciej generacji sa polarne zwiazki
organiczne, takie jak formamid, glikol etylenowy, etanol, gliceryna, dimetylosulfotlenek
z dodatkiem jonow fluoru (np. NaF, KF lub NH4F). Do produkcji nanorurek czwartej generacji
nanorurek stosuje si¢ elektrolity niezawierajace jonow fluorkowych, sa to gtownie roztwory

HCI i NH4Cl, HCIO4. Sktad piatej generacji nanorurek zblizony jest do trzeciej grupy, ale
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zawiera dodatkowo czynnik kompleksujacy (gtdownie Na[HEDTA]). Ostatnig, szostg
generacjg okresla si¢ nanorurki powstale w potencjostatycznym procesie tzw. szybkiego
anodowania z rozpadem (RBA, ang. rapid breakdown anodization). W technice tej
otrzymujemy nanorurki TiO2 w postaci proszku, a sktad wodnych elektrolitow oparty jest
gtéwnie na jonach chlorkowych (NaCl/NaHPO4 i HCIO4) [146-149].

W swoich badaniach nad modyfikacja powierzchni implantu ze stopu Ti6Al4V, dazytam
do otrzymania nanorurek ditlenku tytanu I generacji. Wybor ten podyktowany jest mozliwoscia

bardzo doktadnej kontroli ich morfologii, jak i struktury.

Uporzadkowana
nanorurkowa warstwa TiO,

(I
|

Uporzadkowana
porowata warstwa TiO,

Elektrolit

,,,,,,,,,

Nieuporzadkowana
porowata warstwa TiO,

+ .
Zasilacz
laboratoryjny 2

Anoda (Ti6AI V) mmmmp ZWarta warstwa TiO,
Katoda (drut platynowy)
[ oL patynom Ti6AI4V
2698 Roztwor elektrolitu

Ti6Al4V

Rysunek 5. Schemat wzrostu nanostrukturalnej warstwy tlenkowej na stopie Ti6Al4V podczas procesu

anodowego utleniania. Opracowanie na podstawie pismiennictwa [10,109,136,137].

1.4.2. Chemiczne utlenianie nadtlenkiem wodoru
Chemiczne utlenianie powierzchni tytanowych to technika, ktora jest stosowana w celu
usunigcia zanieczyszczen powierzchni i zwigkszenia wiasciwosci biomechanicznych. Ten
rodzaj obrobki powierzchniowej zwraca uwage ze wzgledu na: (a) prostote, (b) ekonomicznose,
(c) mozliwos¢ zastosowania do implantow o skomplikowanych ksztattach oraz (d) zdolnos¢ do
modyfikacji wszystkich zewnetrznych i wewnetrznych poréw implantow 0 powierzchniach
chropowatych. Chemiczna obrobka tytanu i jego stopu opiera si¢ gldwnie na reakcjach

chemicznych zachodzacych na granicy metal — roztwor. Wodorotlenek sodu oraz nadtlenek
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wodoru sg czynnikami najcze$ciej stosowanymi podczas utleniania powierzchni implantow
stomatologicznych [117,150-153].

Zastosowanie nadtlenku wodoru jako utleniacza nie powoduje zadnych zewnetrznych
zanieczyszczen w ukladzie reakcyjnym. W wyniku reakcji pomigdzy implantem tytanowym
a roztworem H;O., mozna spodziewac si¢ wytworzenia na powierzchni Stopu warstwy zelu
tytanowego, ktorego grubos$¢ zalezy od czasu obrobki. Stosujac dluzsze czasy procesow
utleniania uzyskujemy grubsza warstwe zelu o mniejszej chropowatosci. Zastosowanie
wyzszych temperatur prowadzi do zageszczania zelu i zmiany jego formy z amorficznej na
krystaliczna, tj. anatazu (powyzej 300°C) lub rutylu (powyzej 700°C) [151,154]. Pan i wsp.
zaobserwowali, ze powstajgca warstwa tlenkowa moze wykazywaé¢ dwuwarstwowa strukture
sktadajacg si¢ z cienkiego (< 5 nm) 1 gestego tlenku wewnetrznego oraz zewnetrznej warstwy
porowatej [155]. Biswas i wsp. wykazali tworzenie si¢ na powierzchni cigglej warstwy
tlenkowej, sktadajacej si¢ z Ti2O3 i TiO (anataz). Wraz ze wzrostem stezenia roztworu H20»
(0.04 M — 0.08 M) obserwowali wzrost udziatu fazy objetosciowej anatazu [156]. Analiza
danych literaturowych wskazuje, ze wigkszos¢ dotychczasowych prac dotyczy badan dziatania
roztworu nadtlenku wodoru na podtoza tytanowe, natomiast brak jest doktadnej analizy

bioaktywnosci otrzymanych warstw [154,157-159].

1.4.3. Chemiczne utlenianie alkalicznym roztworem

Kolejng prostg i skuteczng technikg modyfikacji powierzchni tytanowej jest zastosowanie
jej alkalicznej obrobki [160]. Uwaza sie, ze tytan i jego stopy poddane trawieniu w alkalicznym
roztworze, s3 zdolne do tworzenia na swoich powierzchniach warstwy apatytowej podobnej do
kosci. Fakt ten powinien prowadzi¢ do utworzenia powierzchni bioaktywnych
i biokompatybilnych [161]. Podczas obrobki sodowo-alkalicznej, powierzchniowa warstwa
pasywna TiO2 cz¢$ciowo ulega rozpuszczaniu w roztworze alkalicznym, na skutek korozyjnego
wptywu grupy hydroksylowej (Rownanie 6).

TiO2 + OH  — HTIiO3~ (6)

Zaktada sie, ze reakcja ta przebiega jednoczesnie z procesami hydratacji metalu Ti (Rownanie
7-9):

Ti +30H — Ti(OH)s" + 4e” (7
Ti(OH)s" + e — TiO2-H0 + V2 Hy' (8)
Ti(OH)3* + OH™ > Ti(OH)4 (9)
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W wyniku dalszego dziatania grup hydroksylowych na uwodniony TiO», na powierzchniach
podlozy powstaja ujemnie natadowane hydraty (Rownanie 10), ktore nastepnie tacza si¢

z dodatnio natadowanymi jonami sodu, obecnymi w roztworze wodnym.
TiO2:nH20 + OH™ < HTiO3 -nH.0 (10)

Zwigkszajac stezenie roztworu NaOH, czas obrobki lub temperature obrobki, wiecej jonéw Na*
zostaje wlaczonych do powierzchni metalu a szybko$¢ tych reakcji wzrasta. W rezultacie
zwigksza si¢ takze grubo$¢ powstatej hydrozelowej warstwy tytanianu sodu. Dalsza obrobka
cieplna prowadzi do odwodnienia i zaggszczenia warstwy hydrozelu, co skutkuje tworzeniem
si¢ stabilnej, amorficznej lub krystalicznej warstwy tytanianu. Analiza danych literaturowych
wskazuje na niewielkg ilos¢ doniesien zwigzanych z badaniem oddziatywan tak

zmodyfikowanych powierzchni implantow tytanowych z komoérkami kostnymi [155,162—165].

1.5. Wytwarzanie powlok hydroksyapatytowych

Jednym ze sposobow zwiekszenia aktywnosci biologicznej materiatu implantacyjnego jest
wzbogacenie jego powierzchni o zwigzki fosforanéw wapnia (CaP). Modyfikacja ta powinna
prowadzi¢ do wytworzenia biochemicznego potgczenia pomiedzy implantem a tkankg kostna,
Co powinno wplyng¢ na przyspieszenie procesow osteointegracji [166-168]. Sposrod
kilkunastu réznych faz CaP, syntetyczny hydroksyapatyt (HA, Ca10(PO4)sOH>), ze wzglgdu na
duze podobienstwo strukturalne i chemiczne do naturalnej kosci (HA biologicznego o stosunku
molowym wapnia/fosforu Ca/P = 1.67), jest jednym z wiodgcych biomaterialow stosowanych
w ortopedii i stomatologii do naprawy lub zastgpowania twardych tkanek, jak i do
wspomagania transportu lekow  [6,113,169-171]. Pomimo stabych parametrow
wytrzymato$ciowych, wysoka biozgodnos¢ zaréwno w stosunku do tkanek twardych, jak
i miekkich, osteokondukcyjno$¢é oraz osteoindukcyjnos¢ implantow hydroksyapatytowych
pozwala na ich stosowanie do substytucji kosci w miejscach niezbyt obcigzonych mechanicznie
[166,170-172]. HA wykazuje zdolnos¢ adsorpcji duzych ilosci fibronektyny i witronektyny, co
wplywa na zwiekszenie przyczepnosci, wzrostu jak i proliferacji osteoblastow [170,173].
Sposérod faz CaP, zwarty, krystaliczny HA cechuje najwolniejsze tempo biodegradacji
w warunkach in vivo. HA w formie porowatej, jak rowniez o nizszym stopniu krystalicznosci
ulega szybszemu rozpuszczaniu si¢ w ptynach tkankowych, dochodzi woéwczas do wymiany

jondéw migdzy materiatem a tkankg [174,175].

32



Syntetyczny hydroksyapatyt, jak rowniez mineralogiczny i biologiczny krystalizuja
w uktadzie heksagonalnym o symetrii opisanej grupa przestrzenng P63/m z parametrami
sieciowymia=b=9.432 A, ¢ =6.881 A, y = 120° [166,170,176,177].

Historia zastosowania hydroksyapatytu w medycynie regeneracyjnej sigga lat
pigédziesigtych XX wieku, kiedy zaczeto stosowa¢ wypelniacze bioceramiczne do naprawy
ubytkéw kostnych. Kolejnym krokiem w rozwoju materialdow kosciozastepczych bylo
wprowadzenie rusztowan do inzynierii tkankowej, ktore umozliwiaty wbudowanie i aktywacje
komorek w ich obrebie. Czego niestety, ze wzgledu na stabg odporno$¢ na pgkanie, nie byty
W stanie osiggna¢ same bioceramiki (w tym hydroksyapatyt) [178,179]. Niemniej jednak,
implanty tytanowe, jak i wykonane ze stopow tytanu majg ponad 10-krotnie wyzszy modut
sprezystosci od istoty zbitej w kosciach dhugich cztowieka. Woéwczas, calo$¢ obcigzen
przyjmuje implant i w nastepstwie kos¢ jest niedocigzona, co sprzyja jej resorpcji po dtuzszym
okresie uzytkowania [180]. W tym kontekScie uzasadnionym jest pokrycie implantow
metalicznych powloka HA, co powinno zapewni¢ lepsze ich umocowanie wewnatrz
organizmu, zwigkszy¢ biozgodnos¢, jak rowniez znacznie wydtuzy¢ czas ich uzytkowania.
Naniesiona, na powierzchni¢ implantow z tytanu i jego stopdéw, bioaktywna powtoka
hydroksyapatytowa powinna wptywa¢ na poprawe ich odporno$ci na Scieranie, a takze petnié
funkcj¢ dodatkowej bariery zmniejszajacej ilos¢ uwalnianych jonow metali z materiatu podtoza
[175,180-182]. Podobienstwo hydroksyapatytu do nieorganicznego skladnika macierzy
kostnej przyczynito si¢ do opracowania wielu metod wytwarzania syntetycznych warstw HA

na metalicznych podtozach, ktére zestawiono w Tabeli 2.

Tabela 2. Porownanie r6znych metod osadzania powtok hydroksyapatytowych [177,183,184].

Grubosé

Technika Zalet Wad
(um) Y Y
Napvlanie ionowe 053 Jednolita grubos¢, Czasochtonna,
Py ) ' gesta powtoka. powtloki amorficzne.
Wysoka temperatura,
Natryskiwanie Wysoka wydajno$¢ osadzania, szybkie chlodzenie powoduje
) 30-200 L . . .
termiczne niski koszt wytwarzania. powstanie powloki
amorficznej.
Osadzanie powtok -1 Jednolita grubos¢, Czasochtonna,
wiazka elektronéw gesta powtoka. powtoki amorficzne.
Powlekanie Niski koszt wytwarzania, Wysogl?etlf;rrl]?aeratury
50-500 mozliwo$¢ pokrywania ztozonych P '

zanurzeniowe niedopasowanie

podiozy. rozszerzalnosci cieplne;.
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Elektroforetyczne
osadzanie

Prasowanie
izostatyczne na
goraco

Pokrycie
biomimetyczne

Osadzanie laserem
pulsacyjnym

Zol — zel

Osadzanie
wspomagane wigzkg
jonow

Spiekanie
impulsowo—
plazmowe

Natryskiwanie
plazmowe zawiesiny
badz cieczy

Rozpylanie
magnetronowe RF

Elektrochemiczne
osadzanie

0.1-2.0

0.2-2.0

<30

~ 0.05-10

<1

~0.03+4

~ 30-300

~5-50

~ 0.04-
35

<95

Jednolita grubos¢,
szybkie tempo osadzania,

mozliwo$¢ pokrywania ztozonych

podtozy.

Ggste powloki.

Tworzenie apatytu podobnego do
kosci,
mozliwo$¢ pokrywania zlozonych
podiozy.

Powloka o strukturze krystalicznej
i amorficznej,
powtloka gesta i porowata,
kontrola nad fazami
i stosunkiem Ca/P.

Niskie temperatury obrobki,
mozliwo$¢ pokrywania
skomplikowanych ksztattow.

Jednolita grubos¢,
gesta powtoka bez porow.
wysoka powtarzalno$¢ i mozliwos¢
kontroli mikrostruktury i sktadu.

Wysoka szybkos$¢ osadzania.
mikrochropowato$¢ powierzchni
i porowatosc.

Wysoka szybkos$¢ osadzania,
czysta (tylko faza HA),
krystaliczna,
gesta i wysoce porowata powloka,
doskonata kontrola nad
mikrostrukturg powtoki.

Jednolita grubos¢,
gesta powtoka bez porow,
powloki o wysokiej czystosci,
kontrola nad strukturg powtoki
(amorficzna lub krystaliczna)
i stosunkiem Ca/P.

Niska temperatura osadzania,
wysokokrystaliczny osad,
mozliwo$¢ pokrywania
skomplikowanych ksztattow,
kontrola nad gruboscia, sktadem
i mikrostruktura.

Wysokie temperatury
spiekania,
trudne do wytworzenia
powloki bez peknigc.

Wysoki koszt wytwarzania,
Wysoka temperatura,
niedopasowanie
rozszerzalnosci cieplnej,
nie mozna pokry¢ ztozonych
podtozy.

Czasochtonna,
Wymaga uzupetniania
i statych warunkow.

Wysoki koszt wytwarzania,
wysoka temperatura podtoza.

Proces suszenia czesto
prowadzi do kurczenia sig
materiatu i pgkania.

Wysoki koszt wytwarzania,
powtoki amorficzne.

Woysoka temperatura,
szybkie chtodzenie powoduje
powstawanie pekniec,
staba kontrola chemicznych i
fizycznych parametrow
powloki,
niejednolita grubos$¢,
staba kontrola biodegradacji.

Wysoki koszt wytwarzania,
wysoka temperatura,
niejednolita grubos¢.

Wysoki koszt wytwarzania,
czasochtonna,
niska wydajnos¢ osadzania.

Dhugi czas osadzania moze
powodowaé nierdwnomierng
grubos¢ i tworzenie si¢
peknigc i dziur.
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Nalezy zauwazyé, ze przy wprowadzaniu implantu do organizmu biorcy oprocz
bioaktywnosci i biokompatybilnosci, bardzo wazne jest okreslenie wytrzymatosci
mechanicznej powloki HA umiejscowionej na podtozu metalicznym. Najwigkszy problem
stanowi bardzo niska adhezja powloki hydroksyapatytu do podtoza tytanowego, co ogranicza
jej szerokie zastosowanie w implantach na skal¢ komercyjng. Dlatego, najwazniejszym
zadaniem jest opracowanie sposobu poprawienia sily wigzania pomie¢dzy metalicznym
podtozem a powtoka HA przy zachowaniu odpowiednich wtasciwosci fizykochemicznych oraz
biologicznych uktadu [175,180,185,186].

Caloksztalt powyzszych obserwacji zwigzanych z nieustanng potrzebg modyfikacji
powierzchni implantéw tytanowych stat si¢ bezposrednia motywacja i inspiracjg autorki
rozprawy doktorskiej do wspotpracy z firmg Nano—-implant Sp. z 0.0. i podjecia si¢ opracowania
prototypu implantu ortopedycznego/stomatologicznego 0 lepszych  wlasciwosciach
mechanicznych i biointegracyjnych w stosunku do wykazywanych przez te stosowane obecnie.
Wynikiem przeprowadzonych badan jest zbior artykutdow, stanowiacy podstawe niniejszej

pracy doktorskiej.
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2. Cel i zakres rozprawy doktorskiej

Biorgc pod uwage nie do konca optymalne, dla potrzeb implantologii kostnej,
wlasciwos$ci mechaniczne i biointegracyjne stopu Ti6Al4V, przeprowadzitam badania, ktorych
celem byla modyfikacja powierzchni podlozy prowadzaca do wytworzenia warstwy
charakteryzujacej si¢ odpowiedniag morfologia oraz wlasciwosciami fizykochemicznymi

i mechanicznymi, a takze cechami sprzyjajacymi osteointegracji implantu.

Realizujac wyzej wymieniony cel badan prace badawcze prowadzitam dwuetapowo:

Etap | — modyfikacja powierzchni probek stopu Ti6Al4V prowadzaca do wytworzenia warstw
tlenkoéw tytanu o zroéznicowanej morfologii, strukturze oraz wiasciwosciach mechanicznych
i biologicznych.

Etap Il - wykorzystanie tlenkowych nanowarstw, 0 najlepszych wiasciwosciach
fizykochemicznych, mechanicznych i biologicznych (wyprodukowanych w Etapie 1), jako
warstwy posredniej taczacej powloke hydroksyapatytu, wytwarzang w procesie katodowej
elektrodepozycji, z podtozem ze stopu Ti6Al4V.

Gléwnym celem przeprowadzonych badan byto opracowanie technologii modyfikacji
powierzchni implantow wytwarzanych ze stopu Ti6Al4V (w tym implantéw wytwarzanych
W technologii 3D (spiekanie laserowe proszkow tytanowych przeznaczonych dla wyrobow
medycznych) powlokami hydroksyapatytu, ktore przy zachowaniu dobrych wlasciwosci
fizykochemicznych i mechanicznych bedg przyspieszaty regeneracje tkanki kostnej, dziataty
stymulujgco wzgledem komorek zaangazowanych w 0Steopromocje i osteointegracje oraz

tworzyty biozgodng matryce dla nawarstwiania regenerujacej si¢ tkanki.
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3. Uklad pracy

Zasadnicza czg$¢ niniejsze] rozprawy doktorskiej stanowi zbior pieciu artykutow,
opublikowanych w czasopismach o zasiegu miedzynarodowym. Ich tematyka $cisle wigze si¢
z projektowaniem i wytwarzaniem implantow ze stopu Ti6Al4V, bezpiecznych
I charakteryzujacych si¢ wysoka biokompatybilnoscig z organizmem cztowieka, CO stanowi
priorytet wspotczesnej medycyny. Rozprawe otwiera artykut P1, w ktérym przedstawiono
modyfikacj¢ powierzchni podiozy ze stopu Ti6Al4V, aktywowanych w r6znych roztworach
kwasow, a nastepnie utlenianych za pomocg 30% roztworu nadtlenku wodoru. W kolejnych
pracach opisano modyfikacj¢ powierzchni podlozy stopu Ti6Al4V: (a) metods
elektrochemicznego utleniania tj. anodowania (P2) oraz (b) za pomoca obrobki alkaliczno—
sodowej (P3). W artykutach P1-P3 przedstawiono wyniki badan dotyczace interakcji
pomigdzy komorkami macierzystymi pochodzacymi z tkanki thuszczowej a uzyskanymi
warstwami: (a) TiO2 o morfologii nanowtoknistej (P1), (b) TiO. o architekturze nanoporéw,
nanorurek oraz nanogabek, a takze (c) tytanianowymi (P3). Na podstawie uzyskanych
wynikow, wybrano warstwy o najlepszych parametrach fizykochemicznych, mechanicznych
oraz biointegracyjnych. Wymienione wyzej warstwy zostaly nast¢pnie wykorzystane jako
uktady posrednie taczace podloze ze stopu Ti6Al4V z powlokg hydroksyapatytu, wytworzona
w procesie  katodowej elektrodepozycji (P4-P5). Charakterystyke fizykochemiczna
oraz mechaniczng wytworzonych uktadow Ti6Al4V/warstwa posrednia/HA przedstawiono
w artykule P4, natomiast ich wlasciwosci biologiczne opisano w artykule P5. W kolejnym
rozdziale, kazda z nalezagcych do zbioru publikacji zostala uzupelniona krotkim
wprowadzeniem,  streszczeniem  najistotniejszych  wynikéw oraz  przedstawieniem

najwazniejszych wnioskow.
Lista artykulow stanowiacych zasadniczg cz¢$¢ rozprawy:

P1. Ehlert, M.; Roszek, K.; Jedrzejewski, T.; Bartmanski, M.; Radtke, A.; Titania
Nanofiber Scaffolds with Enhanced Biointegration Activity—Preliminary In Vitro
Studies. International Journal of Molecular Sciences 2019, 20, 5642, doi:
10.3390/ijms20225642. 1F2019= 4.556

P2. Ehlert, M.; Radtke, A.; Jedrzejewski, T.; Roszek, K.; Bartmanski, M.; Piszczek, P. In
Vitro Studies on Nanoporous, Nanotubular and Nanosponge-Like Titania Coatings,
with the Use of Adipose-Derived Stem Cells. Materials 2020, 13, E1574,
d0i:10.3390/mal13071574. 1F2020= 3.623
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P3.

P4.

P5.

Ehlert, M.; Radtke, A.; Roszek, K.; Jedrzejewski, T.; Piszczek, P. Assessment of
Titanate Nanolayers in Terms of Their Physicochemical and Biological Properties.
Materials 2021, 14, 806, doi:10.3390/mal14040806. IF2021= 3.748

Ehlert*, M.; Radtke, A.; Bartmanski, M.; Piszczek*, P. Evaluation of the Cathodic
Electrodeposition Effectiveness of the Hydroxyapatite Layer Used in Surface
Modification of Ti6Al4V-Based Biomaterials. Materials 2022, 15, 6925,
d0i:10.3390/mal15196925. IF2020= 3.748

Ehlert*, M.; Radtke*, A.; Forbot, N.; Jedrzejewski, T.; Roszek, K.; Golinska, P.;
Trykowski, G.; Piszczek, P. TiO2/HA and Titanate/HA Double Layer Coatings on
Ti6AI4V Surface and Their Influence on In Vitro Cell Growth and Osteogenic
Potential. Journal of  Functional Biomaterials 2022, 13, 271,
doi.org/10.3390/jfb13040271. IF2022= 4.901
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4. Streszczenie zbioru artykulow wchodzacych w sklad rozprawy

P1. Titania Nanofiber Scaffolds with Enhanced Biointegration Activity—

Preliminary In Vitro Studies

Ehlert, M.; Roszek, K.; Jedrzejewski, T.; Bartmanski, M.; Radtke, A. International Journal
of Molecular Sciences 2019, 20, 5642.

Projektujgc implant dlugoterminowy, nalezy pamigta¢, ze sukces zabiegu implantacji
zalezy od sukcesu osteointegracji i kontaktu z otaczajagcymi tkankami migkkimi. Dlatego
modyfikujac powierzchnie implantu nalezy wzig¢ pod uwage wszystkie takie czynniki jak:
topografia powierzchni i wlasciwosci mechaniczne, a takze odpowiednig jej zdolno$¢ do
tworzenia trwatego potaczenia implant—kosc¢.

W niniejszym artykule skupiono si¢ na modyfikacji powierzchni podlozy ze stopu
Ti6Al4V, poprzez wytwarzanie na niej nanowldknistych, bioaktywnych warstw o okreslonej
strukturze, morfologii, zwilzalno$ci 1 odpowiednich wlasciwosciach mechanicznych.
Nanowltokniste warstwy ditlenku tytanu (TNF) wytworzono metoda chemicznego utleniania
powierzchni stopu tytanowego Ti6AIl4V. Czes¢ badanych prob aktywowano w kwasie
chlorowodorowym o stezeniu 5.8 M (T = 80°C, t = 30 minut procesu), a nastepnie utlenianie
prowadzono w roztworze 30% nadtlenku wodoru (T = 85°C). Zastosowano dwie metody
prowadzenia procesu utleniania: (1) pod chtodnicg zwrotng, a otrzymane proby 0znaczono jako
TNF4C, TNF6C i TNF10C, oraz (2) w inkubatorze, ktore oznaczono jako TNF4S, TNF6S
i TNF10S. Wartos$¢ liczbowa w oznaczeniu probki wskazuje na czas prowadzenia procesu
utleniania w godzinach. Wytworzono takze uktady oznaczone jako TNF72a i TNF72b. Proby
te aktywowano odpowiednio dla TNF72a w 2 M kwasie fluorowodorowym (w temperaturze
pokojowej, t = 10 s), aw przypadku TNF72b w mieszaninie rozcienczonego kwasu azotowego
(V) i fluorowodorowego (w temperaturze pokojowej, t = 30 s). Nastepnie wymienione wyzej
proby utleniono w inkubatorze w roztworze 30% nadtlenku wodoru (T = 85°C, t = 72 h).

W poczatkowej czesci artykutu skupiono si¢ gldwnie na analizie morfologii, struktury oraz
zwilzalnoéci otrzymanych nanowtoknistych warstw ditlenku tytanu. Analiza obrazéw ze
skaningowego mikroskopu elektronowego wykazata $cisty zwigzek migdzy zastosowanym
sposobem ogrzewania, czasem procesu i morfologig utworzonych warstw. Dla wszystkich
uktadow uzyskano jednolite warstwy bez pekniec i szczelin (Rysunek 6). Wioknista morfologia
podtozy utlenionych pod chiodnica zwrotng jest nieco bardziej wyrazna anizeli podtozy

ogrzewanych w inkubatorze. Wydhuzenie czasu utleniania doprowadzito do uzyskania warstw
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o morfologii splecionych nanowlokien. Ilustrujg to réznice w morfologii uktadow TNF4C,
TNF6C i TNF10C (Rysunek 6). Morfologia warstw TNF72 zblizona jest bardziej do gabczaste;j

z wyrastajagcymi nanowtoknami (Rysunek 6).

Rysunek 6. Obrazy SEM przedstawiajace roznice w morfologii nanowtdknistych warstw (TNF)

powstatych w procesie chemicznego utleniania stopu Ti6Al4V, z uzyciem Hy0,.

Wykorzystujac metode dyfrakcji rentgenowskiej (XRD) okreslono struktury krystaliczne
wytwarzanych warstw. Analiza dyfraktogramow wykazata, ze uktady TNF72a—b sg amorficzne
z domenami rutylu. Natomiast analiza dyfraktogramow dla prob TNFAC-TNF10 oraz TNF4S—
TNF10S potwierdzita obecno$¢ domen faz krystalicznych anatazu i/lub rutylu. W artykule
dotyczacym badan fotokatalitycznych opisywanych warstw TNF4—10C oraz TNF72a, ktorego
jestem wspotautorem, okre§lono za pomoca rownania Scherrera $redni rozmiar domen
krystalicznych faz anatazu (A) i rutylu (R) [187]. Rozmiary domen, oszacowano na podstawie
linii dyfrakcyjnych o wskaznikach Millera: (101) R i (004) A i wyniosty one odpowiednio
27 nm (R), 49 nm (A) dla TNF4C, 40 nm (A) dla TNF6C i 37 nm (A) dla TNF10C.
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W przypadku proby TNF72a oszacowanie wielkosci domen rutylu nie bylo mozliwe ze
wzgledu na stabe intensywnosci linii dyfrakcyjnych [187].

W optymalizowaniu wiasciwosci powierzchni implantéw nalezy uwzgledni¢ roéwniez ich
zwilzalno$¢. Przyjmuje si¢, ze zwigkszenie hydrofilowosci powierzchni implantu moze
prowadzi¢ do lepszej, szybszej interakcji pomiedzy badang powierzchnig a otaczajacym ja
srodowiskiem plyndow ustrojowych. Wytworzone powloki nanowldkniste na powierzchni
probek wykazuja wyrazny hydrofobowy charakter (kat zwilzania dla wody, w obu przypadkach
byt wigkszy niz 90°). W przypadku prob utlenianych od 4 do 10 godzin zar6wno w inkubatorze,
jak 1 pod chtodnicg zwrotng, hydrofobowos¢ zwigksza si¢ w szeregu od TNF4 do TNF10, tj.
rownolegle z wydtuzeniem czasu utleniania chemicznego powierzchni Ti6Al4V. Poréwnujac
wyniki uzyskane dla TNF72a i TNF72b zaobserwowano wyzszg hydrofobowo$¢ dla probki
aktywowanej mieszaning utleniajacg (tj. TNF72b).

W dalszej czg$ci artykutlu przedstawiono wtasciwosci mechaniczne wytworzonych warstw
nanowloknistych. Na podstawie wynikow badan nanoindentacji, oznaczono takie parametry jak
twardos¢ (H) 1 modut Younga (E). Badania sily adhezji przeprowadzono metoda
nanozarysowania (nanoscratch test). Wytwarzanie nanowloknistych warstw na podiozu
Ti6Al4V powodowato spadek modutu sprezystosci i twardoSci w  poroOwnaniu
z niezmodyfikowanym substratem Ti6Al4V. Obnizenie wartosci twardosci, a w szczegdlnosci
modutu Younga spowodowane modyfikacjg powierzchni podioza ze stopu Ti6AI4V
W przypadku materiatlow przeznaczonych na implanty nos$ne jest zjawiskiem pozytywnym.
Najlepsze parametry mechaniczne otrzymano dla uktadu Ti6Al4V/TNF6S i Ti6AI4V/TNF10C
z warto$cig modutu Younga, odpowiednio 133.85+42.12 GPai 133.22 +20.80 GPa. Ponadto,
wyznaczono parametr Sa, okreslajacy chropowato$¢ modyfikowanych powierzchni uktadow
Ti6AI4V/TNF. Proces utleniania powierzchni stopu tytanu zwigkszyt chropowato$¢ wszystkich
badanych uktadéw w stosunku do probki referencyjnej (Ti6Al4V). W przypadku probek
umieszczonych w inkubatorze oraz pod chlodnica zwrotng wraz z wydluzeniem czasu
utleniania (t = 4-10 h) zaobserwowano spadek parametru chropowatosci. Biomaterialy
modyfikowane powierzchniowo, szczegdlnie w przypadku implantow o dlugim czasie
dziatania powinny charakteryzowac si¢ odpowiednia przyczepnoscia do podtoza metalicznego.
Wytworzone uktady charakteryzuje wysoka adhezja warstwy do podloza tytanowego.
W przypadku probek TNF4C-10C zaobserwowano wzrost przyczepno$ci warstwy przy
jednoczesnym wydtuzeniu czasu trwania procesu. Wzrost adhezji warstwy TNF4C-10C do

substratu Ti6Al4V mozna przypisa¢ zmniejszeniu chropowato$ci tych warstw przy
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jednoczesnym wydtuzeniu czasu procesu utleniania. Nizsza warto$¢ chropowatosci
powierzchni zmniejsza ryzyko zainicjowania rozwarstwienia na powierzchni. Wydtuzenie
czasu trwania procesu dla probek TNF4—10S spowodowato poczatkowo zmniejszenie adhezji,
a nastgpnie nieznaczny jej wzrost. Najwyzsza adhezje warstwy do podtoza zaobserwowano
(205.15 + 48.96 GPa) dla ukladu 0 niskim parametrze chropowatosci (Sa = 0.10 pum)
Ti6AI4VITNF72b.

W ostatniej czesci artykutu (P1) dokonano oceny aktywnosci biologicznej wytworzonych
nanowtoknistych warstw ditlenku tytanu. Aby proces osteointegracji, jak i gojenia przebiegat
skutecznie kluczowe jest zbadanie zdolno$ci nanostrukturalnej powierzchni biomateriatu do
stymulowania wzrostu komorek i tworzenia srodowiska sprzyjajacego osteogenezie. Dlatego
tez, oceniono bezposredni wplyw powierzchni modyfikowanego stopu tytanu na
przezywalnos¢ 1 proliferacj¢ mezenchymalnych komorek macierzystych pochodzacych
z tkanki tluszczowej (ADSCs). Rownolegle badano proliferacje komorek tkanki kostnej —
ludzkich osteoblastow linii MG—63 oraz komorek tkanki tacznej — mysich fibroblastow linii
L929, a takze zywotnos¢ komorek w kokulturach (osteoblasty/ADSCs i fibroblasty/ADSCs).
Dotychczasowe badania koncentrowaly si¢ na funkcjonalizacji powierzchni nanowtoknistych
TiO2 za pomocg mezenchymalnych komorek macierzystych oraz na wykorzystaniu ADSCS
jako wysoce bioaktywnej warstwy podtrzymujacej komorki tkanki kostnej — osteoblasty MG—
63 i komorki tkanki tgcznej — fibroblasty L929. Wrzecionowate komorki fibroblastow sg
odpowiedzialne za utrzymanie integralno$ci strukturalnej w ciele biorcy. Sa niezbedne do
tworzenia blony Sluzowej wokdét implantu. Wybdr mysiej linii komoérkowej fibroblastow
opierat si¢ na bardzo wysokiej powtarzalnosci, poréwnywalnosci i uniwersalnosci badan. Ich
zdolno$¢ fagocytarna czyni znich odpowiedni wskaznik cytotoksycznosci. Najszerzej
stosowanym testem do analizy aktywnosci metabolicznej komorki na powierzchni
wytwarzanych warstw jest test MTT, ktory zastosowano W opisywanych badaniach. Jego celem
byta ocena ewentualnego dziatania cytotoksycznego. Jest on rowniez zalecany, jako test
referencyjny przez migdzynarodowe organizacje normotworcze [188]. Oceny adhezji komorek
i ich zdolnosci do proliferacji na powierzchni badanych nanowtdknistych powtok ditlenku
tytanu dokonano w oparciu o analizy pomiaréw przeprowadzonych po 24 godzinach i72
godzinach. Uzyskane wyniki wykazaly, ze modyfikacja powierzchni stopu Ti6Al4V metoda
chemicznego utleniania wplyngta korzystnie na przebieg procesow adhezji i proliferacji
zarowno komorek fibroblastow, jak i osteoblastow po 24 i 72 godzinach hodowli. Najwyzsza

zywotnos$¢ fibroblastow po 24 i 72 godzinach indukowaty amorficzne warstwy TNF72a oraz
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TNF72b. Trzydniowy czas hodowli spowodowatl takze wysoki poziom zywotnosci tych
komorek w przypadku nanowarstw TNF4C, TNF6C i TNF10C. Warstwy te, wykazywaty
réwniez Wysoki wskaznik przezywalnosci komorek osteoblastow MG-63 i ADSCs po 24
godzinach hodowli. Ponadto, stwierdzono, ze po 72 h hodowli na powierzchniach TNF72a
I TNF72b poziom proliferacji wszystkich linii komérkowych znacznie wzrost w poréwnaniu
do stopu kontrolnego. Eksperymenty kokulturowe wykazaty nieco inne wyniki niz te opisane
dla pojedynczych linii komoérkowych. Wszystkie, wybrane do tych badan uktady spowodowaty
znaczny wzrost zywotnosci komorek fibroblastow 1929 oraz osteoblastow MG-63
wspothodowanych z ttuszczowymi, mezenchymalnymi komérkami macierzystymi, zardGwno
po 24, jak i 72 godzinach hodowli. Najwyzszg zywotnos¢ komoérek zaobserwowano
w przypadku nanowarstw TNF6C i TNF6S po 72 godzinach hodowli. Warstwy te wykazuja
wlasciwosci krystaliczne wynikajace z obecnos$ci nanokrysztatlow rutylu i1 anatazu, ktore czgsto
uwaza si¢ za toksyczne dla komoérek. ADSCs wykazaty zdolno$¢ do funkcjonalizowania
poczatkowo ,,nieprzyjaznej” powierzchni, co czyni ja odpowiednig dla wzrostu komoérek
I przygotowuje ja na bardziej wyspecjalizowane i wymagajace komorki. Analiza obrazow SEM
potwierdzita prawidtowg morfologie komorek z filopodiami cytoplazmatycznymi,
przyczepiajacymi komoérki do powierzchni (Rysunek 7 A-B), lub tworzenie potgczen miedzy
komorkami (Rysunek 7C) oraz produkcje ogromnej ilosci macierzy pozakomorkowej (Rysunek
7D).

Rysunek 7. Obrazy SEM przedstawiajace komorki rosngce na nanowloknistych powierzchniach.
(A) — ADSC "inwazyjne" na powierzchni TNF72a po 24 h; (B) — ADSC wspothodowane z fibroblastami
L929 na powierzchni TNF72a po 24 h; (C) — wspothodowla ADSC i fibroblastow 1929 po 72 h;
(D) — wspothodowla ADSC i osteoblastow MG-63 po 72 h. Zaadaptowano z ilustracji zawartych
w artykule [P1].

43



Podsumowujac, zastosowanie bezposredniej metody chemicznego utleniania podlozy ze
stopu Ti6Al4V umozliwito produkcje hydrofobowych, nanowidknistych rusztowan TiO>
(TNF) na ich powierzchni. Wiasciwosci mechaniczne i aktywno$¢ biointegracyjna probek
modyfikowanych powierzchniowo okazata si¢ $cisle zwigzana z budowa chemiczng warstw,
ich zwilzalno$cia i nanotopografig. Uzyskane dla kokultur komérkowych wyniki dowodza, ze
funkcjonalizacja za posrednictwem ADSCs zwigksza przydatno$¢ nanowarstw dla wzrostu
komorek oraz jako rusztowan gtéwnie dla kultur fibroblastow i osteoblastow. Biorgc pod uwage
otrzymane parametry mechaniczne wytworzonych rusztowan, jak i wyniki rosnacych na nich
kokultur lub pojedynczych linii komérkowych, stwierdzono, ze amorficzne warstwy ze
$ladowg iloscig fazy rutylu TNF72, jak i polikrystaliczne warstwy z fazg anatazu TNF6C sa
najbardziej optymalnymi rusztowaniami mogacymi znalez¢ zastosowanie w codziennej
praktyce ortopedycznej i stomatologicznej. Niemniej jednak, pomimo iz modut sprezystosci
tych ukladow jest nizszy od komercyjnie stosowanego stopu Ti6Al4V nadal nie osiggni¢to

takiej wartosci, ktora bytaby zblizona do ludzkiej warstwy korowej kosci.

44



P2. In Vitro Studies on Nanoporous, Nanotubular and Nanosponge—Like Titania

Coatings, with the Use of Adipose—Derived Stem Cells

Ehlert, M.; Radtke, A.; Jedrzejewski, T.; Roszek, K.; Bartmanski, M.; Piszczek, P. Materials
2020, 13, E1574.

Alternatywnym sposobem poprawy witasciwosci biointegracyjnych, jak i mechanicznych
implantéw tytanowych, byto zastosowanie metody -elektrochemicznego utleniania tych
implantow. Stosujac powyzsza technike, na powierzchni podtozy ze stopu Ti6Al4V uzyskano
amorficzne warstwy ditlenku tytanu o roéznej architekturze, tj. nanoporowatej, nanorurkowej
oraz nanoggbczaste]. Zarowno procedura wytwarzania powyzszych warstw, jak i procesy ich
sterylizacji zostaty opisane we wczesniejszym artykule, ktorego jestem wspotautorem [124].
Przedstawione w niniejszym artykule wyniki ukierunkowane byly na ocen¢ oddziatywan
pomiedzy komorkami macierzystymi pochodzacymi z tkanki tluszczowej (ADSCs) a
wytworzonymi nanowarstwami TiO2 0 wymienionej wyzej morfologii powierzchni. Procesy
adhezji, proliferacji i roznicowania ADSCs na powierzchniach z tytanu i jego stopow, jak dotad
nie zostaly szerzej zbadane. Dlatego w swojej pracy staratam si¢ zwroci¢ uwage na wplyw
architektury warstwy powierzchniowej oraz jej wlasciwosci fizykochemicznych na potencjat
biologiczny komoérek ADSC. Dodatkowo, opisane w artykule badania mialy na celu oceng
zdolnosci do tworzenia kokultur in vitro: (1) fibroblastow linii L929/ADSC oraz (2)
osteoblastow linii MG-63/ADSCs na powierzchni warstw TiO2 o architekturze nanoporowatej,
nanorurkowej i nanoggbczastej.

W  pierwszej czeSci artykutu dokonano analizy fizykochemicznych wiasciwos$ci
otrzymanych nanowarstw ditlenku tytanu. W procesie anodowego utleniania podtoza ze stopu
Ti6AIl4V jako elektrolit zastosowano 0.3% wodny roztwor kwasu fluorowodorowego. Proces
ten zachodzit w temperaturze pokojowej 1 trwat 20 minut. W zaleznosci od przylozonego
napiecia (U) uzyskiwano warstwy o rdznej nanoarchitekturze (Rysunek 8). Analiza obrazéw ze
skaningowego mikroskopu elektronowego (SEM) wykazata, ze stosujac napiecie U = 5 V
otrzymywano nanoporowate warstwy tlenkowe (TNT5), o $rednicy poréw 15-30 nm.
Zwigkszajac napigcie do U = 15 V otrzymano jednolite warstwy ztozone z rozseparowanych
nanorurek TiO2 o $rednicy 35-65 nm (TNT15). Zastosowanie napigcia U = 40 V umozliwito
wytworzenie warstw tlenkowych o morfologii przypominajacej gabke, gdzie wnetrze
niejednorodnych form rurkowych o $rednicach 120 + 10 nm stanowily uporzadkowane pory,

0 $rednicy 20-33 nm.
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TNTS;d = 15-30 nm o = 20331

2um

Rysunek 8. Obrazy SEM przedstawiajace roznice w morfologii warstw powstalych w procesie
anodowego utleniania stopu Ti6AlI4V (TNTU), stosujac napiecie U = 5, 15 i 40 V. Zaadaptowano

z ilustracji zawartych w artykule [P2].

Badania strukturalne z wykorzystaniem spektroskopii Ramana oraz pomiarow z transmisyjnego
mikroskopu elektronowego potwierdzity amorficzno$¢ wytworzonych warstw ditlenku tytanu.
Warstwy ztozone z nanoporow (TNT5), oraz nanorurek (TNT15) wykazywaty wlasciwosci
hydrofobowe (@ = 94.4 + 0.4° dla TNT5 i ® = 123.3 + 0.1° dla TNT15). Warstwa
nanoggbczasta (TNT40) wykazywata mniejszy charakter hydrofobowy, a jej zwilzalnos¢ byta
zblizona do powierzchni stopu tytanowego i wynosita @ = 85.3 + 0.9° dla TNT401 ® =81.3
+ (0.2° dla Ti6Al4V.

Kolejnym etapem badan byto okreslenie wiasciwos$ci mechanicznych wyzej wymienionych
warstw ditlenku tytanu. Najwicksza warto$¢ twardosci (H) i modutu Younga (E) uzyskano dla
referencyjnego czystego stopu (odpowiednio H=10.94 + 1.42 GPai E = 212.48 + 16.69 GPa).
Pomiary probek stopow Ti6Al4V, ktorych powierzchnia zostata zmodyfikowana warstwa TiO2
o r6znej architekturze (TNT) wykazaty znaczny spadek wartosci parametrow H i E. Najbardziej
zblizong do kosci warto$¢ modutu Younga uzyskano dla warstwy TNTS (37.88 + 8.70 GPa).
Wytworzone uktady charakteryzuje takze wysoka adhezja do podtoza, co moze mie¢ istotne
znaczenie podczas zabiegu implantacji oraz podczas pdzniejszego uzytkowania implantu.
Wynika to z procesow zachodzacych w organizmie, ktoére moga prowadzi¢ do zniszczenia stabo
przylegajacej warstwy do powierzchni, czego nastgpstwem bedzie tworzenie si¢ stanow

zapalnych w tkankach otaczajacych implant.
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Z uwagi na to, iz topografia i chemia powierzchni wptywaja na adhezje, roznicowanie
I proliferacje komorek, ktore to determinuja osteointegracj¢ biomateriatu, w dalszym ciaggu
pracy dokonano oceny aktywnosci biologicznej wytworzonych nanowarstw ditlenku tytanu.
Wszystkie badane nanowarstwy TNT, a w szczeg6lno$ci nanoporowate podloze TNTS,
stymulowaly proliferacjc komorek osteoblastow MG—63, fibroblastow 1929, jak
I utworzonych kokultur komoérkowych tj. fibroblastow lub osteoblastoéw wspothodowanych
z mezenchymalnymi komoérkami macierzystymi pochodzenia tluszczowego, zar6wno po 24,
jak i 72 godzinach. Ponadto, warto zauwazy¢, ze wszystkie badane uktady okazaly si¢ by¢
korzystne dla ADSCs w hodowli krotkoterminowej (24 h). Analiza obrazow SEM potwierdzita
tworzenie si¢ filopodii mocujacych wrzecionowate mezenchymalne komorki macierzyste do
powierzchni rusztowania (Rysunek 9 A-B). Fibroblasty 1929 wspothodowane z ADSCs
réwniez przyjety bardziej wydtuzony ksztalt i dzielity si¢ (Rysunek 9 C-D), co wskazuje naich
dobrg zywotnos¢ i witalnos¢. Obserwowano takze podziaty komorek osteoblastow MG-63
wspothodowanych z ADSCs (Rysunek 9 E-F).

(A)
TNTS

(o)
TNT40
1929 + ADSC

(€) (F)
TNTS TNT1S
MG-63 + ADSC MG-63 + ADSC

Rysunek 9. Obrazy SEM przedstawiajace ludzkie mezenchymalne komorki macierzyste pochodzenia
thuszczowego (ADSC; A, B), ADSC wspothodowane z fibroblastami linii L929 (C, D) lub ADSC
wspothodowane z osteoblastami linii MG—-63 (E, F) na powierzchniach TNT. Obrazy SEM prezentuja

komorki po 72 h hodowli. Zaadaptowano z ilustracji zawartych w artykule [P2].
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Osteogeniczne réznicowanie hodowli ADSCs oceniono na podstawie pomiaru aktywnoS$ci
fosfatazy alkalicznej (ALP) po 24 i 72 godzinach hodowli. Analiza uzyskanych wynikow
wykazata, ze aktywnos¢ ALP kokultur komorkowych fibroblastow 1.929/ADSCs hodowanych
na warstwach TNT, pomimo iz zmniejsza si¢ w czasie, to nadal jest wyzsza anizeli dla hodowli
komorek na referencyjnych podlozach Ti6Al4V. Warto réwniez zauwazyé, ze warstwy
nanoporowate (TNT5) inanorurkowe (TNT15) indukowaly wyzsza aktywnos¢ ALP
w komorkach osteoblastow MG—63 wspothodowanych z ADSCs w czasie 72 godzin.
Podsumowujac, otrzymane wyniki pozwolity na wnioskowanie o wysokiej przydatno$ci
nanoporowatych warstw TNT5, wytworzonych na podlozu ze stopu Ti6Al4V. Wynika to
z faktu, iz warstwa ta ma najbardziej zblizong do kosci warto$¢ modulu sprezystosci oraz
charakteryzuje si¢ najwyzszg proliferacja wysianych pojedynczych linii komoérkowych, jak
i kokultur komorek. Ttuszczowe, mezenchymalne komorki macierzyste, wytwarzajg ogromne
ilo$ci macierzy pozakomoérkowej, gdy sag hodowane na nanoporowatym rusztowaniu (TNT5)
samodzielnie lub wspothodowane z komérkami osteoblastow MG—63 lub fibroblastow L929.
Uktad Ti6Al4V/TNTS ma wigc duzy potencjal aplikacyjny do zastosowan na implanty

ortopedyczne, jak i stomatologiczne.
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P3. Assessment of Titanate Nanolayers in Terms of Their Physicochemical and

Biological Properties
Ehlert, M.; Radtke, A.; Roszek, K.; Jedrzejewski, T.; Piszczek, P. Materials 2021, 14, 806.

Modyfikujac powierzchni¢ implantu nalezy wzig¢ pod uwage sposob jego oddziatywania
Z otaczajacg tkang, ktory powinien zapewni¢ jak najlepszy kontakt implant—kosc¢.
Bioaktywno$¢ materiatu w warunkach in vitro mozna oceni¢ na podstawie tworzenia si¢
apatytu na jego powierzchni w symulowanym ptynie ustrojowym (SBF), ktorego sktad oraz
st¢zenie jonow jest zblizony do warto$ci wystepujacych w osoczu krwi ludzkiej. W przypadku
opisanych w artykutach P1-P2 warstw, nie obserwowano narastania na ich powierzchni
apatytu po zanurzeniu w roztworze SBF. Dlatego tez, w nastepnym etapie moich badan
zastosowatam kolejng metode modyfikacji podtoza ze stopu Ti6Al4V, tj. obrobke alkaliczno—
sodowa.

W pracy P3 przedstawiono wyniki dotyczace modyfikacji powierzchni podtoza Ti6Al4V
poprzez: (a) obrobke alkaliczng 7 M roztworem wodorotlenku sodu (T = 65°C, t = 48 h), oraz
(b) wytworzenie powloki nanoporowatej (utlenianie anodowe z zastosowaniem potencjatu
U = 5 V), a nastepnie obrobke jej powierzchni w ww. roztworze alkalicznym. Nastepnie
powyzsze proby ogrzewano w inkubatorze w temperaturze 40°C, przez 24 godziny.

Obrobka alkaliczno—sodowa powierzchni stopu tytanowego (oznaczonego jako T)
prowadzi do utworzenia jednolitej nanowarstwy (T—S) o grubosci ok. 690 nm. Jednak
zastosowanie tej metody do modyfikacji nanoporowatej powierzchni (T5) prowadzito do
powstania warstwy trojwymiarowej sieci splagtanych nanopretow i nanowtdkien o grubosci ok.
933 nm (probka oznaczona jako T5-S, Rysunek 10). Analiza danych XRD warstw T-S oraz
T5-S wskazuje na tworzenie si¢ na powierzchni podloza krysztatow tritytanianu sodu
(Na:TizO7), co potwierdzono rowniez przy wykorzystaniu spektroskopii Ramana.
Potwierdzeniem jest obecnos¢ w widmie Ramana charakterystycznych pasm tytanianow przy
~ 903 cm! oraz ~ 278 cm . Uwage zwraca amfifilowy charakter wytwarzanych warstw,
0 czym $wiadczg pomiary kata zwilzania powierzchni tytanianowych w kontakcie z ciecza,

ktory wynosit 0° zarowno dla wody, jak i dijodometanu (stosowanych w pomiarach).
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Rysunek 10. Obrazy SEM morfologii powierzchni i przekrojow poprzecznych niepoddanego obrobce
alkalicznej stopu Ti6AI4V (T) i nanoporéw TiO: (T5) (a), T-S (b) i T5-S po obrdbce zasadowo—

sodowej (c). Zaadaptowano z ilustracji zawartych w artykule [P3].

Waznym czynnikiem wptywajacym na biointegracj¢ implantdéw metalowych jest tworzenie
hydroksyapatytu (HA) na ich powierzchni w srodowisku ptynow ustrojowych. Dlatego tez,
w dalszej czgséci tego artykutu przedstawiono wyniki badan zmian na powierzchni probek
materialtdow z warstwami tytanianowymi (T-S i T5-S oraz prob kontrolnych tj. T i T5)
zanurzonych w roztworze symulowanego ptynu ustrojowego (SBF) przez okres 4 tygodni.
Analiza obrazéw ze skaningowego mikroskopu elektronowego (SEM) wykazata, ze na
powierzchniach tytanianowych T-S oraz T5-S, w przeciwienstwie do prob kontrolnych T i T5,
obserwowano tworzenie si¢ apatytu. Potwierdzeniem byly wyniki badan dyfrakcji
rentgenowskiej (XRD) oraz spektroskopii odbicia rozproszonego w podczerwieni (DRIFT),
ktore udowodnity tworzenie si¢ apatytu na powierzchniach tytanianowych juz po 14 dniach
zanurzenia w roztworze SBF.

W dalszym ciggu pracy, za pomoca testu MTT, okreslono ewentualne dzialtanie
cytotoksyczne alkaliczno—zmodyfikowanej powierzchni podloza, na nastgpujace linie
komoérkowe: fibroblastow 1929, osteoblastow MG-63, mezenchymalnych komorek
macierzystych pochodzenia tlhuszczowego (ADSCs). Wszystkie badane uktady tzn.
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Ti6Al4V/nanoporowata warstwa TiO2 (T5), Ti6Al4V/tytanianowa warstwa (T-S), jak
I Ti6Al4V/nanoporowaty TiO./tytanianowa warstwa (T5-S) promowaly wyzszy poziom
proliferacji komorek fibroblastow 1.929 oraz osteoblastow MG—63 po 24, 72 i 120 godzinach
hodowli. Sposrod wszystkich badanych probek, warstwy T5-S wykazaty najwyzsza zywotnos¢
komorek osteoblastow po 72 1 120 godzinach oraz wigkszg zywotno$¢ komoérek fibroblastow
niz probki T-S po 120 godzinach hodowli. Proliferacja ADSCs hodowanych na badanych
probkach roznita si¢ istotnie od komorek fibroblastow i osteoblastow, a takze pomiedzy
warstwami modyfikowanymi alkalicznie. Probka oznaczona jako T—S promowata wyzszy
0 okoto 50% poziom proliferacji ADSCs w poréwnaniu do referencyjnego podtoza stopowego.
Co zaskakujace, warstwy T5-S catkowicie zahamowaty proliferacje ADSCs, co potwierdzaja
nie tylko wyniki testu MTT, ale takze analiza porownawcza obrazéw SEM (Rysunek 11),
natomiast powtoka hydroksyapatytu znacznie poprawita wiasciwos$ci powierzchniowe.
Komoérki ADSCs wykazywaty silng adhezj¢ na powierzchniach powierzchni probek T-S
I T5-S z powlokg hydroksyapatytu powstatg po 28 dniach inkubacji w roztworze SBF. Z uwagi
na to, iz apatyt lub podobne, zmineralizowane struktury tworza mikrosrodowisko
osteogeniczne, ktore jest niezwykle cenne dla osteointegracji, mozna zatozy¢, ze ADSCs
ulegaja roznicowaniu, co znalazto odzwierciedlenie w obnizonym wskazniku proliferacji tych

komorek po 72 i 120 godzinach hodowli na powierzchniach uktadéow T-S/HA i T5-S/HA.

Rysunek 11. Porownawcze obrazy SEM przedstawiajace ludzie ADSCs hodowane na powierzchni

probek T-S (a) i T5-S (b) przez 120 h. Zaadaptowano z ilustracji zawartych w artykule [P3].

Wilasciwo$ci mechaniczne, takie jak twardo$¢, modul Younga oraz sita adhezji uktadoéw
alkaliczno—sodowych przedstawiono w artykule P4, jako material dodatkowy. Jednakze,
uznano, ze nalezaloby przytoczy¢ je w omawianym artykule. Uktad T-S w przeciwienstwie do
uktadu T5-S wykazuje wysoka adhezje warstwy do podtoza ze stopu tytanowego (245.16 +
188.48 mN). Modut sprezystosci, powinien by¢ jak najbardziej zblizony do modutu kosci,
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W ktorg dany implant jest wszczepiany — zbyt duza réznica mi¢dzy modutami powoduje, iz
implant przenosi wigksze obcigzenia, a kos¢ wokot niego moze ulegac resorpcji. Odnotowano
znaczace zmniejszenie twardosci (0.27 £0.07 GPadla T-S, 0.42 £ 0.12 GPa dla T5-S) i modutu
Younga (2.64 = 0.38 GPa dla T-S, 5.86 + 0.87 GPa dla T5-S) dla uktadéw tytanianowych
w poréwnaniu do proby referencyjnej, czyli stopu tytanowego. Niemniej jednak, uzyskane
parametry wytrzymatosciowe, a W szczegolnosci twardos¢ sa zbyt niskie.

Podsumowujac, alkaliczne trawienie podlozy ze stopu tytanowego oraz stopu pokrytego
nanoporowatg powlokg TiO2 prowadzi do tworzenia si¢ nanowloknistych warstw NazTizO7.
Zastosowanie wczesniejszego anodowania powierzchni Ti6Al4V jest istotne dla stymulowania
tworzenia apatytu w Srodowisku ptyndéw ustrojowych 1 ma optymalne wlasciwosci
biointegracyjne dla komorek fibroblastow L929 i osteoblastow MG—63. Zdolno$¢ do tworzenia
apatytu na powierzchni T-S i T5-S znaczgco poprawita wlasciwosci powierzchni pod
wzgledem adhezji 1 proliferacji mezenchymalnych komorek macierzystych pochodzenia
tluszczowego. O ile otrzymane, tytanianowe warstwy wyrdzniajg si¢ dobrg aktywno$cig
biologiczng i wlasciwosciami biointegracyjnymi, to ich wlasciwosci mechaniczne nie sg

najlepsze.
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P4. Evaluation of the Cathodic Electrodeposition Effectiveness of the
Hydroxyapatite Layer Used in Surface Modification of Ti6Al4V—-Based

Biomaterials
Ehlert*, M.; Radtke, A.; Bartmanski, M.; Piszczek*, P. Materials 2022, 15, 6925.

Badajac wtasciwosci fizykochemiczne, mechaniczne i1 biologiczne opisanych wczeéniej
warstw TiOz: nanoporowatych (TNT5, albo krocej T5), jak i nanowloknistych (TNF) (P1-P3),
zwrocono uwageg, ze przy wszystkich swoich zaletach wymagaja one dalszych korekt.
Szczegdlnie wazna byla poprawa ich zdolno$ci do narastania apatytu na powierzchni
zmodyfikowanych podtozy Ti6Al4V w $rodowisku ptyndéw ustrojowych, a tym samym
zwigkszenia ich bioaktywnos$ci. Korekty wymaga rowniez modut sprezystosci warstw TNF,
a w przypadku nanowarstw tytanianowych (T5-S, T-S) parametry wytrzymatosciowe. Analiza
dotychczasowej literatury doprowadzita mnie do wniosku, ze chcgc zachowa¢ bardzo dobra
aktywno$¢ biointegracyjng oraz dobre wlasciwosci mechaniczne zmodyfikowanych podtozy
Ti6Al4V w poréwnaniu do czystego stopu Ti6Al4V, wlasciwym rozwigzaniem bedzie
wytworzenie na powierzchni uktadu Ti6Al4V/tytanian lub TiO2 powtoki hydroksyapatytowej
(HA). W ten sposob, w pierwszym etapie modyfikujac powierzchni¢ implantu ze stopu
Ti6AI4V wytwarzamy warstwe posrednig, ktora w sposob stabilny powinna laczy¢ podtoze
metaliczne z powtoka hydroksyapatytu. Przyst¢pujac do tych badan zaktadatam, ze
wzbogacenie zmodyfikowanej powierzchni implantu za pomocg biokompatybilnego HA
powinno poprawic¢ jego modut sprezystosci, jak i zwiekszy¢ jego bioaktywno$¢, poprzez dalsze
narastanie apatytu w srodowisku plynoéw ustrojowych. Nalezy zauwazy¢, ze dotychczas
stosowane rozwigzania polegajace na wytworzeniu powloki HA bezposrednio na powierzchni
implantu prowadzity do utworzenia powlok o stabych witasciwosciach mechanicznych [189—
192]. To powoduje, ze ulegaja one czesto rozwarstwieniu od podtoza metalicznego
(szczegoblnie tytanowego), co wptywa na ich ograniczony zakres zastosowania. Dlatego tez,
badania opisane w niniejszym artykule ukierunkowane byly na wybranie sposrod grupy
zbadanych dotad warstw posrednich (IL = TNT, TNF, T-S), uktadu najbardziej optymalnego,
aby utworzy¢ bardziej stabilne powtoki HA tzn. o module Younga zblizonym do ludzkiej
warstwy korowej oraz dobrej wytrzymatosci, a tym samym czynigc wytworzone uktady
Ti6AI4V/IL/HA odpowiednimi do konstrukcji implantow przeznaczonych dla zastosowan
w ortopedii oraz stomatologii.

W artykule P4 przedstawiono wyniki badan dotyczace warunkow prowadzenia procesu

katodowego  elektroosadzania  hydroksyapatytu na tlenkowo  zmodyfikowanych
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powierzchniach podtozy ze stopu Ti6Al4V. Poréwnano morfologig, strukture, zwilzalno$¢, jak
1 wlasciwos$ci mechaniczne wytworzonych uktadow Ti6AI4V/IL/HA. Jako warstwy posrednie
(IL), *aczace powierzchni¢ stopu tytanowego z powloka hydroksyapatytu wybrano:
(a) nanoporowate warstwy TiO2 — T5, (b) nanowtokniste warstwy TiO, — TNF6C, TNF6S,
TNF72a, TNF72b oraz (c) warstwy tytanianowe — T-S i T5-S. W procesie katodowego
elektroosadzania hydroksyapatytu na zmodyfikowanych tlenkowo lub nie, podtozach ze stopu
Ti6Al4V, jako elektrolit zastosowano wodny roztwor ztozony z Ca(NOs)2:-4H.0 (0.042 M),
NH4H2PO4 (0.025 M) i EDTA-2Na (1.5-10° M), o wartosci pH = 4.5. Katode stanowily
wczesniej scharakteryzowane podtoza (T (Ti6Al4V), T5, T5-S, T-S, TNF6C, TNFG6S,
TNF72a, i TNF72b)). Poszukujac optymalnych warunkow elektrochemicznego osadzania
hydroksyapatytu, postanowiono zbadaé wptyw gestosci zadanego pradu: J = 7.5 mA/cm?
(1=1.5mA), J=12.5mA/cm? (1 = 2.5 mA) oraz J = 17.5 mA/cm? (I = 3.5 mA) na wlasciwosci
fizykochemiczne 1 mechaniczne wytworzonych powtok. Proces trwat godzing 1 odbywat si¢
w temperaturze 65°C. Pierwotnie osadzona warstwa zawierata znaczng ilos¢ amorficznego CaP
i HA o niskim stopniu krystaliczno$ci. Dlatego tez, po zakonczonym procesie katodowego
osadzania, w celu uzyskania krystalicznej powtoki HA, proby zanurzono w 0.1 M roztworze
wodorotlenku sodu i ogrzewano w inkubatorze przy T = 65°C, przez 2 godziny. Nastepnie, aby
zwigkszy¢ krystaliczno$¢ i site wigzania apatytu, proby spiekano w temperaturze 250°C, przez
2 godziny.

Na podstawie analizy obrazéw SEM zauwazono, ze morfologia i gestos¢ upakowania
czastek HA istotnie zalezy od rodzaju podtoza oraz od gestosci pradu zastosowanego podczas
katodowego osadzania (Rysunek 12). Badania morfologii wytwarzanych warstw oraz struktury
wykazaly, ze zastosowana gesto$¢ pradu J = 7.5 mA/cm? byta zbyt niska, aby otrzymaé
jednorodne powloki hydroksyapatytowe (Rysunek 12 a,c,e,f). Zwigkszenie gestosci pradu (do
J = 125 mA/cm? oraz do J = 17.5 mA/cm?) dla wszystkich analizowanych uktadéw,
spowodowato utworzenie powloki hydroksyapatytu, o morfologii kwiecistej, ztozonej
Z licznych ,,nanoptatkéw”. Ponadto, wraz ze wzrastajaca gestoscig pradu obserwowano zmiang
struktury HA z rozproszonej na ggsto upakowana (Rysunek 12 a-h), oraz wzrost grubosci

powtok.
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Rysunek 12. Obrazy SEM morfologii powierzchni prob T/HA (a), T-S/HA (b), T5/HA (c), T5-S/HA
(d), TNF6C/HA (e), TNF6S/HA (f), TNF72a/HA (g), oraz TNF72b/HA (h), dla ktérych HA osadzany
byt przy réznych warto$ciach natezenia pradu (1.5 mA; 2.5 mA; 3.5 mA).

W  przypadku wszystkich powlok hydroksyapatytowych o0sadzonych na tlenkowych
nanowarstwach posrednich zaobserwowano, ze wraz ze wzrostem gestosci pradu wzrasta takze
chropowato$¢ powierzchni powtok HA. W przypadku powloki HA osadzonej na
niemodyfikowanym podtozu stopu tytanowego (T/HA) zauwazono, ze zwigkszenie gestosci
pradu do J = 17.5 mA/cm? skutkuje jej rozwarstwieniem, a takze zmniejszeniem chropowatosci
powierzchni powtoki. Delaminacja moze by¢ spowodowana zwickszajagcg si¢ wraz ze
wzrostem gestosci pradu ilo$cig ulatniajacego sie w reakcji katodowej wodoru, ktéry prowadzi
do powstania licznych mikropeknig¢ w powtoce hydroksyapatytowej. Ponadto, zjawisko
rozwarstwienia moze wynika¢ takze z niskiej chropowatosci powierzchni podioza
metalicznego. Przeprowadzone badania potwierdzily, ze zastosowanie posrednich nanowarstw
tlenkowych, ktore wykazuja wysokie parametry chropowatosci powierzchni (Sa)
W poréwnaniu do niemodyfikowanego stopu tytanu, wplywa na zwigkszenie sity adhezji
mi¢dzyfazowej pomigdzy tytanowym implantem, a powtoka HA. Na podstawie analizy widm
SEM/EDS wytworzonych uktadow apatytowych, okreslono stosunek Ca/P. W przypadku
czystego hydroksyapatytu wynosi on Ca/P = 1.67 i jest zblizony do uktadu stechiometrycznego.
W przypadku badanych probek warto$ci zblizone do wyzej wymienionej wartosci zalezaty od
nat¢zenia uzytego pradu. Parametr Ca/P byt bliski wartosci 1.67 dla: (a) prob T/HA, TS/HA,
T-S, T5-S/HA, przy | = 2.5 mA oraz (b) prob TNF6/HA i TNF72/HA, przy | = 3.5 mA.
Potwierdzeniem obecnosci tworzacego si¢ (przy | = 2.5 i 3.5 mA) krystalicznego

hydroksyapatytu we wszystkich analizowanych powtokach byly wyniki badan dyfrakcji
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rentgenowskiej (XRD) oraz spektroskopii odbicia rozproszonego w podczerwieni (DRIFT).
Warto zaznaczyé, ze otrzymane krysztalty HA tworza si¢ w kierunku prostopadtym do
powierzchni elektrody w procesie elektrodepozycji. Nalezy zauwazy¢, ze glowng funkcja
tlenkowych warstw posrednich jest poprawa przyczepnos$ci ceramicznej powloki
hydroksyapatytu do podltoza tytanowego. Dlatego tez, im mniejsza jest grubos¢ powtoki HA,
tym wigksza szansa na uniknigcie jej rozwarstwienia i wprowadzenia dodatkowych naprezen.
Grubos¢ uzyskanych powlok wahata si¢ od 10 um (T/HA, | = 2.5mA) do 20 um (TNF72b,
| =3.5 mA), w zaleznosci od zastosowanej warstwy posredniej i warto$ci nat¢zenia pradu.
W wyniku analizy pomiarow XRD, zaobserwowano dla kazdego uktadu wyrazne linie
dyfrakcyjne pochodzace od tytanu, co dodatkowo potwierdza niewielka grubos¢ uzyskanych
powlok. Badania zwilzalno$ci uktadow HA wykazaty superhydrofilowy charakter tych
struktur, niezaleznie od zastosowanego parametru pragdowego, co pozwolito na wnioskowanie
0 przewidywanej ich wysokiej biokompatybilno$ci i bioaktywnosci.

W celu okreslenia, ktora z modyfikacji powierzchni Ti6AI4V jest najbardziej optymalna do
osadzania powtok hydroksyapatytowych, kluczowe znaczenie miaty badania mechaniczne oraz
sity adhezji. W przypadku wszystkich uktadow z powtokg HA obserwowano poprawe wynikow
badan nanomechanicznych (twardosci i modulu Younga), w poréwnaniu do wartoSci
uzyskanych dla warstw posrednich bez powtoki hydroksyapatytowej (P1-P3). Wykazano takze
ze, warto$¢ przylozonego natezenia pradu podczas katodowego elektroosadzania wptywa na
uzyskiwane parametry modutu sprezystosci. Wraz ze wzrostem gestosci pradu, w przypadku
prob T5-S/HA zauwazono wzrost, a w przypadku prob T-S/HA, T5/HA, TNF72b/HA spadek
modutu Younga. Ponadto, wraz ze wzrostem modulu sprezystosSci zaobserwowano wzrost
warto$ci twardoSci W obrebie danego biomaterialu (z wyjatkiem TNF72a). Zblizong do
warstwy korowej kosci wartoscig modutu Younga oraz twardosci, charakteryzowaty si¢ uktady
z powloka hydroksyapatytu osadzong na warstwie tytanianowej T-S/HA (I = 2.5 mA, E =28.05
+7.06 GPa, H = 0.28 + 0.11 GPa), nanoporowatej T5/HA (1 = 3.5 mA, E = 20.00 + 7.03 GPa,
H = 0.25 + 0.09 GPa) oraz nanowtoknistej TNFOC/HA (1 = 3.5 mA, E = 25.96 + 13.96 GPa,
H=0.29 + 0.19 GPa). Najwyzsza adhezj¢ powtoki HA do podtoza metalicznego (169.93 +
35.88 mN) zaobserwowano dla uktadu Ti6Al4V/TNF6C/HA (1 = 3.5 mA).

Podsumowujac, zaré6wno dobor warunkéw  prowadzenia  procesu  katodowej
elektrodepozycji hydroksyapatytu (tj. temperatury, czasu, gestosci pradu), jak réwniez rodzaj
zastosowanej do jego osadzenia warstwy posredniej wplywaja na wtasciwosci fizykochemiczne

I mechaniczne otrzymywanych uktadow. Przeprowadzone badania dowodza, ze mozliwe jest
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wytworzenie uktadu z powloka hydroksyapatytowa o korzystnych wiasciwosciach
mechanicznych, jak i1 wysokiej sile adhezji do podtoza metalicznego, przy zastosowaniu
tlenkowych warstw posrednich w postaci nanoporowatej lub nanowloknistej (TNT, TNF,
T-S).
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P5. TiO2/HA and Titanate/HA Double Layer Coatings on Ti6Al4V Surface and

Their Influence on In Vitro Cell Growth and Osteogenic Potential
Ehlert*, M.; Radtke*, A.; Forbot, N.; Jedrzejewski, T.; Roszek, K.; Golinska, P.; Trykowski,
G.; Piszczek, P. Journal of Functional Biomaterials 2022, 13, 271

Artykut P5 stanowi kontynuacje tematyki poruszonej w artykule P4. Przeprowadzone
badania byly ukierunkowane na ocen¢ aktywnosci biologicznej uktadow opisanych w artykule
P4 zpowlokg hydroksyapatytowa, wykazujacych najbardziej optymalne wiasciwosci
fizykochemiczne oraz mechaniczne. Do badan tych wybrano uklady Ti6AI4V/IL/HA,
w ktorych role warstwy posredniej (IL) petnit: nanoporowaty TiO2 (T5), nanowtoknisty TiO;
(TNF6C) oraz tytanian (T-S). Powloka hydroksyapatytowa zostala osadzona w procesie
katodowego elektroosadzania przy natezeniu pradu 2.5 mA (T5/HA, T-S/HA) lub 3.5 mA
(TNF6C/HA).

W pierwszej czesci publikacji oméwiono mechanizm osadzania si¢ hydroksyapatytu na
tlenkowo zmodyfikowanym podtozu ze stopu tytanowego oraz przedstawiono obrazy SEM
wybranych warstw posrednich, tj. T5, T-S, oraz TNF6C (Rysunek 13a) oraz morfologii
powierzchni prob z powtoka hydroksyapatytowa: TS/HA, TNF6C/HA, oraz T-S/HA (Rysunek
13Db).

Rysunek 13. Obrazy SEM morfologii powierzchni prob TS5, T-S, TNF6C (a), TS/HA, T-S/HA, oraz
TNF6C/HA (b). Zaadaptowano z ilustracji zawartych w artykule [P5].
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Nastepnie, w celu oceny bioaktywnosci wytworzonych materialtow z powloka HA,
przeprowadzono test w symulowanym roztworze fizjologicznym (SBF), o sktadzie jonowym
zblizonym do sktadu osocza krwi ludzkiej. Analizie poddano materialy w stanie wyj$ciowym
oraz po pierwszym, drugim, trzecim i czwartym tygodniu ekspozycji w roztworze SBF. Na
podstawie uzyskanych dyfraktogramow rentgenowskich potwierdzono, ze probki z osadzonym
HA wykazuja zdolno$¢ do dalszego tworzenia si¢ apatytu w roztworze SBF. Zachodzace
zmiany analizowano takze, na podstawie obrazéw SEM, widm SEM/EDS oraz wyliczonego,
procentowego przyrostu masy apatytu. Zaobserwowano, ze juz od pierwszych dni inkubacji,
badane biomateriaty TS/HA, T-S/HA i TNF6C/HA promowaty osadzanie si¢ apatytu na ich
powierzchniach. Dtuzszy czas inkubacji wymienionych uktadow, w roztworze SBF, prowadzi
do otrzymania grubszych powlok apatytowych. Na powierzchni nowopowstatych powtok
apatytu odnotowano nieliczne peknigcia, ktore najprawdopodobniej byly spowodowane
naprezeniami wewnetrznymi podczas procesu suszenia.

W kolejnym etapie, przeprowadzono badania in vitro uktadéow Ti6Al4V/IL/HA (IL = T5,
TNF6C, T-S), badajac ich wptyw na przezywalnos¢ i proliferacj¢ mezenchymalnych komorek
macierzystych pochodzacych z tkanki tluszczowej, ludzkich osteoblastow liniit MG—-63 oraz
komorek tkanki tgcznej — mysich fibroblastow linii L929 hodowanych na ich powierzchni. Jako
proby odniesienia wybrano uktady bez powtoki HA. Otrzymane wyniki potwierdzaja, ze rodzaj
warstwy posredniej tgczacej podloze ze stopu Ti6AI4V z powlokg HA, wptywa nie tylko na
otrzymywane parametry fizykochemiczne, jak i mechaniczne, ale takze na powstajace rdznice
W aktywnosci biologicznej otrzymanych uktadow. W celu oceny aktywnosci metabolicznej
komorek i ewentualnej cytotoksycznos$ci wytworzonych biomateriatow wykonano test MTT.
Sprawdzono takze aktywno$¢ fosfatazy alkalicznej, ktorej wzrost moze $wiadczy¢
0 biokompatybilno$ci badanej powierzchni. Enzym ten jest uznawany za wczesny marker
roznicowania komorek, formowania ko$ci i mineralizacji macierzy zewnatrzkomorkowe;.
Ponadto, w celu wykrycia ztogow wapniowych w komorkach linii kostnej, wykonano test
Z uzyciem czerwieni alizarynowej. Na podstawie uzyskanych w tescie MTT wynikéw, wraz ze
wzrastajacym czasem hodowli, odnotowano wyzsza lub porownywalng liczbe komorek
fibroblastoéw L1929, jak i1 osteoblastow MG—-63 na materiatach z lub bez powloki HA.
W przypadku ADSCs zauwazono podobng zalezno$¢ (z wyjatkiem proby TNF6C/HA).
Nanowarstwy z powloka HA indukowaly wyzszy lub poréwnywalny poziom Zywotnosci
fibroblastow L1929 w poréwnaniu z probami bez HA. Podobny efekt zauwazono rowniez dla

osteoblastow MG—63 hodowanych na powierzchni prob T5 i T5/HA. Przeciwnie, pokrycie
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nanowarstw T-S i TNF6C za pomoca powloki hydroksyapatytowej wywolalo spadek
zywotnosci osteoblastow MG—63 w poréwnaniu z ukladami bez HA. Podobny wynik
zaobserwowano w przypadku ADSCs hodowanych na powierzchni prob TS/HA i TNF6C/HA.
Poréwnawcza analiza SEM komorek, potwierdzita uzyskane w tescie MTT wyniki. Analiza
spektrofotometryczna zwigzanej przez ztogi wapniowe alizaryny, wykazata odktadanie si¢
w macierzy zewnatrzkomorkowej podobnych ilosci wapnia, zarowno w przypadku komodrek
osteoblastow MG-63, jak i ADSCs, we wszystkich badanych probkach. Najliczniejsze rejony
sedymentacji pigmentu stwierdzono na probkach z powloka hydroksyapatytu, co jest korzystne
dla procesu mineralizacji. Na podstawie uzyskanych wynikéw pomiarow aktywnosci fosfatazy
alkalicznej stwierdzono zmniejszenie si¢ aktywnosci ALP w komodrkach MG-63 1 jej wzrost
w ADSCs hodowanych na podtozu TS/HA. Biorac pod uwage, iz ALP jest uwazana za wczesny
marker réznicowania osteogennego, mozna stwierdzi¢, ze jej wzrost w ADSCs wplywa na
efektywng osteogeneze. Wptyw powtoki HA na aktywnos¢ ALP w komodrkach MG-63
prowadzi do zwigkszenia jej aktywnosci tylko w przypadku uktadu T-S/HA.

Wynikiem przeprowadzonych testow przeciwdrobnoustrojowych bylo stwierdzenie,
ze Wytworzone biomateriaty z powtokg hydroksyapatytowa (T5/HA, T-S/HA, TNF6C/HA) nie
wykazywaly takiej aktywnosci. Nalezy jednak pamietaé, Ze istotne znaczenie ma fakt, aby
biomateriat z powlokg antybakteryjng nie utrudniat jego integracji tkankowej.

Biorgc pod uwage wyniki badan aktywnosci metabolicznej komorki, oceny tworzenia
ztogdbw wapniowych, aktywnosci fosfatazy alkalicznej oraz obserwacji mikroskopowych
(SEM) udowodniono, ze uktad (Ti6Al4V/T5/HA) z nanoporowatg warstwg posrednig, taczaca
podloze ze stopu tytanu z powlokg hydroksyapatytows, wykazuje najwickszy potencjal do
zastosowania w konstrukcji implantéw nowej generacji. Powierzchnia z podwdjng warstwag
T5/HA jest nietoksyczna i wspomaga adhezje i proliferacje badanych linii komorkowych.
Bioceramika hydroksyapatytowa osadzona na nanoporowatej warstwie posredniej zwigksza
biointegracje, wspomaga potencjal osteogenny osteoblastow MG-63 i ADSCs, dziata
promocyjnie na zjawisko mineralizacji macierzy zewnatrzkomorkowej oraz wykazuje
obiecujaca bioaktywnos¢. Ponadto, uktad Ti6Al4V/T5/HA wyrdzniajg doskonate whasciwosci
mechaniczne (sita adhezji = 103.11 + 10.07 mN, H = 0.30 + 0.10 GPa i E = 35.58 = 7.41 GPa)
(artykut P4). Opisane badania staty si¢ podstawg do opracowania technologii wytwarzania
implantu z powltoka hydroksyapatytowa, zachowujac pozadang réwnowage pomiedzy

korzystnymi wlasciwosciami fizykochemicznymi, mechanicznymi i biologicznymi.
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5. Podsumowanie

Celem naukowym niniejszej rozprawy doktorskiej bylo okreslenie wptywu wybranych
sposobéw modyfikacji powierzchni implantu ze stopu Ti6Al4V na jego wlasciwosci
fizykochemiczne, mechaniczne oraz biologiczne. Natomiast celem przeprowadzonych prac
badawczo-rozwojowych byto opracowanie metody modyfikacji powierzchniowej implantow
kostnych, w tym stomatologicznych oraz ortopedycznych, aby wzbogaci¢ ich powierzchnig¢
bioaktywng warstwa, sprzyjajaca regeneracji kosci, odpowiednig do pdzniejszego natozenia

frakcji bogatej w komorki macierzyste.

Przeprowadzone badania podzielono na dwa etapy:

Etap | polegat na modyfikacji powierzchni probek stopu Ti6Al4V, ktore doprowadzity do
otrzymania nanoarchitektury tlenkéw tytanu o odmiennej morfologii, strukturze oraz
wiasciwo$ciach mechanicznych i biologicznych (P1, P2, P3). Stwierdzono, ze chemiczne
utlenianie, z uzyciem nadtlenku wodoru podtozy ze stopu Ti6Al4V, prowadzi do otrzymania
amorficznych (TNF72), lub polikrystalicznych (TNF4-10), nanowtoknistych warstw TiO2 na
ich powierzchni (P1). Elektrochemiczne utlenianie podtozy ze stopu Ti6Al4V w elektrolicie
zawierajacym jony fluorkowe, w zaleznosci od zastosowanego napigcia pradu (5, 15, 40 V),
prowadzi do otrzymania w kontrolowany sposob amorficznej nanoporowatej, nanorurkowej lub
nanoggbczastej warstwy ditlenku tytanu na powierzchni stopu tytanowego (P2). Alkaliczne
trawienie podtozy ze stopu tytanowego oraz stopu pokrytego nanoporowatg powtoka TiO>
prowadzi do tworzenia si¢ nanowloknistych warstw tytanianowych (T-S, T5-S) (P3).
Udowodniono, ze otrzymane w wyzej wspomnianych procesach nanowarstwy nie sg
cytotoksyczne wzgledem linii komérkowej MG—63, L929 oraz ADSCs, a komorki lepiej
proliferuja na warstwach porowatych, jak i wioknistych niz na podtozu ze stopu tytanowego.
Modyfikacja powierzchni stopu Ti6Al4V doprowadzila do poprawy wilasciwosci
mechanicznych w stosunku do wyj$ciowych parametréw podtoza. Sposrod analizowanych
warstw najbardziej korzystne wiasciwosci fizykochemiczne, mechaniczne oraz biologiczne
wykazata nanoporowata warstwa ditlenku tytanu wytworzona na stopie Ti6Al4V. Warstwa ta
zostata oznaczona w artykule P2 akronimem TNTS5, natomiast w kolejnych artykutach P3-P5
zastosowano skrocone oznaczenie — T5. W ponizszym opisie bede¢ postugiwac si¢ oznaczeniem
TNT5. Warstwa ta charakteryzuje si¢ najbardziej zblizong do ludzkiej warstwy korowej
warto$cig modutu sprezystosci, wysoka adhezja do podtoza metalicznego oraz wlasciwosciami

sprzyjajacymi biointegracji. Jednak, nanoporowata warstwa nie wykazuje zdolnosci do
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narastania apatytu w roztworze symulowanego ptynu ustrojowego. Warto podkresli¢, ze proces
anodowego utleniania jest wzglednie tatwa 1 stosunkowo tanig metoda modyfikacji
powierzchni tytanoweyj.

W etapie 11, traktujgc wysoce biokompatybilne tlenkowe nanowarstwy (wytworzone w ramach
Etapu 1), jako warstwy posrednie (IL), wytworzono uklady typu Ti6Al4V/IL/HA.
W powyzszych uktadach warstwy IL stanowity tgcznik pomiedzy powtoka hydroksyapatytowa
a podlozem ze stopu Ti6Al4V (P4, P5). Wzbogacenie zmodyfikowanych powierzchniowo
implantow tytanowych o powloke hydroksyapatytowa miato na celu zwigkszenie ich
bioaktywnosci, biozgodnosci, zintensyfikowanie procesow osteointegracji, zapobieganie
ewentualnej metalozie, a takze obnizenie wartosci modutu sprezystosci do wartosci modutu
Younga ludzkiej kosci. Warto zauwazy¢, ze ze wzgledu na stabg adhezje, nie bytoby mozliwe
skuteczne osadzenie powtok hydroksyapatytowych bezposrednio na metalicznym podtozu. Sita
adhezji powtoki HA do podloza tytanowego ulegta znaczacej poprawie, gdy zastosowano
tacznik w postaci warstwy nanoporowatej lub nanowtokniste;.

Metoda katodowego osadzania prowadzi do tworzenia si¢ powtok hydroksyapatytowych,
na zmodyfikowanej powierzchni stopu Ti6Al4V, ktorych wiasciwosci istotnie zalezg zarowno
od parametréw procesu (gestosci pradu, czasu, temperatury osadzania), jak i rodzaju
zastosowanej warstwy posredniej. Zaletg zastosowania metody katodowe]j elektrodepozycji
jest: (a) krotki czas osadzania i spickania powloki hydroksyapatytowej, oraz (b) stosunkowo
niskie koszty produkcji, co zwieksza szanse na wykorzystanic tej metody w przemysle.
W artykule P4 przedstawiono charakterystyke fizykochemiczng oraz mechaniczng
wytworzonych uktadow z powtoka HA, natomiast w artykule P5 skupiono si¢ na opisie ich
wiasciwosci biologicznych.

Uzyskane wyniki: (a) badan aktywno$ci metabolicznej komorek hodowanych na
wytworzonych podtozach, (b) oceny tworzenia ztogdw wapniowych, aktywnos$ci fosfatazy
alkalicznej, (c) obserwacji mikroskopowych (SEM) (P5), jak i (d) wiasciwosci mechanicznych
(P4), udowodnily, ze najwigkszy potencjal do zastosowania w konstrukcji implantow
przeznaczonych dla ortopedii, a takze stomatologii ma uktad Ti6AI4V/TNT5/HA.
Stwierdzono, ze powtoka hydroksyapatytowa osadzona na nanoporowatej warstwie posredniej
cechuje si¢ dobrg cytokompatybilnoscig oraz promuje zdolno$¢ do adhezji, proliferacji
i osteogennego réznicowania si¢ mezenchymalnych komorek macierzystych pochodzacych

z tkanki tlhuszczowe;.
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Zastosowanie zaproponowanej metody modyfikacji powierzchni implantu ze stopu
Ti6Al4V, prowadzacej do wuzyskania ukladu typu: implant/nanoporowata warstwa
tlenkowa/hydroksyapatytu, otwiera nowa S$ciezke w produkcji implantow (w tym
spersonalizowanych wytwarzanych w technologiach 3D) przeznaczonych na potrzeby

ortopedii, a takze stomatologii.
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6. Wdrozenie

Zatozeniem wdrozeniowej pracy doktorskiej jest optymalne wykorzystanie wynikéw
naukowych w praktyce gospodarczej. W moim przypadku partnerem gospodarczym jest firma
akademicka Nano—implant Sp. z o0.0.,, ktéra prowadzi prace nad wytworzeniem
spersonalizowanych implantéw tytanowych nowej generacji dla potrzeb ortopedii, chirurgii
szczgkowo—twarzowej oraz stomatologii.

Wynikiem przeprowadzonych badan jest opracowanie technologii dwustopniowej
modyfikacji powierzchni implantu ze stopu Ti6Al4V, co stanowi innowacyjne rozwigzanie
gotowe do zastosowania w produkcji nowej generacji implantow. Proponowana metoda
zaktada dwuetapowg modyfikacje implantu wytwarzanego, np. w technologii 3D (selektywne
spiekanie laserowe proszkéw tytanowych (SLS)) (Rysunek 14a). W trakcie pierwszego etapu
powierzchnia stopu Ti6Al4V zostaje pokryta warstwg ditlenku tytanu o morfologii
nanoporowatej (TNT5), jako warstwy posredniej (Rysunek 14b). Rozwigzanie to stanowi
przedmiot zgloszenia patentowego pt. ,,Sposob wytwarzania powtoki nanokompozytowej na
powierzchni stopu tytanowego Ti6AI4V i powtoka wytworzona tym sposobem.” 2020-09-21;
P.435368; [WIPO ST 10/C PL435368]. W kolejnym etapie na powierzchni warstwy posredniej
wytworzona zostaje powloka hydroksyapatytowa (HA), tworzac w ten sposob uktad
Ti6AI4V/TNTS/HA (Rysunek 14c).

Wytworzony tag metoda implant bedzie mogt by¢ stosowany u szerszego grona pacjentow
w poréwnaniu do implantow produkowanych obecnie, ze wzgledu na jego wysoka
biozgodnos¢, jak i korzystne wlasciwosci mechaniczne. Podkresli¢ nalezy fakt, ze ze wzgledu
na wysoka adhezje, proliferacje, jak 1 potencjal do osteogennego rdznicowania si¢
mezenchymalnych komoérek macierzystych pochodzacych z tkanki ttuszczowej w warunkach
in vitro, zaktada si¢ mozliwo$¢ wykorzystania frakcji bogatej w komorki macierzyste,
pochodzacej z tkanki tluszczowej pacjenta, u ktérego bedzie dokonywany wszczep, jako
dodatkowej bioaktywnej powtoki na produkowanych implantach. Po otrzymaniu pozytywnej
weryfikacji uzyskanych wynikoéw w badaniach biologicznych in vivo, mozliwe bedzie
wdrozenie opracowanego prototypu implantu stomatologicznego, ortopedycznego pokrytego
powloka kompozytowa (TNT5/HA) wzbogacong o frakcje bogata w komodrki macierzyste do
codziennej praktyki chirurgicznej. Proponowane rozwigzanie wskazuje, ze z tego rodzaju
implantu, poza dotychczas dopuszczanymi do zabiegdw pacjentami, mogliby

korzysta¢ diabetycy, osoby o obnizonej odpornosci immunologicznej i 0soby starsze.
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Z punktu widzenia tatwosci zastosowania klinicznego, proponowany implant moze by¢
bezpiecznie sterylizowany najczesciej uzywang w praktyce medycznej — metodg parowa
(czynnikiem sterylizujacym jest nasycona para wodna w nadci$nieniu, w temperaturze 121°C).
Ponadto, warunki jego transportu, jak i przechowywania sg proste, a odczynniki uzyte do
dwustopniowej modyfikacji (TNT5/HA) powierzchni implantu ze stopu Ti6Al4V generuja

niewielkie koszty.

a) TIGAI4V

500 nm

—_—

¢) Ti6Al4V/TNTS/HA

Rysunek 14. Fotografia implantu ortopedycznego wytworzonego metoda selektywnego spiekania
laserowego proszku Ti6Al4V (a—c) oraz obrazy SEM: niezmodyfikowanej powierzchni implantu (a),
oraz nanoporowatej warstwy (b), nanoporowatej warstwy z powtoka hydroksyapatytowa, zintegrowanej

z powierzchnig implantu (C).
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Abstract: The increasing need for novel bone replacement materials has been driving numerous
studies on modifying their surface to stimulate osteogenic cells expansion and to accelerate bone
tissue regeneration. The goal of the presented study was to optimize the production of titania-based
bioactive materials with high porosity and defined nanostructure, which supports the cell viability
and growth. We have chosen to our experiments TiOz nanofibers, produced by chemical oxidation
of Ti6Al4V alloy. Fibrous nanocoatings were characterized structurally (X-ray diffraction (XRD))
and morphologically (scanning electron microscopy (SEM)). The wettability of the coatings and
their mechanical properties were also evaluated. We have investigated the direct influence of the
modified titanium alloy surfaces on the survival and proliferation of mesenchymal stem cells
derived from adipose tissue (ADSCs). In parallel, proliferation of bone tissue cells—human
osteoblasts MG-63 and connective tissue cells - mouse fibroblasts L929, as well as cell viability in co-
cultures (osteoblasts/ADSCs and fibroblasts/ADSCs has been studied. The results of our
experiments proved that among all tested nanofibrous coatings, the amorphous titania-based ones
were the most optimal scaffolds for the integration and proliferation of ADSCs, fibroblasts, and
osteoblasts. Thus, we postulated these scaffolds to have the osteopromotional potential. However,
from the co-culture experiments it can be concluded that ADSCs have the ability to functionalize
the initially unfavorable surface, and make it suitable for more specialized and demanding cells.

Keywords: titanium alloy; nanofibers; adipose-derived mesenchymal stem cells; wettability;
mechanical properties; biological activity

1. Introduction

The wide use of long-term implants in various fields of medicine is associated with an increasing
demand for bone replacement materials to reconstruct the function of bone tissues and their rapid
and effective healing [1-5]. Successful meeting of these requirements depends mainly on the degree
of integration between the biomaterial (implant) and the native bone tissue. Hard materials (metals
and their alloys) used in biomedical applications must exhibit specific properties in order to promote
bone regeneration, proliferation, and osteogenic differentiation, [1-3,6,7]. The material suitable for
implants should be biocompatible, should possess excellent corrosion resistance, optimal Young's
modulus (similar to bone’s modulus), low weight, high fatigue resistance, and adequate porosity. In
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addition, it is recommended for such material to be inexpensive and easy to produce. The unique
physical and chemical properties of titanium and its alloys make them most frequently used among
metallic biomaterials. Titanium is a biocompatible material, but it is not bioactive [4,6,8-10]. One of
the ways to improve the osseointegration of titanium/titanium alloys implants is the modification of
their surface by the fabrication of oxide coatings with a specific structure, architecture, and
physicochemical properties. Based on results of earlier investigations, it can be stated that cells are
highly susceptible to any changes in morphology, structure, roughness, and surface energy. These
factors can directly affect the rate and degree of cell adhesion, proliferation, differentiation, as well
as having an impact on cell morphology [8-10]. Simultaneously, it should be noted that bone tissue
contains a lot of components present at the nanoscale, therefore it is beneficial to create an implant
surface, which can imitate this nanoarchitectural hierarchy [11-13]. Considering the geometrical
properties of collagen and hydroxyapatite crystals, bone cells should react better and more
intensively on substrates characterized by surface topography and architecture at the nanometric
level [13-15]. The surface modification of the titanium/titanium alloy implant was intended to
facilitate the production of coatings with a strictly defined nanotopography, e.g., nanofibers,
nanorods, nanotubes, nanoteeths, nanowires, which promotes the process of its binding with the
bone tissue [16-21]. One of the effective methods leading to the formation of a bioactive surface
material is the use of the chemical oxidation process [22,23]. Chemical treatments of titanium and its
alloys are mainly based on chemical reactions occurring on the interfacial surface between titanium
and the solution. The most common chemical procedures include acid, alkaline, H2Oz, heat, and
passivation treatments [24,25]. They are carried out in order to remove native oxides and impurities
from the surface. This method may also lead to obtaining layers with increased biocompatibility,
bioactivity, and bone conductivity [23,25]. In our research, among many available ways of preparing
bioactive titanium surfaces, we have focused on applying of various acids and further oxidation in
the presence of H202. Acid etching usually leads to a thin oxide layer on the surface, mainly TiO: (<10
nm) [25]. The application of hydrogen peroxide as an oxidant does not cause any external
contamination in the reaction system. Under the influence of H20», the production of titanium
peroxide gel is expected on the sample surface [18,25,26]. As a result of immersion of titanium foil in
H20: solution, metallic titanium reacts with H202 molecules to form Ti-OH groups on the surface of
titanium [26-28]. It can be expected that the longer the process is carried out, the rougher the layer
will become [26].

The effectiveness of osteointegration and healing processes are caused by demands from the
nanostructured surface of the biomaterial to stimulate, inter alia, osteogenic differentiation of
mesenchymal stem cells (MSCs) [10,12,29-31]. Stem cells become activated when an injury occurs
and are recruited to the injury site to support tissue repair. When a biomaterial is implanted, the body
reacts similarly and stem cells are recruited to the implant site. Therefore, stem cell interactions with
biomaterials are critical for the long-term success of medical devices. The most widely used source of
stem cells in scientific research and clinical practice is bone marrow [32]. However, the procedure of
bone marrow collection is painful, has certain complications, and provides a limited amount of
multipotent cells [33-35]. An alternative, attractive, and easily accessible source of progenitors is the
stromal vascular fraction (SVF) of adipose tissue. The SVF is a heterogeneous mixture containing
many types of cells, including blood cells, fibroblasts, endothelial cells, adipocytes, as well as adipose-
derived mesenchymal stem cells (ADSCs) [31,36-38]. Stem cells obtained from subcutaneous adipose
tissue have a multipotent differentiation capacity comparable to that of bone marrow stem cells
[1,11,31,39-41]. In addition, mesenchymal stem cells of adipose tissue expand easily in the cell culture
and age slowly. Therefore, they are presently considered as one of the most promising sources of cells
to be applied in tissue engineering to repair, replace or regenerate tissues and organs damaged by
diseases or injuries. To date, very few studies have investigated the adhesion, proliferation, and
differentiation of ADSCs on titania surfaces.

Another important issue to prevent unwanted clinical complications during implantation is
maintaining a permanent connection between the connective tissue and the implant [1,11,30,40-44].
For this reason, we used the co-culture system of ADSCs with osteoblasts and fibroblasts in the
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present study to verify the efficacy of the engineered bone tissue integration. Rozila and colleagues,
among others, used a similar research approach testing osteogenic potential of human adipose-
derived stem cells co-cultured with human osteoblasts on polymeric microfiber scaffolds [45].
Mesenchymal stem cells, similarly to fibroblasts, are also suggested to support wound healing
because they produce multiple growth factors and cytokines, which are of major interest in wound
healing processes [46]. Therefore, in the present paper we have examined if ADSCs might stimulate
fibroblast proliferation, especially since several studies have demonstrated the paracrine effects of
ADSCs on fibroblasts. For example, Park et al. showed in an animal model that ADSCs and their
conditioned media could stimulate collagen synthesis and promote the migration of fibroblasts to
wounds [47]. Shen et al. demonstrated that ADSCs promote proliferation in young and aged
fibroblasts through a paracrine mechanism [48].

The main objective of presented study was to investigate in vitro the ability of titanium dioxide
nanofibers, produced in the process of Ti6Al4V alloy surface chemical oxidation, to support the
growth, adhesion, proliferation, and differentiation of mesenchymal stem cells of adipose origin
(ADSCs). We have also determined the growth possibility of cell co-cultures (fibroblasts/ADSCs, and
osteoblasts/ADSCs) on nanofibrous coatings. So far, researchers have not concentrated on
functionalization of TiO2 nanofibrous surfaces with adipose mesenchymal stem cells and on the use
of ADSCs as a highly bioactive layer supporting bone tissue cells - osteoblasts MG-63 and connective
tissue cells - fibroblasts L929. The results of our studies provide preliminary but valuable information
about cell biology and interactions with the surface modified implants, which can be beneficial for
everyday surgical practice (maxillofacial, dental, plastic, and orthopedic).

2. Results

2.1. Morphology and Structure Characterization of Titania Nanocoatings

Applying the direct oxidation method of Ti6Al4V foil surface led to the formation of titanium
dioxide coatings, which consist of nanofibers (TNFs). Analysis of SEM images revealed a close
relationship between the applied heating way (in an incubator (TNF4S-10S) or under a reflux
condenser (TNF4C-10C)), the time of the process, and morphology of formed TNF coatings (Figure
1). Uniform coatings without cracks and gaps were obtained for all samples. It was found that the
fibrous nature of the samples heated under reflux was more visible compared to those heated in the
incubator. Moreover, the analysis of SEM images showed that an extension of heating time led to
obtaining a more interlinked, nanofibrous morphology. Differences between morphology of the
TNF4C sample and TNF6C, TNF10C ones are a good example of this (Figure 1).

In order to distinguish the systems formed on the Ti6Al4V surface heated in an incubator
(TNF45-10S) and reflux cooler (TNF4C-10C) from those formed during its oxidation with 30 wt %
H202 solution at 358K for 72 h plate, the latter system was named as nanofibers 72 (TNF72a-b). After
the process of chemical oxidation, the deposition of a homogeneous white layer on the surface of
samples was observed. This layer was removed by ultrasonic cleaning. The morphology of nanofibers
obtained (TNF72a-b) is presented in Figure 1.
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Figure 1. Scanning Electron Microscopy (SEM) images of titania nanofibers (TNF) on Ti6Al4V alloy

surface.

The structure of produced coatings was determined by X-ray diffractometry (XRD) and
registered spectra are presented in Figure 2. Analysis of these data shows that the TNF72 samples are
amorphous (no anatase or rutile phase was observed). According to these data the TNF72 samples
are amorphous, while TNF4-TNF10 ones are polycrystalline systems. The presence of the signal at
36.0° (101) and 61.3° (002) on the GIXRD spectra of TNF4C-10C and TNF4S-10S, points to the
formation of rutile form of TiO2 nanofibers. At the same time, the existence of the signal at 37.6° (004)
was attributed to the anatase crystalline phase. The diffraction lines, which were found in XRD
spectra of TNF4C-10C and TNF4S-10S, are in agreement with the literature data for TiO: rutile and
anatase phases [49-53].
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Figure 2. X-ray diffraction spectra of produced Ti6 Al4V/TNF samples (lines marked as Ti are assigned
to the titanium of titanium alloy substrate).

2.2. The Wettability and Surface Free Energy

The results of contact angles measurements for water and diiodomethane, and also changes of
surface free energy value (SFE) of Ti6Al4V/TNF are presented in Figure 3 and in Table S1. Contact
angle differences were attributed to the surface properties, in particular the surface roughness, which
affect the contact angle of a water and diiodomethane droplet on each Ti6Al4V surface. According to
data presented in Figure 3, it can be stated that samples surfaces indicate a clear hydrophobic
character. In the case of Ti6Al4V/TNF4C-10C and Ti6 A14V/TNF4S-10S hydrophobicity increases from
TNF4 to TNF10, i.e., parallel with the elongation of the chemical oxidation time of Ti6Al4V surface.
When comparing the results obtained for TNF72a and TNF72b, we observed a higher hydrophobicity
for the oxidation mixture activated sample (i.e., TNF72b). The free surface energy (SFE) of the
produced coatings was calculated using the Owens-Wendt method. This method required the
wetting angles be measured for polar liquid —water and dispersion liquid —diiodomethane (Figure
3A and Table S1). The SFE calculations for Ti6Al4V/TNF4-10 samples showed that their values
change in the narrow range, i.e., from SFE = 27.6 (mJ/cm?) up to SFE = 37.4 (m]/cm?) for Ti6Al4V/4S-
10S and from SFE = 32.9 (m]/cm?) up to SFE = 46.4 (m]/cm?) for Ti6Al4V/TNF4C-10C (Figure 3B and
Table 1). In the case of Ti6 Al4V/TNF72 samples, the SFE value was 28.4 (m]/cm?) for TNF72a and 39.3
(mJ/cm?) for TNF72b (Figure 3B and Table S1).
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Figure 3. The values of contact angles for water and diiodomethane (A), and surface free energy of
Ti6Al4V/TNF samples (B).

2.3. The Roughness of the of Titania Nanocoatings

The results of AFM topography with a value of area roughness parameter Sa of Ti6Al4V and
modified specimens were presented in Figure 4. The lowest value of Sa parameter was obtained for
the reference Ti6Al4V specimen. As demonstrated by the results, the oxidation process of the
titanium alloy surface increased the roughness for all tested specimens. The same effect were reported
in previous research [16,17]. For specimens heated in an incubator (TNF4S-10S) and under a reflux
condenser (TNF4C-10C) with the increase of oxidation time (4-10 h), the roughness decrease was
noticed. Significant decrease of Sa parameters with increased time of oxidation was obtained for
specimens TNF4-10C from 0.35 pm (TNF4C) to 0.17 um (TNF6C) and 0.15 pm (TNF10C). For samples
from groups TNF4-10S no significant decreases in roughness were obtained, but these decreases also
occurred. For specimens obtained after oxidation in 2 M HF solution for 10s (TNF72a) and in a 1:4:5
mixture of HF:HNOs:H:O, the increase of the roughness compared with reference (polished Ti6Al4V
sample) from 0.02 um to 0.06 um (TNF72a) and 0.10 pm (TNF72a) was observed.
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Figure 4. The Atomic Force Microscopy (AFM) topography of Ti6Al4V and TNF samples with Sa
parameter values.

2.4. The Nanomechanical Properties of the Titania Nanocoatings

The relevant nanomechanical properties, such as hardness (H) and Young’s Modulus (E), and
nanoindentation properties (maximum depth of indentation) are presented in Table 1. To determine
resistance to wear resistance and to plastic deformation, the parameters H/E and H3/E? were
calculated and reported in Table 1. The intimately connected H/E ratio to wear resistances have been
shown by Matthews and Leyland [54]. Decreases of the hardness and Young’s Modulus for all tested
samples compared with reference Ti6Al4V (10.94 GPa and 212.48 respectively) were observed. Also
any increase of hardness and Young’s Modulus a caused decrease of the maximum depth of
indentation, hence the lowest value (472 nm) was obtained for Ti6Al4V polished foil. The
improvement of mechanical properties resulted in an increase of wear resistance (the H/E ratio) and
resistance to plastic deformation H3/E2 The highest mechanical properties were obtained for Ti6Al4V
and TNF72b specimens and therefore the wear resistance values were the highest (0.0513 and 0.0421
for Ti6Al4V and TNF72b, respectively). The significant deviations of the obtained values are
characteristic of accurate nanoindentation measurements and they were also noticed previously
[55,56]. In case of biomaterials, the most important mechanical properties related to their suitability
for cell growth is Young’s Modulus. For TNF4S-10S samples, it was observed that the increase
oxidation process time initially decreased the Young’s Modulus by about 30% (from 170.85 to 133.85
GPa) and then their increase by about 2% (from 133.85 to 136.54 GPa). For TNF4C-10C samples
initially the effect of elongation of oxidation time for Young’s Modulus was insignificant but for
specimens TNF6C and TNF10C E, a value decrease of about 20% was noticed (from 165.11 up to
133.22 GPa).
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Table 1. Nanomechanical and nanoindentation properties of the reference Ti6Al4V and of titanium

nanocoatings.

Biomaterial Hardness H Young's Modulus E Maximum Depth of H/E H3/E?
Sample (GPa) (GPa) Indentation (nm) () (GPa)
Ti6Al4V  10.94 +1.42 212.48 +16.69 472.25 +26.11 0.0513 +0.0034 0.0294 + 0.0078
TNF4S 6.68 +2.59 170.85 + 58.26 604.76 + 85.71 0.0388 +0.0039 0.0105 + 0.0057
TNF6S 3.92+1.73 133.85 + 42.12 800.94 +191.73 0.0285 +0.0068 0.0039 + 0.0033
TNF10S 4.59 +1.41 136.54 +27.81 718.59 +112.31 0.0330 + 0.0047 0.0054 +0.0028
TNF4C 543 +2.15 166.34 + 51.06 669.96 + 127.95 0.0322 +0.0056 0.0063 + 0.0044
TNF6C 6.00 +2.00 165.11 +39.18 634.01 +101.29 0.0356 + 0.0046 0.0083 + 0.0048
TNF10C 4.69 +1.50 133.22 +20.80 709.13 + 88.34 0.0348 + 0.0054 0.0064 + 0.0050
TNF72a 6.27 +0.88 170.92 +15.73 601.98 +41.46 0.0356 + 0.0021 0.0085 + 0.0021
TNEF72b 7.68 +1.78 180.18 + 27.40 561.09 +80.11 0.0421 + 0.0044 0.0143 + 0.0053

The adhesion properties are presented in Table 2. The maximum force at which complete
delamination of tested coatings occurred was determined by critical force and corresponding friction
force was determined as the critical friction force. For TNF4C-10C specimens the increase of coatings
adhesion with increase of time of process was observed. The increase in process time for TNF4-10S
samples initially caused a decrease in adhesion by 35% (from 164.20 to 107.40 mN) and next by an
insignificant increase to 116.69 mN. The obtained results of nanoscratch-test properties correlated
with results obtained in nanoindentation tests (H/E and H3/E? ratios), the highest adhesion was
(205.15 GPa of critical force) for TNF72b specimens, which was characterized by the highest value of
H/E and H?/E? ratios.

Table 2. Adhesion properties of the titanium nanocoatings to the titanium alloy surfaces.

Nanoscratch-Test Properties
Critical Force (mN) Critical Friction Force (mN)

Biomaterial Sample

TNF4S 164.20 £ 61.12 131.68 + 52.66
TNF6S 107.40 +27.27 91.86 +22.80
TNF10S 116.69 + 28.67 90.69 +21.53
TNF4C 130.95 £ 47.15 104.83 £ 47.34
TNF6C 139.03 + 34.59 105.91 £ 32.16
TNF10C 140.91 + 34.10 117.33 £42.05
TNF72a 203.91 £ 37.59 183.24 + 61.29
TNEF72b 205.15 +48.96 140.27 + 46.27

2.5. Cell Proliferation Determined by the MTT Assay

The proliferation levels of L929 fibroblasts, MG-63 osteoblasts, and adipose-derived
mesenchymal stem cells growing on the surface of fibrous nanocoatings were evaluated based on the
results of the MTT assay and presented in Figure 5. It is worth noticing that all tested nanolayers
provoked a higher proliferation level of L929 fibroblasts (Figure 5A) as well as MG-63 osteoblasts
(Figure 5B). This phenomenon was observed after 24 h and 72 h of culture (except for the 1929
fibroblasts cultivated on the TNF4S samples for 72 h). Analysis of these data revealed that TNF72a
and TNF72b specimens induced the highest 1929 cells viability after 24 h (245.2 + 12.5% and 228.6 +
10.3%, respectively). In contrast, a longer cultivation time provoked the greatest viability level of L929
cells not only for TNF72a and TNF72b samples (197.6 + 8.9% and 188.8 + 8.8%, respectively), but also
for TNF4C, TNF6C, and TNF10C nanolayers (182.2 + 6.5%, 191.1 + 6.5%, and 1742 + 5.8%,
respectively). These three specimens also stimulated the highest survival rate of MG-63 osteoblasts
(168.6 £ 12.8%, 220.1 + 19.3%, and 202.9 + 15.8%, respectively) after 24 h of culture. After 72 h, the
highest MG-63 cells viability was observed, especially in case of TNF72a samples (168.7 + 8.6%). In
the case of adipose-derived mesenchymal stem cells, four nanolayers: TNF4S, TNF4C, TNF6C, and
TNF10C improved the cell viability during the initial 24 h. Among them, only TNF6C significantly
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increased the cell viability level after 72 h of culture. On the other hand, TNF72a and TNF72b
specimens turned out to be beneficial for ADSCs proliferation. The highest cell viability, 204.6 + 12.5%
of control on the TNF72a nanolayer and 178.1 + 15.2% on the TNF72b nanolayer, was observed after
72 h (Figure 5C).
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Figure 5. Proliferation level of L929 murine fibroblast cells (A), human osteoblast-like MG 63 cells (B)
and human adipose-derived mesenchymal stem cells (C) growing on the surface of fibrous
nanocoatings, in comparison with the reference Ti6 Al4V alloy foils. Cell viability was assessed using
the MTT assay after 24 and 72 h of culture. The results are expressed as percentage of the cells cultured
on the reference Ti6Al4V alloy foils (served as 100%). The percentage values are expressed as means
+ SEM of four independent experiments. Asterisks indicate significant differences at the appropriate
time (after 24 or 72 h) between the level of cell viability on the surface of the tested specimens
compared with the reference Ti6Al4V alloy foils (Ti6Al4V) (** p < 0.001, ** p < 0.01; * p < 0.05). The
horizontal lines show the proliferation level of the control cells growing on the reference Ti6Al4V
alloy foils.
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In the next study, we also assessed the viability of L.929 fibroblasts or MG-63 osteoblasts co-
cultured with ADSCs growing on the surface of the tested specimens. For this experiment, we
selected the nanocoatings, which have shown the highest cell survival rate for all three tested cell
lines. The results are expressed as percentage of the both co-cultured cells cultivated on the reference
Ti6Al4V alloy foils (served as 100%). As can be seen in Figure 6, all tested specimens induced a
significant increase in L929 fibroblasts (Figure 6A) as well as MG-63 osteoblasts (Figure 6B) viability
co-cultured with ADSCs. This phenomenon was observed both after 24 and 72 h of incubation time.
The highest cell viability was observed for TNF6C and TNF6S nanolayers after 72 h. The viability of
1929 fibroblasts co-cultured with ADSCs then reached 194.4 + 1.6% and 180.6 + 7.7%, whereas the
proliferation level of MG-63 osteoblast co-cultivated with ADSCs was 167.4 + 4.1% and 218.2 +7.6%,
respectively (p < 0.001). These results proved that ADSC-mediated functionalization of nanolayers
increases their appropriateness for the cell growth and suitability as scaffolds mainly for fibroblasts
and osteoblasts culture.

Co-culture of L929 fibroblasts with ADSCs

A
3 200+ ok
! 1T mm 24h
[{<]
o 1 72h
% 150- o [ e
u\° *%
et *
T 100+ --B - - -3
2
5
g s0-
8
3
T

W & S AV AV

Co-culture of MG-63 osteoblasts with ADSCs

B

250+
Hl 24h

200+ C172h

Hi

150+

100+ -- --B - -3

501

Proliferation level [% of Ti6Al4V]
*
*

Figure 6. Proliferation level of L929 murine fibroblast cells (A) or human osteoblast-like MG 63 cells
(B) co-cultured with human adipose-derived mesenchymal stem cells (ADSCs) on the surface of
fibrous nanocoatings. Cell viability level was assessed using the MTT assay after 24 and 72 h of
culture. The results are expressed as percentage of the both co-cultured cells cultivated on the
reference Ti6Al4V alloy foils (served as 100%). The percentage values are expressed as means + SEM
of four independent experiments. Asterisks indicate significant differences at the appropriate time
(after 24 or 72 h) between the cells co-cultured on the surface of the tested specimens in comparison
with the reference Ti6Al4V alloy foils (Ti6Al4V) (*** p < 0.001, ** p < 0.01; * p < 0.05). The horizontal
lines show the proliferation level of the both co-cultured cells growing on the reference Ti6Al4V alloy
foils.
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2.6. Cell Morphology Analyzed by Scanning Electron Microscopy

The biointegration capacity of the selected fibrous nanocoatings in reference to growing cells
morphology was evaluated by analysis of SEM micrographs (Figure 7). As it can be seen, the cells are
adherent and exhibit normal morphology with cytoplasmic filopodia. These actin based cell
protrusions attach the cells to the surface of nanocoatings (Figure 7A,B), while connections are also
generated between the cells (Figure 7C). Moreover, ADSCs co-cultured with MG-63 osteoblasts
produce huge amounts of the extracellular matrix (Figure 7D).

Figure 7. Scanning electron microscopy (SEM) images presenting the cells growing on the surface of

fibrous nanocoatings. (A)—adipose-derived stem cells (ADSCs) “invading” the surface of TNF72a
nanocoatings after 24h; (B) —ADSCs co-cultured with 1929 fibroblasts on the TNF72a samples for 24
h; (C)—successful co-culture of ADSCs and L1929 fibroblasts after 72h; (D)—successful co-culture of
ADSCs and MG-63 osteoblasts after 72h. White arrows in the micrographs indicate filopodia that
attach the cells to the surface (Figure 7A,B) or which are spreading between the cells (Figure 7C). Black
arrows in Figure 7D show the extracellular matrix produced by the MG-63 osteoblasts.

3. Discussion

Surface properties of biomaterial are responsible for the first reactions of the body, resulting in
its acceptance or rejection [57]. Numerous studies proved the influence of the topography on the
osseointegration process [58-60]. As the roughness increases, the possibility of attaching cells, such
as osteoblasts or fibroblasts, also increases, and thus the biointegration activity of the biomaterial
increases [57]. Presented research confirms the positive effect of surface modification on the Sa
parameter value. However, during the designing of new materials for implants, especially for long-
term implants, the emphasis should be maintained on the mechanical properties of biomaterial (such
us Young's Modulus). For this purpose, the nanoindentation technique is the most suitable for testing



Int. ]. Mol. Sci. 2019, 20, 5642 12 of 20

biomaterial surfaces [61-63]. The mechanical properties of an implant, mainly Young’'s Modulus,
should be similar to that of the human bone (10-30 GPa) [64,65]. As the difference between implant
and tissue properties increases, the risk of the “shielding” effect increases [65]. It has been confirmed
that the occurrence of a shielding effect can cause tissue damage around the implant, bone loss,
implant loosening, and premature failure of the implant [64-66]. According to our nanoindentation
tests, the most biomechanical compatibility of tested modifications was noticed for TNF6S and
TNF10C with the Young’s Modulus value beng the most similar to the value of Young’s Modulus of
human cortical bone. On the other hand, the surface of the TNF6S sample has the lowest wear
resistance, which negatively affects the potential biomaterial application.

The adhesion of the modified surface to the titanium alloy was determined by another novel
method indicated to measure adhesion of thin coatings and used before for biomaterials applications:
the nanoscratch-test [67,68]. The biomaterials surface-modified, especially for long-terms implants
should be characterized by proper adhesion to the metallic substrate. The increase in coating
adhesion for TNF4C-10C samples can be attributed to the decrease in the roughness of these coatings
with an increase of the oxidation process time. A lower surface roughness value reduces the risk of
delamination initiation on the surface, which was reported for TiO: layers on titanium alloy by
Gonzales et al. [69]. An increase of nanomechanical properties, such as the nanohardness (H) and
Young’s modulus (E), can indicate better fracture toughness. The similar effect were reported by
Kumar et al. [70]. In consequence, the tested surface with highest values of H and E (TNF72b, 7.68
GPa and 180.18 GPa) was characterized by highest adhesion to the titanium alloy (205.15 mN of
critical force).

While designing a long-term implant, it is necessary to remember that the success of its use
depends on the integrity of osseointegration and contact with surrounding soft tissue [71]. Therefore,
it is important to give the coating, both an appropriate surface topography and mechanical
properties, as well as an adequate ability to create a permanent implant-bone connection. For this
purpose, in our works, TiO2 nanofibers, suitable for the cell growth and produced by chemical
oxidation of Ti6Al4V alloy, were evaluated using three cell lines: mouse 1929 fibroblasts, human
osteoblasts-like MG-63 cells, and adipose-derived human mesenchymal stem cells (ADSCs). MG-63
cell line is a standard model for a bone research, which is used to study the effect of surface
nanotopography on osteoblast-like cells [72]. L929 cell line belongs to the continuous cell lines of soft
tissue and it is widely used to test the cytotoxicity of dental materials when employing in vitro
methods of experimentation [73]. Fibroblasts are also the most common cells in the peri-implant soft
tissue, which is key to the formation of the peri-implant mucosal seal and helping to prevent
epithelial ingrowth [71]. ADSCs are particularly important for regenerative medicine due to their
capability of differentiating into osteoblasts, and they have been reported to accelerate bone tissue
healing in combination with implants [74]. Recent studies also point to the paracrine and trophic
effects of mesenchymal stem cells, which allow them to influence the neighboring microenvironment
and provide a new prospective on cell-based therapy and tissue regeneration [75]. The studies with
the parallel use of osteoblasts, fibroblasts, and adipose-derived stem cells seemed to be a preliminary,
but also a comprehensive examination of fibrous nanocoatings biointegration in vitro.

In our study, the biointegration of the tested scaffolds was examined using MTT assay (for
evaluation of cell viability) and scanning electron microscopy images analysis (for assessment of cell
morphology). The level of cells proliferation was assessed for the single cell line culture as well as for
L929 fibroblasts or MG-63 osteoblasts co-cultured with ADSCs. Short term culture (after 24 h) of all
three studied cell lines showed that titania nanofibrous layers on Ti6Al4V alloy surface were non-
toxic in general and suitable for maintaining the cell growth in vitro (Figure 5A-C). However,
different surface structure (anatase, rutile and amorphous ones) and wettability of samples resulted
in slight differences in promoting growth of three tested cell lines. TNF72a and TNF72b specimens
induced the highest viability of murine fibroblasts L929 after 24 h, whereas human MG-63 osteoblasts
and ADSCs preferred the surface of TNF4C, 6C, and 10C. These differences can be explained by the
surface chemical nature. The surface chemical nature preferred by fibroblasts coatings TNF72a and
TNF72b resembles a spongy structure with protruding nanofibers that initiates adhesion and



Int. ]. Mol. Sci. 2019, 20, 5642 13 of 20

promotes modification with extracellular matrix proteins. The completely amorphous character of
TNF72a and TNF72b favors higher viability of fibroblasts after 24 h. However, after 72 h of culture
on TNF72a and TNF72b surfaces, the proliferation level of all cell lines increased as compared with
the control alloy.

As we mentioned above, tested nanocoatings suitable for the cell growth were also evaluated
using a cell co-culture system. This experimental approach is rarely described in the literature.
However, some studies indicate that bone marrow-derived mesenchymal stem cells co-cultured with
human umbilical vein endothelial cells showed enhanced osteogenesis [76]. Similarly, Birmingham
and colleagues demonstrated that proliferation and osteogenic differentiation of murine bone
marrow-derived mesenchymal stem cells is significantly improved when co-cultured with
osteoblasts and osteocytes [77]. Recent research on articular chondrocytes co-cultured with
mesenchymal stem cells gave also promising results [78]. In reference with that, we have decided to
investigate the effect of ADSCs co-culture with two cell lines: L929 fibroblasts and MG-63 osteoblasts
that represent cells involved in the long-term success of the implants. The co-culture experiments
showed slightly different results from those described for the single cell lines. TNF6C and 65 scaffolds
turned out to be the most beneficial options for the cell survival rate after 72 h (Figure 6). These
coatings show crystalline properties due to the presence of rutile/anatase nanocrystals that were often
reported as being toxic for cells [79]. However, ADSCs functionalize the initially unfavorable surface,
prepare it for more specialized and therefore demanding cells, and make it suitable for the cell
growth. Eventually, it appears to be a beneficial surface for maintaining osteoblasts and fibroblasts
growth and proliferation. As seen from SEM images, the cells are adherent, exhibit normal
morphology with cytoplasmic filopodia, spread on the scaffolds, and produce huge amounts of
extracellular matrix (Figure 7). Filopodia as the actin based cell protrusions are one of the most
important cellular sensors, which collect information on whether the surface is suitable for cell
attachment and proliferation, cell-cell interaction, and also allow cell migration toward the
destination [80]. The extracellular matrix (ECM) is a complex assembly of molecules that interact with
one another, creating the physical microenvironment necessary for the cell to survive and to function,
for cell anchorage, and for providing a tissue scaffold for cell migration [81]. Therefore, filopodia
formation and ECM production is evidence of the surface biointegration activity of the tested
scaffolds. Further experiments elucidating the osteogenic potential of ADSCs and cytophysiology of
osteoblasts on the fibrous nanocoatings are ongoing.

4. Materials and Methods
4.1. Synthesis of Titania Nanocoatings

4.1.1. Titania Nanofibers (TNF4-10)

The chemical oxidation method of titanium alloy ((Ti6Al4V, grade 5 foil, 99.7% purity, 0.20 mm
thick, Strem Chemicals, Inc. (Bischheim, France), 6 mm x 60 mm pieces)) was used to produce the
titania nanofiber coatings (TNF4-10). Ti6Al4V samples were polished and then were sonicated in
acetone, ethanol and water (15 min in every liquid). The surface of the substrates were chemically
etched in a 1:1 mixture of concentrated HCl and H20 at 353 K for 30 min, cleaned with deionized
water, and dried in Argon stream. After acid treatment, titanium surfaces was heated in 30% H20:
solution at 358 K, for different oxidation times, i.e., t =4, 6, and 10 h. Samples were heated in two
ways: (a) in an incubator (TNF45-10S), (b) under a reflux condenser (TNF4C-10C). After chemical
oxidation was completed, the samples were ultrasonically cleaned in deionized water and acetone,
and then were dried in Argon stream.

4.1.2. Titania Nanofibers (TNF72)

In order to fabricate titania nanofibers layers (TNF72) on the surface of Ti6Al4V substrates, the
chemical oxidation method was applied ((Ti6Al4V, grade 5 foil, 99.7% purity, 0.20 mm thick, Strem
Chemicals, Inc. (Bischheim, France), 6mm x 60 mm pieces)). Substrate samples were polished and
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then were sonicated in acetone, ethanol and water. Samples were etched in two ways at ambient
temperature: (a) in 2 M HF solution for 10s (TNF72a), (b) in a 1:4:5 mixture of HF:HNOs:Hz0O for 30 s
(TNF72b). After this, the samples were cleaned with deionized water and dried in Argon stream.
Next, Ti6Al4V samples were immersed in 30 wt% H202 solution. The reactants were kept at 358 K in
an oven for 72 h. After chemical oxidation was completed, the samples were ultrasonically cleaned
in deionized water and acetone, and then they were dried in Argon stream.

4.2. Characterization of Titania Nanocoatings

4.2.1. Structure and Morphology Characterization

Surface morphology of all samples was studied using a Quanta scanning electron microscope
with field emission (SEM, Quanta 3D FEG, Huston, TX, USA). The structure of the produced coatings
was estimated using X-ray diffraction (PANalytical X'Pert Pro MPD X-ray diffractometer using Cu-
Kalfa radiation, grazing incidence angle mode—-GIXRD; the incidence angle was equal to 1 deg).
Surface topographies were studies using Atomic Force Microscopy (AFM, NaniteAFM, Nanosurf
UK, Bracknell, UK) with non-contact mode with 55 nN force and an area of 50 x 50 pum.

4.2.2. The Wettability and Surface Free Energy

The application of the goniometer (DSA 10 Kriiss GmbH, Hamburg, Germany) with drop shape
analysis software (ADVANCE), allowed measuring the contact angle with the use of the droplet
method. Based on obtained results, the wettability of the coatings was estimated. In order to
determine the free surface energy, a mathematical calculation using the Owens-Wendt method was
applied. For this purpose, it was necessary to measure the contact angle using two liquids: polar
distilled water and non-polar diiodomethane. The volume of the distilled water drop in the contact
angle measurement was 3 pL and in the case of dilodomethane 4 puL. Each measurement was carried
out three times immediately after deposition of the drop.

4.2.3. Mechanical Properties

The nanomechanical properties such as nanoindentation and adhesion determined by
nanoscratch-test were performed with the nanoindenter NanoTest™ Vantage (Micro Materials Ltd.,
Wrexham, UK) using a Berkovich three-sided pyramidal diamond with angle 124.4°. Twenty-five
independent measurements of nanoindentation were performed for each tested sample. The
maximum force was 50 mN with the loading time 15 s, unloading 10 s and 5 s dwell with maximum
force. The distance between each measurement was 20 pum. The surface hardness (H) and Reduced
Young’'s modulus (Er) were determined by the Oliver and Pharr method. To calculate Young's
modulus (E) from Reduced Young’'s modulus, we used a Poisson’s ratio of 0.3. The adhesion of the
layers was determined by nanoscratch-test with applied force from 0 to 200 mN at a loading rate of
1.3 mN/s on a distance of 500 pum. For all tested specimens, we performed 10 independent
measurements. The adhesion of the layers was assessed based on the observation of an abrupt change
in frictional force during the test.

4.3. Biological Studies

4.3.1. Cell Culture

Human osteoblast-like MG 63 cells (European Collection of Cell Cultures, Salisbury, UK, cat. no.
86051601) were cultured at 37 °C in 5% CO2 and 95% humidity in Eagle’s Minimum Essential medium
(EMEM) containing 2 mM L-glutamine, 1 mM sodium pyruvate, MEM non-essential amino acid,
heat-inactivated 10% fetal bovine serum (FBS), 100 pug/mL streptomycin, and 100 IU/mL penicillin
(all compounds from Sigma-Aldrich, Darmstadt, Germany). The cells were passaged using 0.25%
trypsin-EDTA solution (Sigma-Aldrich) when reaching 70-80% of confluency.
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L929 murine fibroblast cells (American Type Culture Collection) were cultured at 37 °C in a
humidified atmosphere with 5% CO.. Culture medium consisted of RPMI 1640 medium containing
2 mM L-glutamine (Sigma-Aldrich, Darmstadt, Germany), 10% heat-inactivated fetal bovine serum
(FBS), 100 IU/mL penicillin and 100 ug/mL streptomycin (PAA Laboratories GmbH, Colbe,
Germany). L929 cells were passaged when reaching 70-80% confluency using cell scraper.

Adipose-derived human mesenchymal stem cells (ADSC) were purchased from PromoCell and
cultured at 37 °C in humidified atmosphere containing 5% CO:. According to the manufacturer’s
protocol, the culture medium consisted of Mesenchymal Stem Cell Growth Medium® and 10%
Supplement Mix® (PromoCell GmbH, Heidelberg, Germany), with 100 U/mL of penicillin and 100
pg/mL streptomycin (Sigma-Aldrich, Darmstadt, Germany). The cells were passaged using 0.04%
trypsin-EDTA solution (Sigma-Aldrich) when reaching 70-80% of confluency.

4.3.2. Cell Proliferation Assays

The effect of the TiO2 nanofibers, produced by chemical oxidation of Ti6Al4V alloy on the cell
proliferation (measured after 24 and 72 h) was studied using the MTT (3-(4,5-dimethylthiazole-2-yl)-
2,5-diphenyl tetrazolium bromide; Sigma Aldrich, Darmstadt, Germany) assays. Firstly, we have
studied the proliferation level of all tested cell lines growing on the surface of substrates. MG-63
osteoblasts, L929 fibroblasts and ADSCs were seeded at a density of 1 x 104, 1 x 104 and 3 x 10¢
cells/well, respectively, onto the autoclaved nanolayers placed in 24-well culture plates and then
cultured for 24 and 72 h.

In the separate experimental set, we investigated the effect of fibrous nanocoatings on the
proliferation level of MG-63 osteoblasts or L929 fibroblasts co-cultured with adipose-derived
mesenchymal stem cells. ADSCs were seeded on the sterile nanolayers (3 x 104 cells in a 10-uL drop)
and left for 4 h to adhere. Then, MG-63 osteoblasts or L929 fibroblasts at a density of 1 x 104 cells/well
were seeded on the tested specimens covered with mesenchymal stem cells and incubated for 24 and
72 h. The cells in the co-culture system were cultivated in a suitable complete culture medium: EMEM
for MG-63 osteoblasts and RPMI 1640 for L929 osteoblasts.

After the respective incubation time, the substrates were rinsed with phosphate buffered saline
(PBS) and transferred to a new 24-well culture plate. MTT solution (5 mg/mL; Sigma-Aldrich) in a
suitable culture medium without phenol red was added to each well and the plates were incubated
for 3 h. Then, the MTT solution was aspirated and 500 uL of dimethyl sulfoxide (DMSO; 100% v/v;
Sigma Aldrich) was added to each well. Finally, the plates were shaken for 10 min. The absorbance
was measured at the wavelength of 570 nm with the subtraction of the 630 nm background, using a
microplate reader (Synergy HT; BioTek, Winooski, VT, USA). The blank groups (the plates incubated
without the cells) were treated with the same procedures as the experimental groups. All
measurements were done in duplicate in four independent experiments. The results were expressed
as percentage of control cells, which served as 100% at the respective incubation time. For the
assessment of the proliferation level of the single cell lines, MG-63 osteoblasts, L929 fibroblasts, or
adipose-derived mesenchymal stem cells growing on the Ti6Al4V reference alloys were used as
control cells. In the case of a co-culture system, both co-cultured cells cultivated on the Ti6Al4V
reference alloys served as control samples (100%).

4.3.3. Cell Morphology Observed by Scanning Electron Microscopy

The analysis of morphological changes of MG-63 osteoblasts or L929 fibroblasts co-cultured with
adipose-derived mesenchymal stem cells growing on the surface of the selected fibrous nanocoatings
was performed using the scanning electron microscopy (SEM; Quanta 3D FEG; Carl Zeiss, Gottingen,
Germany). The cells were incubated on the tested specimens for 24 or 72 h. Then, the specimens were
rinsed with PBS to remove the non-adherent cells and fixed in 2.5% v/v glutaraldehyde (Sigma-
Aldrich) for a minimum of 4 h (maximum 1 week). After that, the plates were washed again with PBS
and dehydrated in a graded series of ethanol concentration (50%, 75%, 90%, and 100%) for 10 min.
Finally, the specimens were dried in vacuum-assisted desiccators overnight and stored at room
temperature until the SEM analysis was performed.
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4.3.4. Statistical Analysis in the MTT Assay

All values are reported as means + standard error of the means (SEM) and were analyzed using
the nonparametric Kruskal-Wallis one-way ANOVA test with the level of significance set at p < 0.05.
Statistical analyses were performed with GraphPad Prism 7.0 (La Jolla, CA, USA).

5. Conclusions

The direct oxidation method of Ti6Al4V substrates led us to produce the hydrophobic fibrous
TiOz scaffolds (TNF) on their surface. The amorphousness of TNF72 samples and the polycrystalline
structure of TNF4-10 ones have been proven by X-ray diffraction studies. Mechanical properties and
the biointegration activity of surface-modified samples turned out to be closely linked with chemical
structure of coatings, their wettability, and nanotopography. In comparison to TNF4-10 samples, the
TNF72 scaffolds characterize better adhesion to the titanium alloy surfaces, higher values of the
Young’s Modulus, and lower roughness. The viability level of all cell lines (mouse L929 fibroblasts,
human osteoblasts-like MG-63 cells, and adipose-derived human mesenchymal stem cells (ADSCs))
increased after 72 h of culture on completely amorphous TiOz nanofibers surfaces (TNF72) versus the
control sample (Ti6Al4V alloy). The co-culture experiments showed slightly different results from
that described for the single cell lines. ADSCs have demonstrated the ability to functionalize the
initially unfavorable surface, making it appropriate for the cell growth and preparing it for more
specialized and demanding cells. The presented data allow us to expect that titania nanofiber
scaffolds will prove to be beneficial and can be applied as a novel alternative for bone tissue
regeneration.
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S1: Results of contact angle and surface free energy (SFE) measurements; contact angles were measured three
times using distilled water and diiodomethane; SFE values were determined using the Owens-Wendt method.
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Table S1. The results of contact angle and surface free energy (SFE) measurements; contact angles were
measured three times using distilled water and diiodomethane; the SFE values were determined using
the Owens-Wendt method.

Average contact angle [°] + standard deviation

Surface free energy

Measuring liquid standard deviation
Biomaterial sample Water Diiodomethane [m]/m?]
Ti6Al4V 81.3+0.2 49.2+0.9 38.5+0.3
TNF4S 99.5+0.0 61.0+0.9 27.6+0.2
TNF6S 104.9+0.1 619+1.1 27.6+0.3
TNF10S 106.8 £ 0.3 48.0+1.2 374+0.3
TNF4C 97.5+0.1 52.0+0.7 329+0.2
TNF6C 109.5 £ 0.2 48.0+1.7 38.4+0.5
TNF10C 113,8 £ 0.3 39.4+1.0 46.4+0.3
TNF72a 98.2+0.0 59.5+1.3 28.4+0.3

TNE72b 108.5+0.3 46.2 +0.6 39.3+0.2
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Abstract: In vitro biological research on a group of amorphous titania coatings of different
nanoarchitectures (nanoporous, nanotubular, and nanosponge-like) produced on the surface of
Ti6Al4V alloy samples have been carried out, aimed at assessing their ability to interact with
adipose-derived mesenchymal stem cells (ADSCs) and affect their activity. The attention has been
drawn to the influence of surface coating architecture and its physicochemical properties on the
ADSCs proliferation. Moreover, in vitro co-cultures: (1) fibroblasts cell line L929/ADSCs and (2)
osteoblasts cell line MG-63/ADSCs on nanoporous, nanotubular and nanosponge-like TiO, coatings
have been studied. This allowed for evaluating the impact of the surface properties, especially
roughness and wettability, on the creation of the beneficial microenvironment for co-cultures and/or
enhancing differentiation potential of stem cells. Obtained results showed that the nanoporous
surface is favorable for ADSCs, has great biointegrative properties, and supports the growth of
co-cultures with MG-63 osteoblasts and L929 fibroblasts. Additionally, the number of osteoblasts
seeded and cultured with ADSCs on TNT5 surface raised after 72-h culture almost twice when
compared with the unmodified scaffold and by 30% when compared with MG-63 cells growing
alone. The alkaline phosphatase activity of MG-63 osteoblasts co-cultured with ADSCs increased,
that indirectly confirmed our assumptions that TNT-modified scaffolds create the osteogenic niche
and enhance osteogenic potential of ADSCs.

Keywords: Ti6Al4V alloy; anodic oxidation; adipose-derived mesenchymal stem cells;
nanomechanical properties; wettability; biocompatibility

1. Introduction

Titanium and its alloys have been widely used in the construction of implants for complementary
bone defects in patients after complicated spinal surgery or limb fractures [1-5]. Although
titanium-based implants are typically expected to be longlasting, the lack of full biointegration
with the bone for long-term survival often occurs and leads to implant failure. Re-surgery to address
such failure involves increased risk, complications, and costs. Therefore, one of the key challenges
in bone healing and regeneration is the engineering of an implant, which provides osteointegration
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with enhanced bioactivity and improves implant-host interactions to reduce biological related implant
failure. The success of implants is strongly dependent on the fixation of the implant biomaterial to
bone and firm bonding, for optimal function and lastingness [6-11].

One of the surface modification paths in modern implantology, aiming at the enhancement
of bioactivity and osteointegration, is the formation of TiO, based coatings of defined structure,
architecture, physicochemical, and mechanical properties, on the surface of titanium-based
implants [8,9,12]. The low cost and easy electrochemical production of titanium dioxide nanotubular
coatings, possessing beneficial properties, i.e., high surface-area-to-volume ratio, strong oxidizing
properties, chemical stability, non-toxicity, good mechanical properties, excellent corrosion resistance,
and high biointegration activity, is an especially promising modification method [7,8,13-17]. Due to
the similar topography to natural bone, such modified surfaces promote direct contact with bone cells
and the formation of apatite, which is the main component of bone tissue [8,18,19]. Homogeneous
nanotubular, but also nanoporous and nanosponge-like coatings, on the surface of a titanium/titanium
alloy implant can be easily and quickly produced by controlled electrochemical anodization procedure,
which has been meticulously optimized and described in our earlier reports [20-30].

The effectiveness of osteointegration and healing processes is the consequence of the
nanostructured surface of the biomaterial, stimulating osteogenic differentiation of mesenchymal
stem cells [31-36]. This means that in order to osteointegration process be effective, biomaterials must
have a promotional and osteoinductive effect on undifferentiated mesenchymal stem cells in the implant
environment. They are the first cells colonizing the surface of the implanted material in vivo [37-39].
When an injury occurs and when a biomaterial is implanted, stem cells become activated and recruited
to the injury site to support tissue repair. Therefore, biomaterial interactions with stem cells are critical
for the long-term success of medical devices. In practice the most widely used source of stem cells is
bone marrow and the stromal vascular fraction (SVF) of adipose tissue [40]. The collection procedure
of bone marrow is painful and provides a limited amount of multipotent cells [41-43], however, the
second collection procedure has gained more and more attention. SVF is the heterogeneous mixture,
which contains many types of cells: fibroblasts, endothelial cells, adipocytes, blood cells, as well as
adipose-derived mesenchymal stem cells (ADSCs)) [36,44—46]. The latter ones expand easily in the
cell culture and age slowly, having a multipotent differentiation capacity comparable to that of bone
marrow stem cells [32,36,47-50]. Therefore, they are considered as one of the most promising sources
of cells in tissue engineering to repair, replace, or regenerate tissues and organs damaged by diseases
or injuries. The studies investigated the adhesion, proliferation, and differentiation of ADSCs on
titania surfaces are relatively rare so far. Our earlier studies, which were carried out using nanofibrous
titania coatings [51], as one of the few, showed that ADSC functionalizing the initially unfavorable
surface prepare it for more demanding cells, and make it suitable for the cell growth. Obtained results
mobilized us to look again at nanoporous, nanotubular, and nanosponge-like titania systems, which
were characterized in details in terms of the structure, morphology and biointegrity with fibroblasts
and osteoblasts [20-30], but this time in terms of their predisposition towards adhesion, proliferation,
and differentiation of mesenchymal stem cells of adipose origin. In our works, we have also tried
to draw attention to the influence of surface coating architecture and its physicochemical properties
on the effects mentioned above. Moreover, the aim of our research was to assess the possibility of
in vitro co-cultures: (1) fibroblasts cell line .929/ADSC and (2) osteoblasts cell line MG-63/ADSCs on
nanoporous, nanotubular, and nanosponge-like TiO, coatings. In this paper we describe conclusions
concerning the interaction between the adipose-derived stem cells and produced TNT coatings,
enriching the existing knowledge about the biointegrating properties of nanoporous, nanotubular, and
nanosponge-like systems produced on the surface of a titanium alloy by its electrochemical oxidation.
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2. Materials and Methods

2.1. Preparation of Titania Nanoporous, Nanotubular, and Nanosponge-Like Coatings

TNT coatings were produced based on previously optimized anodic oxidation
procedure [20-22,24,25], using titanium alloy substrates (Ti6Al4V foil, grade 5, 99.7% purity, 0.20 mm
thick (Strem Chemicals, Inc. (Bischheim, France), 6 mm X 60 mm pieces), 0.3% HF solution as a
electrolyte, and potentials U = 5V (TNT5), 15 V (TNT15), and 40 V (TNT40). The samples after 20
min of anodization were cleaned in deionized water and acetone using ultrasound, dried in an argon
stream, and before biological experiments proceeding, sterilized by autoclaving, according to the
previously described procedure [24].

2.2. Characterization of Titania Coatings

2.2.1. Morphological and Structural Evaluation

All samples surface morphologies were observed using a Quanta scanning electron microscope
with field emission (SEM, Quanta 3D FEG, Huston, TX, USA). Additionally, the morphology and the
structure of TiO, coatings were observed by conventional micrographs with transmission electron
microscopy TEM (TEM; Tecnai F20 X-Twin, FEI Company, Portland, OR, USA). In order to check and
to confirm the amorphousness of the systems, Raman spectroscopy ((Spectrometer RamanMicro 200
PerkinElmer (PerkinElmer Inc., Waltham, MA, USA) (A = 785 nm)) has been used.

2.2.2. The Wettability and Surface Free Energy

The contact angle of studied samples was analysed with the use of the goniometer (DSA
10 Kriiss GmbH, Hamburg, Germany) with drop shape analysis software (ADVANCE), To
determine the free surface energy mathematical calculations using the Owens-Wendt method were
applied [52]. The contact angle was measured using both polar liquid—distilled water and non-polar
liquid—diiodomethane. On the surface of each sample (three samples from each series were examined)
3 uL drops of polar liquid and 4 uL drops of non-polar liquid were applied, then, immediately, the
contact angle was measured and the average contact angle value for each series was calculated.

2.2.3. Nanomechanical Properties and Surface Roughness

The hardness, reduced Young’s modulus and adhesion were performed using a nanoindenter
(NanoTest Vanatage, Micro Materials, Wrexham, UK). A nanomechanical properties study was carried
out using a pyramidal Berkovich diamond indenter with an apex angle equal to 124.4 °. For all tested
specimens (Ti6Al4V foil, TNT5-40) 25 independent measurements were performed, with maximum
force 50 mN, the loading time 15 s, unloading time 10 s and dwell time with maximum force 5 s.
The distance between the indentations was 20 um. After each measurement a thermal drift correction
of 15 s was performed. The Oliver-Pharr method was used to calculate hardness (H) and reduced
Young’s modulus (Er). For converting reduced Young’s modulus (Er) to Young’s modulus (E) the
Oliver-Pharr methods and a Poisson’s ratio of 0.3 were used [51,53]. To determine the adhesion of
surface coatings to the titanium substrate five independent nanoscratch tests on TNT5, TNT15, and
TNT40 were performed. The applied force was 0-200 mN with a loading rate of 1.3 mN/s. The distance
of nanoscratch-test was 500 um and distance between nanoscratch-tests was 200 um. The adhesion
of the layers (Lc force) was based on suddenly, abrupt change in friction force (Lf force). Based on
information from chart normal force (applied force during tests) in the function of friction forces, the
critical force of delamination (Lc) and friction force during delamination (Lf) were determined.

The surface roughness was performing using atomic force microscopy (AFM, NaniteAFM,
Nanosurf AG, Liestal, Switzerland) with mode without contact. For all tested specimens (Ti6Al4V foil
and TNT5-40) the 512 independent lines were performed on 50x50 pm 50 pm X 50 pm area with force
55 nN.
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2.3. Biological Activity Studies of TNT Coatings

2.3.1. Cell Culture

Adipose-derived human mesenchymal stem cells (ADSCs) were purchased from PromoCell.
The culture medium consisted of Mesenchymal Stem Cell Growth Medium®and 10% Supplement
Mix®(PromoCell GmbH, Heidelberg, Germany), with 100 IU/mL of penicillin and 100 pg/mL
streptomycin (Sigma-Aldrich, Darmstadt, Germany), according to the manufacturer’s protocol.
The cells were passaged using 0.04% trypsin-EDTA solution (Sigma-Aldrich) when reaching 70%-80%
of confluency.

Human osteoblast-like MG 63 cells (European Collection of Cell Cultures, Salisbury, UK, cat.
no. 86051601) were cultured in Eagle’s Minimum Essential Medium supplemented with 2 mM
L-glutamine, 1 mM sodium pyruvate, MEM non-essential amino acid, 10% fetal bovine serum (FBS)
and 1% antibiotics (penicillin/streptomycin). All components were provided from Sigma Aldrich
(Darmstadt, Germany).

L929 murine fibroblast cells (American Type Culture Collection) were cultured in RPMI
1640 medium supplemented with 2 mM L-glutamine, 10% fetal bovine serum and 1% antibiotics
(penicillin/streptomycin). All cell lines were cultured at 37 °C in humidified atmosphere of 5% COs,.

2.3.2. Cell Proliferation

3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assays were used to
evaluate tested specimen’s influence on the cell proliferation after 24 and 72 h. Firstly, we have studied
the proliferation level of all three cell lines cultivated on the tested nanocoatings. ADSCs, MG-63
osteoblasts and 1929 fibroblasts were seeded onto the autocalvated specimens at a density of 3 x 10*,
1 x 10* and 1 x 10* cells, respectively. The cells were cultured for 24 and 72 h. After incubation, 500 uL
of MTT (5 mg/mL; Sigma-Aldrich) dissolved in PBS was added to each well, and the plates were
incubated in a dark, at 37 °C, humidified atmosphere containing 5% CO, for 3 h. Then, the scaffolds
were placed in a new 24-well culture plate, 500 pL of DMSO was added to solubilize the formazan
crystals, and aborbance was measured at 540 nm using a microplate reader (Synergy HT; BioTek,
Winooski, VT, USA). The specimens incubated without cells was the blank groups.

In the next experiments, we examined the proliferation level of MG-63 and 1.929 cells co-cultured
with ADSCs on the tested nanolayers. ADSCs were seeded on the specimens at a density of
3 x 10* cells/well and left for 4 h to adhere. Nextly, fibroblasts or osteoblasts at a density of 1 x
10% cells/well were seeded on the attached ADSCs and incubated for 24 and 72 h in a RPMI 1640 or
EMEM medium, respectively. After incubation, the MTT assay was performed in the same manner
as described above. In the co-culture system, the proliferation level of cells cultured on the Ti6Al4V
sample was served as 100%.

2.3.3. Cell Morphology

The scanning electron microscopy (SEM; Quanta 3D FEG; Carl Zeiss, Gottingen, Germany) was
used to analyse the morphology of ADSCs co-cultured with osteoblasts or fibroblasts growing on the
specimens. After 24 or 72 h-lasting incubation, the scaffolds were fixed in 2.5% glutaraldehyde (Sigma
Aldrich) followed by they were dehydrated in a graded series of ethanol concentration (50%, 75%, 90%,
and 100%). Finally, the samples were dried and the SEM analysis was carried out.

2.3.4. Alkaline Phosphatase Activity

The activity of alkaline phosphatase (ALP) was examined for ADSCs co-cultured with osteoblasts
or L929 fibroblasts on the surface of tested nanolayers. After 24 h and 72 h of co-culture under optimal
conditions, the cells were lysed with pre-warmed lysis buffer containing 1% TX-100. The obtained
samples were centrifuged at 3000x g, 5 min, and supernatants (lysates) were collected. To alliquotes
of 300 uL sample, the same volume of 4 mM p-nitrophenylphosphate in Tris-HCI buffer pH 9.0 was
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added. After 60 min incubation the reaction was stopped with 1% NaOH and liberated p-nitrophenol
was measured spectrophotometrically at 405 nm. The protein content in each sample was measured by
Bradford assay. That allowed calculating the specific activity of ALP.

2.3.5. Statistical Analysis

The values from MTT assays are presented as mean + SEM. Statistically significant differences
among groups were identified by one-way ANOVA with post-hoc Kruskal-Wallis test using GraphPad
Prism 7.0 (La Jolla, CA, USA). A p value of less than 0.05 was considered statistically significant.

3. Results

3.1. TNT Coatings Selected to Biological Experiments; Synthesis, Morphology, and Structure Characterization.

Three morphologically different types of TNT coatings formed on the surface of Ti6Al4V alloy
substrates in conditions previously reported [20-22,24,25], have been selected to biological experiments,
i.e. nanoporous (TNT5), nanotubular (TNT15) and nanosponge-like (TNT40) coatings. Scanning
electron microscopy (SEM) imaging proved their morphology (Figure 1). Analysis of these data
revealed that nanoporous coating (TNT5), of pore diameters 15-30 nm, uniformly covers the entire
substrate surface well capturing its shape. The use of higher potentials in the anodization process (U =
15, 40V) led to the separation of nanotubes and simultaneously to even the surface of the substrate.
The TNT15 and TNT40 coatings consist of tubes of diameter 35-65 nm and 120 + 10 nm respectively,
however, in the last case analysis of SEM images showed the formation of additional, smaller pores
and tubes inside greater tubes, resembling nanosponge-like architecture (Figure 1). These three
TNT coatings types showed, as expected, an amorphous character, which was confirmed by Raman
spectroscopy (Figure S1) and TEM measurements (Figure S2) [54-58].
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Figure 1. Differences in surface morphology of nanoporous (TNT5), nanotubular (TNT15), and
nanosponge-like (TNT40) coatings produced on Ti6Al4V substrates by anodic oxidation method.

3.2. The Wettability and Surface Free Energy

Data presented in Table 1 revealed that surfaces of TNT5 and TNT15 samples indicated the clear
hydrophobic character, as the contact angle (®) of water in both cases was greater than 90 degrees.
The surface of the TNT40 coating showed less hydrophobic character and wettability close to Ti6Al4V
sample (Table 1). The free surface energy (SFE) of the produced coatings was calculated using
Owens-Wendt method [52]. This method required the contact angles be measured for polar liquid
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(water) and dispersion liquid (diiodomethane) (Table 1). SFE calculations showed that their values
change in the narrow range. As the pore diameter increases, the surface energy firstly increases from
47.8 (mJ/m?) for TNT5 up to 61.4 (m]J/m?) for TNT15 and then decreases to 47.7 (m]J/m?) for TNT40.

Table 1. Results of contact angle and surface free energy (SFE) measurements; contact angles were
measured three times using distilled water and diiodomethane and the SFE was determined using the
Owens-Wendt method [52].

Average Contact Angle (0) [°] + Standard

Deviation Surface Free Energy +
Biomaterial Sample M . .. Standard Deviation
easuring Liquid 2
[m]/m?]
Water Diiodomethane

Ti6Al4V 81.3+0.2 492 +09 38.5+03
TNT5 944 +04 224 +1.0 47803
TNT15 1233 +0.1 31.5+0.7 61.4+0.3
TNT40 85.3+£09 185+ 0.8 47.6 £ 0.3

3.3. Nanomechanical Properties and Surface Topography

The changes in nanomechanical properties of studied coatings, such as hardness, Young’s modulus,
and H/E and H3/E? coefficients, are shown in Figure 2. The H/E ratio is associated with wear resistant of
tested materials and was not tested before. The H3/E? ratio can be used to describe of the resistance of
the material to plastic deformation, which can be associated with resistant to cracks [59,60]. The highest
value of hardness and Young’s modulus were obtained for reference Ti6Al4V foil (10.94 + 1.42 GPa
and 212.48 + 16.69 GPa, respectively). A significant decrease in both values H and E was found for
all the tested modifications. The obtained measurement uncertainties testify to the correctness of the
tests performed. Performing 25 measurements using a low value of force on the material with the
morphology shown on Figure 1 may associate with obtaining a result with a large standard deviation.
The decrease in mechanical properties due to modification of the surface of the Ti6Al4V foil in the case
of materials intended for load-bearing implants is a positive phenomenon. The results obtained for
the TNT5/TNT15/TNT40 group are similar to each other. The significant difference between hardness
and Young’s modulus value for Ti6Al4V foil is the result of low values of determined parameters
(0.0513 + 0.0034 and 0.0294 + 0.0078 GPa). In the case of coatings TNT5/TNT15/TNT40 an increase in
parameters was observed compared to the reference Ti6Al4V foil, which confirms the positive impact
of used modifications.

The nanoscratch-test results were performed on Figure 3. The results correlate with values H/E
and H3/E? ratios. For studied specimens the adhesion of layers was very similar and did not differ
significantly, however, TNT15, for the sake of a well-organized nanotubular architecture, shows the
highest adhesion of the tested systems.

The surface topography of modified TNT5/TNT15/TNT40 specimens and their surface roughness
parameters (Sa) value determined by atomic force microscopy are presented on Figure 4. The surface
roughness of specimens after modification (TNT5-40) increased compared with reference Ti6Al4V, for
which Sa value has been estimated as 0.03 pm. The results correlate with the results presented in the
SEM pictures (Figure 1), where three different morphologies of nanotubes were obtained. The largest
increase in roughness relative to the reference sample was observed for the TNT5 sample. An increase
in voltage during the oxidation process initially resulted in a decrease in roughness, followed by
its increase.
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Figure 2. The nanomechanical properties: nanohardness (a), Young’s modulus (b), H/E ratio (c) and
H3/E2 (d) of tested reference Ti6Al4V foil, TNT5, TNT15, and TNT40 specimens. Data are presented
as the mean + SD. Asterisks indicate significant differences to the reference specimen Ti6Al4V foil
(* p < 0.05; ANOVA with Tukey post hoc correction).
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Figure 3. The nanoscratch-test results (critical load and friction load) of tested TNT5, TNT15, and
TNTA40 specimens.
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Figure 4. AFM topography of TNT5, TNT15, and TNT40 coatings with Sa parameter values.
3.4. Proliferation Level of Cells Growing on TNT Coatings

Cell proliferation level on the TNT coatings, which revealed the differents nanoarchitectures, was
evaluated for three cell lines: ADSCs, 1.929 fibroblasts, and MG-63 osteoblasts after 24 and 72 h of
incubation time. All studied TNT coatings proved to be beneficial for adipose-derived stem cells’
viability, in short-term culture. The proliferation level increased by over 50% after 24 h of culture can
be explained with accelerated adhesion on the biocompatible surface and resulting higher proliferation
level. However, three-day cultures resulted in decreased proliferation or similar to control titanium
foils. This may be due to the limitation of the available scaffold surface and the formation of a confluent
cell monolayer. It can be also assumed that TNT-modified scaffolds provoked differentiation of ADSCs
that is always simultaneous with decreased proliferation level (Figure 5)

Adipose-derived stem cells
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Figure 5. Proliferation level (measured after 24 and 72 h using MTT assays) of adipose-derived
mesenchymal stem cells cultured on the TNT coatings compared with the reference Ti6Al4V alloy foils,
which was served as 100%. Data are shown as mean + SEM of four independent experiments. Asterisks
indicate differences between the cells growing on the tested specimens in comparison with Ti6Al4V
samples. (*** p < 0.001). The horizontal line shows the cell proliferation level cultured on the Ti6Al4V.

All studied TNT coatings provoked also a greater proliferation of L929 fibroblasts as well as
MG-63 osteoblasts both after 24 h and 72 h (Figure 6A,B). In the case of L929 fibroblasts, the values
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measured for the nanolayers were in a range of 114.3%-124.5% after 24 h, and not less than 136% of the
reference samples after 72 h. Analysis of MG-63 osteoblasts viability revealed that the proliferation rate
of the tested samples was in a range of 125.7%-140.1% after 24 h, and 136.1%—-154.6% after 72 h. In the
separate study, we measured the proliferation response of fibroblasts and osteoblasts co-cultured with
ADSCs on the surface of TNT coatings. As it can be seen in Figure 6C,D, all tested scaffolds induced
significant increase in the proliferation rate of L929 fibroblasts (Figure 6C) as well as MG-63 osteoblasts
(Figure 6D) co-cultured with ADSCs. This effect was observed both after 24 h and 72 h. The greates cell
proliferation level was noticed for TNT5 specimens. For these samples, the viability of 1929 fibroblasts
co-cultured with ADSCs reached values 140.6 + 2.9% and 145.3 + 3.2% after 24 h and 72 h, respectively,
while the proliferation level of MG-63 osteoblasts co-cultivated with ADSCs was 134.6 + 3.5% and
181.0 £ 4.2%, respectively.
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Figure 6. Proliferation level of L929 fibroblasts (A) and MG-63 osteoblasts (B) cultured on the surface
of titania nanoporous (TNT5), nanotubular (TNT15) and nanosponge-like (TNT40) coatings compared
with the reference Ti6Al4V samples. Figures (C,D) show proliferation level of the both cell lines
co-cultured with adipose-derived mesenchymal stem cells (ADSCs). Cells were cultivated for 24 and 72
h, and cell viability was measured using MTT assay. The results are expressed as percentage of the cells
cultivated (A-B) or co-cultured with ADSCs (C-D) on the reference Ti6Al4V samples (served as 100%).
Data are shown as mean + SEM of four independent experiments. (*** p < 0.001, ** p < 0.01, * p < 0.05,
and were considered statistically significant compared to the cells gowing on the Ti6Al4V samples.

3.5. Morphology of Cells Culture on TNT Coatings

Figure 7 presents SEM micrographs of human mesenchymal stem cells (ADSCs; A,B), ADSC
co-cultured with 1929 fibroblasts (C,D) or ADSC co-cultured with MG-63 osteoblasts (E,F) on the TNT
nanocoatings. Regarding the examination by SEM, it was observed that ADSCs formed filopodia (see
white arrows in Figure 7A), which effectively attached the cells to the scaffolds surface. Importantly,
ADSC had a typical, spindle shape and grew evenly on the entire surface of the nanocoatings (Figure 7B).
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ADSCs also produced the extracellular matrix when they were cultured on the scaffolds alone or
co-cultured with MG-63 osteoblasts. L929 fibroblasts co-cultured with ADSCs also had an elongated
shape and they were dividing (Figure 7C,D), indicating their good viability and vitality. The divisions
of MG-63 osteoblasts co-cultivated with ADSCs were also observed (Figure 7E,F).

()
TNTS
1929 + ADSC

(E)

(D)
TNT40
L929 + ADSC

(F)

TNTS TNT15
MG-63 + ADSC 5 ; MG-63 + ADSC

Figure 7. Scanning electron microscopy (SEM) micrographs presenting adipose-derived human
mesenchymal stem cells (ADSCs; A,B), ADSCs co-cultured with L929 fibroblasts (C,D) or ADSCs
co-cultured with MG-63 osteoblasts (E,F) on the TNT nanocoatings. SEM micrographs present the cells
after 72 h of culture. Arrows in image A indicate filopodia, attaching ADSCs to the surface. Specimens’
names and scales of the images were presented in the figures.

3.6. Alkaline Phosphatase Activity

The osteogenic differentiation of ADSCs co-cultures was assessed on the basis of measurement
ALP activity normalized to total protein content after 24 and 72 h. Figure 8 presents the comparison of
ALP activity measured for fibroblasts or osteoblasts co-cultured with ADSCs on the TNT nanocoatings



Materials 2020, 13, 1574 11 of 18

compared with Ti6Al4V references samples. The ALP activity of L929 cells co-cultured with ADSCs
decreased over time (Figure 8A). However, the cells cultivated on TNT coatings still had higher
ALP activity than those cultured on reference Ti6Al4V samples. What is more important is that
titania nanoporous (TNT5) and nanotubular (TNT15) samples provoked a higher ALP activity over
time in MG-63 osteoblasts co-cultured with ADSCs. Particularly, only TNT15 specimens induced the
significantly higher ALP activity in osteoblasts co-cultured with ADSCs compared with control samples.
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Figure 8. Alkaline Phosphatase (ALP) activity of L929 fibroblasts (A) and MG-63 osteoblasts (B)
co-cultured with adipose-derived mesenchymal stem cells (ADSCs). ALP activity [pmol X (min X
mg)’l] protein] was expressed as means + SEM. Asterisks indicate significant differences between
the cells growing on the titania nanoporous (TNT5), nanotubular (TNT15) and nanosponge-like (TNT40)
coatings compared with Ti6Al4V references sample at the appropriate incubation time (*** p < 0.001,
**p<0.01,*p <0.05).

4. Discussion

The optimization of stem cells culture conditions and their growth on the implant surface is
important issue, which must be taken into account, when titanium or its alloys are surface modified
in order to increase their biocompatybility and bioactivity. The chemical surface specificity, e.g.,
wettability, topography (i.e., pore/tube size, arrangement), roughness, and mechanical properties,
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are crucial for the characterization of the studied surface and for the estimation of the relationship
between the above-mentioned properties and the biocompatybility and bioactivity of the material.
According to Roach et al, the surface wettability affects the ability of adhesive proteins to bind to the
surface of the substrate, which is associated with the bonding of smaller proteins that reach the surface
faster, detaching them and replacing with larger ones [61]. The results of Comelles et al. studies
exhibited that the hydrophobicity of the surface may promote cell adhesion in the initial stage, which
can be thermodynamically confirmed [62]. According to these reports, in the aqueous environment,
the polar groups of proteins are directed outside, while non-polar groups are directed inside the
molecule. Near the surface with hydrophobic properties, protein molecules change their conformation
by directing their non-polar groups outwards (towards the surface of the substrate). During protein
adsorption to the substrate, both the material surface and the protein molecule undergo at least partial
dehydration, which occurs most easily, for hydrophobic systems. However, their further proliferation
is easier on more hydrophilic surfaces [62]. The data presented in Table 1 and Figure 5 confirms this.
The differences in hydrophobicity of studied TNT coatings cause that stem cell adhesion (after 24 h)
on TNT15 (© = 123.3 + 0.1°) was greater and is reduced for TNT5 (© = 94.4 + 0.4°) and TNT40 (O =
85.3 + 0.9°). Due to the fact that further division and multiplication of stem cells occurs more easily
on more hydrophilic surfaces, after 72 hours we observe a reduction the number of stem cells on the
surface of all tested TNT coatings.

The surface topography is another factor directly influencing the stem cell adhesion and the
formation of stable bonds with the implant surface [61]. Topography of the cell influences the ability of
the cells to adhere, their morphology, orientation in space, division, and their differentiation. Surface
roughness, size, and shape of pores/tubes directly influence the cell adhesion and proliferation [63].
Yang et al. showed that the cells linking only to the surface have contact with a small fragment of the
surface, therefore the TNT coatings composed of large diameter tubes (TNT40) are treated by cells as
completely smooth similarly, when the pore diameter is very small (INT5, Figure 1). In such case, the
layer of proteins makes it virtually unrecognizable for cells [64]. Surface roughness is closely related to
the surface morphology of the substrate. Cell adhesion is more difficult on smoother surfaces due
to the smaller actual surface than in the case of rough substrates [65]. In experiments, in which the
behavior of osteoblasts and fibroblasts on surfaces with different roughness was compared, it was
shown that they prefer substrates with different roughness [66]. According to this research, osteoblasts
prefer surfaces with high roughness, their division occurs much faster in such conditions than on
smooth surfaces [66]. Contrary, fibroblasts multiply on smooth surfaces [67]. A common effect is a
decrease in cell flattening as the surface roughness increases [66,68]. The reason for this phenomenon
can be spatial restrictions on rough surfaces, as well as the fact that on smooth surfaces cells need to
attach to more points on the substrate to be able to stay adhered [66].

In the case of modifications used for long-term implants, surface roughness is a significant surface
parameter. The AFM technique is commonly used to assess surface roughness [60,69,70]. It was found
that roughness’ increase had a positive influence on cell proliferation, including osteoblasts [71,72]. It
can also determine an increase to bacterial adhesion and proliferation [73], and bacterial infections are
one of the main problems of modern implantology [74]. In the presented studies, the modification
caused an increase in surface roughness and studies using fibroblasts and osteoblast correlate with the
results of AFM causing an increase in cell proliferation with an increase in the Sa parameter. The highest
proliferation was obtained for the TNT5 sample, for which the determined roughness was the highest.
Antibacteria studies are not the the subject of this publication, however it is worth emphasizing here
that in the case of titanium dioxide nanotubes, their natural antibacterial and antifungal properties
have been proven and described in our earlier articles [21,22] and in other author’s works [73,75].
Antibacterial additives such as silver were also used to increase properties of titania coatings [27-30].

Regarding the examination by SEM, it was observed that ADSC cells had a typical spindle shape
and grew evenly on the entire surface of the nanocoatings. Importantly, ADSCs formed filopodia,
which effectively attached the cells to the scaffolds surface despite its hydrophobic nature. It can be
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concluded that the nanoporous surface is favorable for ADSCs. It should be also noted that bone
tissue contains a large number of nanoscale components, therefore, it is beneficial to create an implant
surface which imitate this nanoarchitectural hierarchy [76]. ADSCs cells cultured on the scaffolds
alone or co-cultured with MG-63 osteoblasts also produced extracellular matrix thus functionalizing
the nanocoatings.

Additionally, MG-63 osteoblasts co-culture with ADSCs indirectly confirmed our assumptions
that TNT-modified scaffolds provoked osteogenic differentiation of ADSCs. The total number of
osteoblasts seeded and cultured with ADSCs on TNT5 surface raised after 72-h culture almost twice
when compared with unmodified scaffold and by 30% when compared with MG-63 cells growing
alone. We observe the synergistic effect of improving the surface adhesive properties and creating
an osteogenic niche for cultured cells. The results based on MTT assay, were partially confirmed by
alkaline phosphatase (ALP) activity measurement. ALP activity is mostly used as a marker of early
osteoblast differentation and this enzyme is a byproduct of osteoblast activity, the increased level
refering to active bone formation. As can be seen in Figure 8, the ALP activity of L929 cells co-cultured
with ADSCs decreased, while activity of MG-63 osteoblasts co-cultured with ADSCs increased over
time. Titania nanoporous (TNT5) and nanotubular (TNT15) samples provoked a higher ALP activity
and particularly, TNT15 specimens induced the significantly higher ALP activity in comparison with
Ti6Al4V alloy foils. More specific molecular tests are required to prove that hypothesis and the direction
of differentiation process. We suppose that beside the stimulatory effect on osteoblasts activity, also the
limitation of the free available surface and the formation of confluent cell monolayer occur.

The adhesion of the layer to the titanium substrate is also important factor determining the
potential application of modifications on the implant. Forces occurring during the implantation
procedure and during subsequent use of the implant in the body can lead to the destruction of
poorly adhesive layers. It has been proven that parts of damaged surface modifications can lead to
inflammation in the tissues surrounding the implant [77]. Studies on the adhesion of titanium dioxide
nanotube layers do not clearly define their adhesive properties. In a study by von Wilmowsky et al. [78]
the good adhesion of the nanotubular dioxide layers was confirmed. On the other hand, Kim et al.
proved the poor adhesive properties of TiO; [79]. In the presented studies it was proved that the
density of packing and porosity of the layer have not a significant influence on the adhesion. Layers
with well-organized nanotubular architecture (TNT15) were characterized with the highest adhesion
but the differences between the tested specimens were not significant. According the nanoindentation
test and nanoscratch-test study specimens TNT15 is the most suitable modification for applications on
implant surfaces.

For materials intended for long-term implants, such as titanium alloys, materials should be
designed with good mechanical properties but as close as possible to those of surrounding tissues,
mainly bones. Numerous studies have confirmed that too much difference between mechanical
properties (mainly Young’s modulus) of implant and bone can lead "shielding effect" and consequently
bone lose and even loosening of such an implant [80-82]. The Young’s modulus of cortical human
bone is 10-30 GPa [79]. A positive effect of the modification was observed for all surfaces tested,
because their properties are significantly more similar to those of bones. The most similar value of
Young’s modulus to bone was obtained for the TNT5 sample (37.88 + 8.70 GPa), unfortunately this
sample also characterized by the lowest nanoindentation properties, wear and cracks resistant which
may precludes the use of this modification on long-term implants. The differences in the morphology
of the obtained nanotube layer have an impact on nanomechanical properties. Earlier studies have
confirmed the impact of nanotube length and width on nanomechanical properties [29]. The presented
studies show a clear trend of the impact of voltage increase on the obtained nanomechanical properties.
The increase in voltage causes an increase in nanomechanical properties, which is probably associated
with a large change in the morphology of the obtained modifications. Coy et al. [59] reported that the
value of the H3/E? parameter for "hard" coatings should be greater than 0.1, and sometimes even just
0.05. In the present study all tested coating had a higher value.
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5. Conclusions

The multiannual studies on biomaterials led to the conclusion that during the designing of modern
implants, the interactions occurring on the macro-, micro-, and nanoscale on the interface between the
living tissue and a biomaterial should be considered. Therefore, besides the bulk physicochemical
properties of the material used, which dictate its mechanical and physical properties, the surface
properties of the material, especially structure, chemistry (i.e., wettability) and topography must
also be taken into account in order to direct a desired cellular response. The expected effects are
not always achieved in terms of chemical, biological and mechanical properties. However, optimal
properties should be sought, and our research allows us to conclude about the high usefulness of
TNTS5 coatings. Furthermore, it confirms our extensive previous research, indicating this coating as the
most biocompatible, not causing cytotoxic and genotoxic effects and bioactive microbiocidal [20-30,83].
The fact, that TNT5 possessed the most similar value of Young’s modulus to bone, and that on this
coating the number of osteoblasts seeded and co-cultured with ADSCs rose after 72 h culture almost
twice when compared with unmodified scaffold and by 30% when compared with MG-63 cells growing
alone, together with the ability to provoke a higher ALP activity, allows to state that this system has
high application potential in modern implantology.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/13/7/1574/s1,
Figure S1: Raman spectra of nanoporous (TNT5), nanotubular (TNT15), and nanosponge-like (TNT40) titania
coatings (A—anatase, R—rutile), Figure S2. TEM image (a), HRTEM image (b) and the SAED patterns of TNT15 (c).
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Abstract: The surface modification of titanium substrates and its alloys in order to improve their
osseointegration properties is one of widely studied issues related to the design and production of
modern orthopedic and dental implants. In this paper, we discuss the results concerning Ti6 Al4V
substrate surface modification by (a) alkaline treatment with a7 M NaOH solution, and (b) production
of a porous coating (anodic oxidation with the use of potential U = 5 V) and then treating its surface
in the abovementioned alkaline solution. We compared the apatite-forming ability of unmodified
and surface-modified titanium alloy in simulated body fluid (SBF) for 1-4 weeks. Analysis of the
X-ray diffraction patterns of synthesized coatings allowed their structure characterization before and
after immersing in SBE. The obtained nanolayers were studied using Raman spectroscopy, diffuse
reflectance infrared Fourier transform spectroscopy (DRIFT), and scanning electron microscopy
(SEM) images. Elemental analysis was carried out using X-ray energy dispersion spectroscopy (SEM
EDX). Wettability and biointegration activity (on the basis of the degree of integration of MG-63
osteoblast-like cells, L929 fibroblasts, and adipose-derived mesenchymal stem cells cultured in vitro
on the sample surface) were also evaluated. The obtained results proved that the surfaces of Ti6Al4V
and Ti6Al4V covered by TiO, nanoporous coatings, which were modified by titanate layers, promote
apatite formation in the environment of body fluids and possess optimal biointegration properties
for fibroblasts and osteoblasts.

Keywords: titanate nanolayers; structure; surface morphology; bone-like apatite; biointegration
activity

1. Introduction

The wide use of metal implants in the treatment of bone injuries and other diseases
requiring their surgical implantation, which can support tissue regeneration and facili-
tate bone differentiation and development, is one of the most important directions in the
development of modern medicine. From the technological point of view, the selection of
materials used in the construction of implants depends on the functions that they will
perform in the human body [1-6]. In the case of metallic implants, especially important is
their surface, which should exhibit biological compatibility in the interaction with tissues
and body fluids in the human body [7-13] Good mechanical properties and appropriate
bioactivity of titanium and its alloys contributed to the wide use of these materials in
the production of modern bone implants and bone and tissue scaffolding [10-12,14]. In
this case, the processes aimed at creating a permanent connection of the implant surface
with the bone (i.e., osseointegration) are also of key importance [1,15]. The results of
previous investigations revealed that the osseointegration process depends on the surface

Materials 2021, 14, 806. https:/ /doi.org/10.3390/ma14040806

https://www.mdpi.com/journal /materials


https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://orcid.org/0000-0002-2526-0779
https://orcid.org/0000-0002-2854-6238
https://orcid.org/0000-0001-8950-5643
https://orcid.org/0000-0002-0768-8165
https://doi.org/10.3390/ma14040806
https://doi.org/10.3390/ma14040806
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ma14040806
https://www.mdpi.com/journal/materials
https://www.mdpi.com/1996-1944/14/4/806?type=check_update&version=3

Materials 2021, 14, 806

2 0f 22

topography, the roughness, the structure, and the chemical composition [3,13,14,16,17]. The
surface chemical composition of the material, which directly influences parameters such as
surface energy, corrosivity, and wettability, is especially important [1-3,18-21]. Therefore,
numerous surface modification techniques are currently used to achieve the desired phys-
ical, chemical, or biological properties of the material [22-24]. The surface modification
of substrates made from titanium and its alloys by alkaline treatment is an increasingly
commonly used technique [25-27]. It involves the dissolution in alkaline solution of the
TiO, passive layer and the production of negatively charged hydrates (HTiO3~ - - - nH,O)
on the substrate surfaces. Sodium ions in the aqueous solution are combined with the
negatively charged species, forming a sodium titanate hydrogel layer. The further heat
treatment leads to dehydration and compaction of the hydrogel layer, which leads to the
formation of the stable amorphous or crystalline titanate layer [28-30]. Various kinds of
sodium titanates have been synthesized, which consist of negatively charged sheets made
from TiOe®~ octahedra, sharing corners and edges with each other [31-33]. Depending on
the sodium ion content, the titanates form different structures (cage, tunnel, or layered),
resulting in differences in their properties. The alkali-sodium titanates (NazTinOon1),
where n = 3 or 8, crystallize in a monoclinic system. Such materials for n = 3 or 4 consist
of (Ti307)?~ layers held together with exchangeable alkali sodium ions (Na*). At lower
sodium contents, Na,TigO13, NayTi;Oq5, or Na, TigOq7 with a tunnel structure is formed.
This structure exhibits a good chemical stability and a high insulating ability [32-35]. The
titanate hydrogels attract much attention due to their improved biological and mechanical
properties, as well as their high corrosion resistance. As such, sodium titanate composites
are widely applied in orthopedics, as well as in gas sensors as a reference electrode; they
are also used as photocatalysts and electrochemical capacitors [24,34,36—40]. In addition, to
intensify the biological activity of the material, it is desirable to produce a coating that is
capable of forming apatite on its surface in the body fluid environment. It is important that
the resulting layer does not delaminate [15,36].

It should be noted that the sodium titanate hydrogel layer formed on the surface of
modified Ti6Al4V substrate could stimulate the formation of apatite coatings in appropriate
conditions [41-44]. The sodium titanates in an environment of simulated body fluid (SBF)
solution (as well as in body fluids) form Ti—-OH groups on their surfaces as a result of Na*
ion exchange with H3O" ions present into the solution. The pH (in the surrounding fluid)
increases and the negatively charged Ti-OH groups combine selectively with positively
charged Ca?* to form an intermediate apatite nucleation product, which is calcium titanate.
Then, the Ca?* cations accumulate on the surface and combine with phosphate ions, and
the amorphous calcium phosphate formed in this way spontaneously transforms into
apatite [28,38,43-47]. The above-described mechanism is important from the medical point
of view. The bone partially consists of non-stoichiometric, inorganic calcium phosphate
minerals; therefore, one of the ways to evaluate the bioactivity of a material is to study the
spontaneous formation of apatite on its surface, while it is immersed in a physiological
medium. The concentration of ions in simulated body fluid (SBF) is almost equal to the
concentration of ions in human blood plasma; therefore, it can adequately reproduce
the in vivo apatite formation [30,48-51]. On the other hand, these processes lead to the
formation of an apatite layer linked with the substrate surface via a chemical bond, thereby
rendering it more resistant to abrasion and delamination.

Considering the results of these investigations, we decided to carry out research on the
applicability of the alkali-sodium treatment method of titania nanoporous coatings (TNT),
which were produced during the anodization of Ti6Al4V, and to compare obtained results
with those obtained for alkali-sodium-treated Ti6Al4V. Analysis of previous reports showed
that, in the case of alkali-sodium-treated titania nanoporous coatings, their physicochemical
and biological properties have not yet been analyzed and, hence, they can constitute an
important new element of knowledge about surface modifications of titanium alloys.

Research on the stimulation and acceleration of bone tissue regeneration, stimulation
of osteopromotional cells, and improvement of interlayer adhesion is of particular impor-
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tance to us. The development of a sodium titanate layer-producing method on the surface
of a (Ti6Al4V /nanoporous TiO,) system, determination of its physicochemical properties,
and estimation of its biological activity are especially significant issues. The results dis-
cussed in this paper provide a basis for designing biocompatible materials, which can be
used in the construction of titanium alloy implants with high osseointegration activity.

2. Materials and Methods
2.1. Sample Preparation

Commercially available titanium alloy (Ti6Al4V foil (marked as T), grade 5, 99.7%
purity, 0.20 mm thick (Strem Chemicals, Inc., (Bischheim, France), 6 mm x 60 mm pieces
and 10 mm x 60 mm pieces) was used as the substrate. Prior to alkali treatments, the speci-
mens were polished and sonicated consecutively in acetone, ethyl alcohol, and deionized
(DI) water, each for 10 min. Then they were air-dried at room temperature. In addition,
some of the samples were anodized. The T was used as the anode and platinum foil was
used as the cathode. Electrodes were placed 2 cm apart. The electrolyte consisted in an
aqueous electrolyte solution—0.3% HEF. The anodization potential was kept constant at 5 V
for 20 min. Samples of the Ti6Al4V /nanoporous TiO, system (marked as T5), which were
produced during the anodizing, were rinsed with deionized water and dried in an argon
stream.

2.2. Alkali-Sodium Surface Treatment of Samples

The prepared T and T5 samples were immersed in a 7 M NaOH solution at 65 °C
for 48 h. After alkali-sodium treatment, the obtained samples were washed with distilled
water, and dried at 40 °C for 24 h in an incubator. The specimens were marked as T-S
and T5-S, respectively. All samples prepared for chemical and biological analyses were
autoclaved using an IS YESON YS-18L (Yeson, Ningbo, China) at 123 °C, p = 120 kPa,
t =20 min.

2.3. Apatite-Forming Ability

After the alkali-sodium treatment, the samples with the dimension of 10 mm x 10 mm
x 0.20 mm (T-S, T5-S, and T as a control) were immersed in SBF at a constant temperature
of 36.5 °C for 7, 14, 21, and 28 days, and each was kept in a vertical position inside
polypropylene tubes. We used SBF as a standard solution to detect the apatite formation on
the surfaces of the prepared samples. The SBF solution has an ionic concentration nearly
equal to human blood plasma. One liter of SBF was prepared according to ISO/FDIS
23317:2007(E) and Kokubo’s formulation by dissolving reagents given in the required order
of dissolution (8.035 g NaCl, 0.355 g NaHCO;3, 0.225 g KC1, 0.231 g K;HPO4-3H,0, 0.311 g
MgCl,-6H,0, 0.292 g CaCly, and 0.072 g NapSOy in DI water and buffering at pH 7.40
with Tris (tris(thydroxymethyl)aminomethane) and 1.0 M HCl at 36.5 °C). After immersing
in the SBF, specimens were taken out from the solution, cleaned in deionized water, and
dried at room temperature before characterization [52,53]. The specimens were marked as
T-S/Ca and T5-5/Ca (after 7 days of immersion) and T-S/HA and T5-S/HA (after 14, 21,
and 28 days of immersion).

2.4. Surface Characterization

Morphological evaluation of the T and T5 surfaces before and after the alkali-sodium
treatment and the immersion in SBF was performed with a Quanta scanning electron
microscope with field emission (SEM, Quanta 3D FEG, Huston, TX, USA). The chemi-
cal composition of the titanate layer after the alkali-sodium treatment and immersion in
SBF was carried out using an energy-dispersive X-ray spectrometer (EDS, Quantax 200
XFlash 4010, Bruker AXS, Karlsruhe, Germany). The structure of the produced layers was
estimated using Raman spectroscopy (RamanMicro 200 PerkinElmer (PerkinElmer Inc.,
Waltham, MA, USA) (A = 785 nm)) and diffuse reflectance infrared Fourier transform spec-
troscopy (DRIFT, Spectrum 2000, PerkinElmer Inc., Waltham, MA, USA). The crystalline
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structure analysis of all produced layers was done using X-ray diffraction (XRD; PANalyti-
cal X'Pert Pro, PANalytical B.V., Almelo, The Netherlands MPD X-ray diffractometer using
Cu-K alfa radiation, grazing incidence angle mode—GIXRD; the incidence angle was equal
to 1°).

2.5. Contact Angle

The contact angle of water and diiodomethane on the samples was measured at room
temperature using a goniometer (DSA 10 Kriiss GmbH, Hamburg, Germany) with drop
shape analysis software (ADVANCE, Kriiss software, Kriiss GmbH, Hamburg, Germany)
with a drop volume of 3 uL for deionized water and 4 pL for diilodomethane onto each
sample. All reported contact angles on the surface of the sample are the average of three
samples from each series.

2.6. Cell Lines

L929 mouse fibroblasts were obtained from the American Type Culture Collection
(Manassas, VA, USA). The cells were grown in complete Roswell Park Memorial Institute
(RPMI) 1640 medium (with L-glutamine) supplemented with 10% fetal bovine serum (FBS),
100 IU/mL penicillin, and 100 pug/mL streptomycin.

MG-63 human osteoblast-like cells were purchased from the European Collection of
Authenticated Cell Cultures (Salisbury, UK). The MG-63 cells were cultured in Eagle’s
Minimum Essential medium (EMEM) supplemented with 10% FBS, 2 mM L-glutamine,
1 mM sodium pyruvate, nonessential amino acids, and antibiotics (100 U/mL penicillin,
100 pg/mL streptomycin).

Adipose-derived human mesenchymal stem cells (ADSCs) were purchased from
PromoCell and cultured in Mesenchymal Stem Cell Growth Medium® supplemented
with 10% Supplement Mix® (PromoCell GmbH, Germany), 100 U/mL penicillin, and
100 pg/mL streptomyecin.

All cell lines were cultured at 37 °C in a humidified atmosphere with 5% CO, and
passaged at 70-80% confluency using a 0.04% trypsin ethylenediaminetetraacetic acid
(EDTA) solution (ADSC cells), 0.25% trypsin-EDTA solution (MG-63 cells), or cell scraper
(L929 fibroblasts). All compounds used for cell culture were purchased from Sigma-Aldrich
(Darmstadt, Germany).

2.7. Cell Viability

The effect of the specimens on the cell viability was determined with the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The cells (density
1 x 10* cells/well) were cultured on autoclaved scaffolds placed in 24-well plates for 24,
72, and 120 h. After incubation, the specimens were washed with phosphate-buffered
saline (PBS). Then, MTT solution (0.5 mg/cm?) was added and the samples were incubated
for 3 h at 37 °C, and the resulting purple formazan crystals were dissolved in dimethyl
sulfoxide (DMSO). The optical density at 570 nm (with a reference wavelength of 630 nm)
was measured using a Synergy HT Multi-Mode microplate reader (BioTek; Winooski, VT,
USA). The scaffolds incubated without the cells were used as blank samples. The results
derived from five independent experiments.

2.8. Cellular Morphology

Scanning electron microscopy (SEM; Quanta 3D FEG; Carl Zeiss, Gottingen, Germany)
was used to assess the changes in cell morphology. After the respective incubation time of
cells on the scaffolds, the samples were rinsed with PBS and fixed in 2.5% v/v glutaralde-
hyde. After that, the specimens were dehydrated in graded series of ethanol concentrations
for 10 min. Lastly, the samples were dried in vacuum-assisted desiccators overnight before
the SEM analysis.
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2.9. Statistical Analysis

All values from the MTT assay are reported as the means =+ standard errors of the
means (SEMs) and were determined by analysis of variance followed by Bonferroni multi-
ple comparisons test, with the level of significance set at p < 0.05. Statistical analyses were
done using GraphPad Prism 7.0 (La Jolla, CA, USA)

3. Results
3.1. Surface Characterization

The alkali-sodium treatment of the Ti6Al4V alloy (T) substrate in 7 M NaOH solution
by 48 h led to the formation of the uniform coatings (T-S). The morphology changes of stud-
ied alloy samples before and after their immersion in alkali-sodium solution are presented
in Figure 1a,b. The SEM cross-section images (Figure 1b) revealed that the produced coating
thickness was 685 £ 5 nm. The immersion of the T5 sample (Ti6Al4V /TiO, nanoporous
system, which was produced by anodic oxidation of the Ti6Al4V substrate according to
an earlier described procedure [3,22]) in the same conditions led to the formation of a
three-dimensional network of tangled nanorods and nanofibers (Figure 1c). Analysis of
SEM cross-section images proved that the thickness of T5-S system was 933 & 3 nm.

Figure 1. SEM images of the surface morphology and cross-sections of the T and T5 (a), T-S (b), and T5-S (c) samples.

The use of scanning electron microscopy with energy-dispersive spectroscopy (SEM/EDS)
method allowed confirming the presence of Na* on the surface of the samples after alkaline
treatments (T-S and T5-S) (Figure 2¢,d).
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Figure 2. Energy-dispersive spectroscopy (EDS) spectra and quantitative data of the T (a), T5 (b), T-S

(c), and T5-S (d) samples.
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The strong signals at 24° and 48°, and weak signal at 28° (Figure 3a), which we found
in XRD patterns of T-S and T5-S samples, were attributed to (011), (020), and (300) lines
of sodium titanate crystals, respectively. Positions of these peaks are in good agreement
with the literature data for sodium trititanate gel (NayTisO7) [25,54—60]. Moreover, the
above-mentioned EDX data of oxygen and titanium mass percentage for T-S (Figure 2c)
are in good agreement with the theoretical elemental mass percentage for sodium triti-
tanate (O experimental 37%, theoretical 39.9%; Ti experimental 47%, theoretical 50.7%).
The formation of sodium titanates was also confirmed by the analysis of Raman spectra
(Figure 3b, Table 1)).
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Figure 3. X-ray diffraction spectra of T, T5 samples without alkali-sodium treatment and T-S, T5-S
samples with alkali-sodium treatment (a), where marked peaks are assigned to sodium titanate;

Raman spectra of T, T5 samples without alkali-sodium treatment and T-S, T5-S samples with alkali-
sodium treatment (b).

Table 1. Raman frequencies and assignments of functional groups in sodium titanate samples.

Functional Groups Frequencies (Experimental) (cm~1) Frequencies (Reference) (cm—1) Reference
v (Na-O-Ti) 278 280 [61-63]
5 (Ti-O) 445 440, 448 [43,63]
v (Na-O-Ti) 669 660 [32,63]
5 (Ti-O) 704 690, 700 [43,63]
v (Ti-O-Na) 903 905, 920 [43,61,63]

Raman spectra analysis of alkali-sodium-treated samples confirmed the sodium ti-
tanate formation, as evidenced by the appearance of five bands at c.a. 278 cm ™!, 445 cm ™!,
668 cm~!, 704 cm~?!, and 903 cm ! (Figure 3b) [25,32,43,61,62]. The bands which appeared
at ~903 cm~! and ~278 cm~! are characteristic for sodium trititanates (Na, Ti3O7) and they
are not visible in spectra of hydrogen titanates [25,61-65]. The XRD patterns and Raman
spectra were also used in order to deduce the amorphous structure of produced T5 coatings
(Figure 3a).

The results of wettability studies of studied coatings are presented in Table 2. The
water contact angle for the unmodified T sample was approximately 81.3 4= 0.2°, and that
for T5 was 94.4 £ 0.4°. These samples indicated a less and more clear hydrophobic character,
respectively. After alkali-sodium treatment, a drop of both water and diiodomethane spread
rapidly and wetted the treated samples of T5-S and T-S. The water and diiodomethane
contact angle decreased to nearly 0°; thus, the surface of these samples can be considered

completely wetted, which means that these surfaces are amphiphilic.
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Table 2. The values of contact angles for water and diiodomethane of the T, T5, T-S, and T5-S samples.

Average Contact Angle (°) + Standard Deviation

Biomaterial Sample Measuring Liquid
Water Diiodomethane
T 81.3+ 0.2 492 £ 09
T5 944 +04 224+1.0
T-S <10 <10
T5-S <10 <10

3.2. Apatite-Forming Ability

A basic assay indicating the potential bioactivity of a material is its incubation in
SBF solution containing calcium and phosphorus ions and apatite precipitation on the
surfaces of tested materials. Figure 4 shows the SEM top view images of T-S and T5-S
after their immersion in SBF solution for 7, 14, 21, and 28 days. Figure 5 shows SEM
cross-section images of T-S and T5-S with hydroxyapatite (HA) layers after immersion
in SBF for 2 and 4 weeks. The aim of these studies was to monitor the development of
apatite formation on their surfaces. The materials marked as T-S/Ca and T5-5/Ca represent
samples containing calcium titanates (CaTiO3) on the surface, which was formed after
7 days of sample immersion in SBE. On the other hand, the materials marked as T-S/HA
and T5-S/HA represent samples containing hydroxyapatite on the surface, which was
created after longer sample immersion in SBE.

() garyren

T-S/HA T5-S/HA
2 weeks 2 weeks

T5-S/HA

T5-S/HA V7
4 weeks

Figure 4. Scanning electron microscopy (SEM) images of substrates of T-S and T5-S with CaTiO3 (Ca)
or hydroxyapatite (HA) layers after immersion in SBF for 1 (a), 2 (b), 3 (c), and 4 (d) weeks.
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T5-S/HA
2 weeks

}

Figure 5. SEM cross-section images of T-S and T5-S with hydroxyapatite (HA) layers after immersion
in SBF for 2 (a) and 4 (b) weeks. A horizontal black line separates the hydroxyapatite (HA) layer
from T-S and T5-S coatings.

The percentage weight gain that was observed after removing and drying the samples
from the SBF solution is presented in Figure 6. On the surface of T and T5 control samples,
formation of apatite was not observed. On the other hand, the SEM images of T-S samples,
immersed in SBF solution for 1 week, show mostly nanofibers and poorly observed small
agglomerated globules mainly of Ca and P on the sample surfaces (Figure 4a). Analysis of
these data revealed an increase in the sample weight after 14 days of sample immersion
in SBF solution (Figure 4b,c). The T-S surface was partially covered with a thick hydrox-
yapatite layer after 28 days of immersion (Figure 4d). In the case of T5-S, the formation
and growth of dispersed particles consisting of calcium and phosphorus were observed
after 7 days of layer immersion in the SBF solution, which was confirmed by the EDS
analysis (Figure 4a). The mass increase for the T5-S sample was ca. 1.7 times higher than
that for T-S. After 14 days of immersion in SBF, hydroxyapatite was formed on the surface
of T5-S specimens, with a ca. 1.31-fold increase in the sample mass observed compared to
that of T-S (Figures 5 and 6). Considering the results obtained, it should be noted that the
formation of sodium titanate layers on T and T5 substrates promoted apatite formation,
while earlier anodization of the Ti6Al4V substrate surface (T5-S) was more favorable for
the growth of apatite.

The desired effect is to obtain, on the surface of apatite, a structure as close as possible
to natural hydroxyapatite (HA) with a Ca/P molar ratio of 1.67. The Ca/P molar ratio
of titanate layers was investigated through EDS analysis, and is the results are shown
in Table 3. Phosphorus and calcium were the main elements detected in the specimens,
allowing the Ca/P molar ratio to be estimated. The presence of sodium and magnesium
ions was also observed in small amounts. Sodium probably remained after alkali-sodium
surface modification. After 1 week in the alkali samples, the detected Ca/P molar ratio
was 7.26 and 8.98 for T-S/Ca and T5-S/Ca, respectively. After the second and third weeks,
this ratio decreased rapidly for T5-S/HA to 1.76 and 1.84, respectively. For T-S/HA, after
the second and third week, the Ca/P ratio also decreased, although it was higher than
that for T5-S/HA, with values of 1.94 and 2.00, respectively. According to the literature, it
can be assumed that, since there are no stable calcium phosphate compounds known to
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exhibit a molar ratio Ca/P higher than 2, these elements occurred as ions in the titanate
surface. After 4 weeks of sample immersion in SBF solution, the Ca/P molar ratios of 1.84
for T5-S/HA and 1.82 for T-S/HA were detected.

4.00 ~

7 days immersing

3.50 A

14 days immersing
M 21 days immersing

3.00 - MW 28 days immersing

2.50 A

Increased mass [%]

2.00 -
1.50 - =
1.00 -

0.50 - I

0.00
T-S T5-S

Figure 6. Weight gain of T-S and T5-S with CaTiO3 (Ca) or hydroxyapatite (HA) layers after immer-
sion in SBF for 7, 14, 21, and 28 days.

Table 3. Ca/P ratios obtained from EDS measurements for the T, T5, T-S, and T5-S samples after immersion in SBF for

1-4 weeks.
Biomaterial Sample Ca/P (Molar Ratio) Ca/P (Molar Ratio) Ca/P (Molar Ratio) Ca/P (Molar Ratio)
P after 7 Days after 14 Days after 21 Days after 28 Days
T No growth No growth No growth No growth
T5 No growth No growth No growth No growth
T-S 7.26 1.94 2.00 1.82
T5-S 8.98 1.76 1.84 1.84

The DRIFT spectra of all studied samples, after immersion in SBF solution for 1-4 weeks,
are shown in Figure 7. The intense bands attributed to phosphate groups of HA were found
at 1150-1015 (Vg(PO4)), 970 (V](PO4)), 600 (V4(PO4)), 560 (V4(PO4)), and 523 (V4(PO4)) CIII_1
for T5-S/HA and T-S/HA samples after their immersion for 14, 21, and 28 days [3,30,66-76].
The band detected at 452 cm™ in the spectra of T5-S/Ca 7 and T-S/Ca 7 was attributed to
the Ca-Ti~O group modes [77,78]. A weak band at ca. 1060 cm ™! in the studied spectra
indicated the presence of P-O functional groups. The strong bands, which were registered
in the spectra of T5-S/HA 21 and T5-S/HA 28 samples between 1400 and 1505 cm™!
(stretching mode of v1 (CO32~) group in B-type carbonate HA and bending mode of (v3 or
v4) CO3%~ group in carbonate HA at 875 cm™~!) were assigned to surface carbonate ions,
which are commonly found in both synthetic HA and natural bone [3,30,33,67,69-72,74-76].
However, the characteristic bands at 875 cm~! indicated the presence of HPO42’ in the
crystal lattice [67,70,76]. The band at 1310 cm ! (v3), appearing in the spectrum of T5-S/HA
14 (i.e., after 14 days of immersion in SBF), was assigned to surface carbonate ions [71-73].
Since the samples after removal from the SBF solution were not dried at higher than room
temperature, we can assume that the carbonate bands were in a non-quantity position. The
band at 1640-1644 cm~! can be assigned to v3 modes of the carbonate ion; however, on
the other hand, it may be a bending mode, attributed to H,O in the SBF-treated titanate
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layer [70,74,76]. Figure S1 (Supplementary Materials) shows the stretching bands between
3000 and 3600 cm™, which can be related to intense and broad bands of O-H stretching in
the HA structure and to adsorbed water molecules. These -OH bands were present in all
the spectra collected from the sample surface layer. The wide bands attributed to the Ti-O
vibration were observed between 640 and 780 cm ! [3,30,33,66—68,70-72,76].

1015 (a) KM V(COs) 1150
11422 H

. V(Ti-0) (b)

;”30134;63\ 663 523
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T5-S/HA 28
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T5-S/HA 14

1600

\
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Figure 7. Diffuse reflectance infrared Fourier transform spectroscopy (DRIFT) spectra of studied T-5/Ca and T-S/HA (a)
and T5-S/Ca and T5-S/HA (b) after immersion in SBF for 7, 14, 21, and 28 days.

The apatite-forming ability was also confirmed by the Raman spectra (Figure 8).
A strong band, attributed to symmetric stretching P-O vibrations (vy; active in Raman
spectrum), was found at 959 cm L in the spectra of T5-5/HA and T-5/HA samples after 14,
21, and 28 days [3,25,79,80]. On the other hand, the weak bands at ~586 emland 605cm~1,
detected in the spectra of all samples, were assigned to v4 P-O bending modes [3,79,80].
The bending modes (v,) bands of HA POy groups were registered at 430 cm ™! and 445
cm ™! in the spectra of T-S/HA 14-28 and T5-S/HA 14-28 samples. However, in the spectra
of T5-5/Ca 7 samples, bands attributed to O-Ti—O bending vibrations could also be found
in abovementioned spectral range [3,81,82]. The bands, appearing at 1187 cm !, 1053 cm ™!,
and 761 cm ™!, confirmed the presence of CO52~ ions in the T5-S/HA 14 sample [3,83].
The detection of the band at 279 cm ™! in the Raman spectra of studied samples confirmed
bond formation among the sodium, calcium, and O-Ti—O group. The Raman spectrum of
CaTiOj3 included a number of sharp bands imposed on a broad feature between 240 cm ™!
and 370 cm !, and they were tentatively assigned to the modes associated with rotations
of the oxygen cage [81,84-86]. This was clearly noticeable for the T-5/Ca 7 sample.

The apatite presence on the surface of samples immersed in SBF was confirmed by
X-ray diffraction (XRD). Figure 9 shows the XRD spectra of T-5/Ca and T-5/HA (a) and
T5-5/Ca and T5-S/HA (b) samples after immersion in SBF for 1-4 weeks. The XRD results
were consistent with the SEM images, as well as EDS, Raman, and DRIFT analyses. It
was noted that, after immersing the samples in SBF solution, on the surface of T-S and
T5-S layers, hydroxyapatite was formed after 14 days. Simultaneously, with the increasing
immersion time of layers in SBF, the amount of apatite grew. The presence of peaks
attributed to calcium titanate confirmed that the alkali-sodium titanate layers released
alkali ions into the SBF solution via exchange with the H3O" ions. In effect, Ti-OH groups
were formed. These hydrated titania groups induced apatite nucleation, which proceeded
to calcium titanate (CaTiO3) formation and combination with phosphate ions. The apatite
nuclei were spontaneously grown on layers by consuming the Ca?* and PO,3~ ions from
the surrounding fluid. As a result of this process, apatite was formed, which contained
ions such as carbonate, sodium, and magnesium.
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Figure 8. Raman spectra of studied (a) T-S/Ca and T-S/HA and (b) T5-S/Ca and T5-S/HA after immersion in SBF for 7, 14,
21, and 28 days. The undescribed peaks came from titanate.
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Figure 9. X-ray diffraction patterns of T-S/Ca (7) and T-5/HA (14-28) (a) and T5-5/Ca (7) and T5-S/HA (14-28) (b) samples
after immersion in SBF solution for 7, 14, 21, and 28 days. (hkl) for HA are marked in green, while (kki) for CaTiO3 are
marked in violet. Ti was assigned to the Ti6Al4V substrate; S was assigned to the sodium titanate.

3.3. Cell Viability Measured with the MTT Assay

The viability of L929 fibroblasts and MG-63 osteoblast-like cells growing on the
scaffolds was assessed using the MTT assay. The results demonstrated that all tested
samples induced a higher cell viability than the reference Ti6Al4V alloy foils (T), as observed
after 24, 72, and 120 h of incubation time (Figure 10). Moreover, it was found that T-S
and T5-S scaffolds increased the viability of 1929 fibroblasts compared with not only
the reference alloy, but also T5 samples. This effect was noticed especially after 72 h of
incubation time (Figure 10a). Among all the tested samples, T5-S scaffolds induced the
highest viability of MG-63 cells after 72 and 120 h of culture (Figure 10b). Importantly, T5-S
samples also increased the viability of L929 cells in comparison with T-S specimens after
120 h of culture (p < 0.001).
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The viability of ADSCs cultured on the tested specimens varied significantly between
fibroblasts and osteoblasts, as well as between both alkali-sodium-modified scaffolds
(Figure 11). The T-S sample promoted an approximately 50% higher level of ADSC pro-
liferation in comparison with Ti6Al4V reference alloy foils (T), after 24, 72, and 120 h of
incubation time. Surprisingly, it was found that T5-S scaffolds completely inhibited the
proliferation of ADSCs. The cells adhered weaker to the surface, and cell viability was
considerably decreased in relation to T reference alloy foils. On the contrary, the hydroxya-
patite layer greatly improved the surface properties. ADSCs exhibited strong adhesion on
T-S/HA 28 and T5-S/HA 28 specimens, and their number during the first 24 h of culture
increased threefold in comparison to the control. After 72 and 120 h, the proliferation rate
decreased; however, the cell viability compared to the reference T specimen still increased
approximately twofold.
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Figure 10. Cell viability of L929 fibroblasts (a) and MG-63 osteoblasts (b) cultured on the T-S, T5- S,
and T5 samples for 24, 72, and 120 h. The results were compared with the reference Ti6Al4V samples
(T). The cell viability is presented as a percentage of the control cells growing on the T specimens
(served as 100%). Data are presented as the mean =+ standard error of the mean (SEM). Asterisks
denotes differences when the viability of cells growing on the tested scaffolds was higher compared
with T samples (*** p < 0.001, ** p < 0.01, * p < 0.05). The pound signs indicate differences between the
cells cultured on the T5-S scaffolds and T-S samples (### p < 0.001, ## p < 0.01).



Materials 2021, 14, 806

14 of 22

Adipose-derived stem cells

Fkk *kk
300- Il 24h
Kk
- ™ C172h
> 9 hhk
g 3 * ] *
2+
m‘i—
S S 100- #i#
2 *
*
ke
0-

T .8 T
<D Q?‘ Q\V’q'
2) 2)
A’ <&

Figure 11. Viability of adipose-derived mesenchymal stem cells (ADSCs) cultured on the tested
samples for 24, 72, and 120 h. The results are expressed as the mean + SEM and presented as a
percentage of the cells cultivated on the T samples (served as 100%). Asterisks indicate differences
when the viability of cells growing on the tested scaffolds was higher in comparison with T samples
(**p <0.001, ** p < 0.01, * p < 0.05). Pound signs denote differences between the cells cultured on the
T5-S scaffolds and T-S samples (### p < 0.001).

3.4. Cell Morphology Observed by Scanning Electron Microscopy

The morphology and proliferation level of L929 fibroblasts (Figure 12) and MG-63
osteoblast-like cells (Figure 13) growing on the surface of T5-S specimens was demon-
strated in the micrographs produced by scanning electron microscopy (SEM). These images
confirmed the results from the MTT assay and showed the increase in cell proliferation
level over time, as observed for both tested cell lines (compare micrographs (a—c) in
Figures 12a—c and 13). The fibroblasts and osteoblasts had an elongated shape, and they
effectively attached to the scaffolds by forming numerous filopodia (Figure 12d, and ar-
rows in Figures 12f and 13g), which were also generated between the cells (arrows in
Figures 12e and 13h). As can be seen in Figures 12¢c and 13c, most of the T5-S sample sur-
face was covered with the cells. Moreover, we also noticed that it was difficult to observe
MG-63 osteoblast-like cells cultured on the specimens since the surface of nanocoatings
morphologically resembled the cells (Figure 13d—f). MG-63 cells also produced an extra-
cellular matrix, as can be observed in Figure 13i. On the contrary, ADSCs grown on the
T-S surface adhered properly and produced an extracellular matrix (Figure 14a), whereas
the surface of T5-S did not support ADSC growth (Figure 14b). Comparative SEM images
also revealed some differences in the morphology of ADSCs cultured on the T5-S surface
specimens for 120 h (Figure 14b). The cells growing on T-S scaffold created filopodia that
attached the cells to the substrate, whereas ADSCs cultured on T5-S samples had a rounded
shape without attachments.
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(b) T5-5 72h["

Figure 12. Images obtained by SEM showing 1929 fibroblasts that were cultured on the T5-S scaffolds for 24 (a), 72 (b),
and 120 h (c). Arrows present the filopodia spreading between fibroblasts (e) and the filopodia that attached the cell to the

surface of scaffolds (d,f).

(d) T5-5 72h S etanEins () T5-S 72h
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Figure 13. Micrographs obtained by SEM showing MG-63 osteoblast-like cells cultured on the T5-S specimens for 24 (a), 72
(b), and 120 h (c). Figures (d—f) indicate that the MG-63 cells are morphologically similar to the structure of T5-S samples.
Arrows in the micrographs present filopodia which attached the cell to the substrate (g) or the filopodia created between the
cells (h). Figure (i) indicates the extracellular matrix produced by osteoblast-like cells.
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Figure 14. Comparative SEM images showing human ADSCs cultured on the surface of T-S (a) and
T5-S (b) specimens for 120 h. The figures confirm evident differences in cell morphology for both
samples: adherent cells with filopodia attached to the surface of T-S (a) and rounded cells without
attachments on T5-S (b).

4. Discussion

A crucial stage in the design of modern implants is to modify their surfaces, ensuring
the proper interaction of the implants with the tissue environment. In this study, we focused
on the modification of the Ti6Al4V and Ti6Al4V /nanoporous TiO, substrate surface by the
production of titanate layers using the alkali-sodium treatment method, which is known as
an effective and simple procedure.

The starting point for the discussion of received results was the evaluation of the
bioactivity of Ti6Al4V (T) substrates, whose surface was modified by an alkali-sodium
treatment at 65 °C for 48 h (T-S). The MTT assays proved that adsorption of 1929 fibroblast
cells and MG-63 osteoblast-like cells (after 24 h) and their proliferation (after 72 and 120 h)
explicitly increased for samples after their surface modification (Figure 10). The formation
of the Nap TizO7 nanofibrous layer on the T and T5 surfaces led to an increase in surface area,
thereby promoting the formation of apatite in body fluids (SBF). Analysis of SEM, EDS,
XRD, and Raman data (Figures 1 and 3) confirmed the sodium trititanate layer formation
both on the T substrate (T-S) and on the T5 coating (T5-S) after hydrothermal treatment in
a 7 M NaOH solution. These results are in good agreement with the observation of Zhang
et al. [58]. Moreover, Fatehi et al. [49] showed that, with increasing concentration of NaOH
solution, time, and temperature of alkaline treatment, the thickness of titanate gel layer
increased. However, according to abovementioned reports, the use of an NaOH solution
concentration higher than 10 M could lead to the delamination of the thick sodium titanate
layer from the titanium substrate. The use of the 7 M NaOH solution (in our experiments)
did not cause the delamination of the titanate layer from the surface of T-S and T5-S
substrates, which was confirmed by the analysis of SEM images. Rahimipour et al. [87]
carried out alkaline etching of the NiTi alloy substrate using 10 M NaOH solution. The
samples were etched at T = 60, 120, or 180 °C for 48 h. According to this report, with the
increase in temperature, sodium and oxygen concentration increased, which indicated
the growth of formed surface layers and allowed determining the surface morphology.
The influence of temperature on the increase of the titanate layer was not studied in our
experiments; however, on the basis of an analysis of the EDS data, we can observe that
the appearance of Na and O on the surface of T-S and T5-S samples led to a significant
increase in the thickness of formed titanate layers. Jiandi et al. drew attention on the clear
increase in sodium titanate gel layer thickness with the immersion time of Ti6Al4V samples,
which were immersed in 8 M NaOH solution at 60 °C for 12, 24, 36, 48, and 60 h [88]. A
similar effect was noticed in this study for Na; TisOy nanofibrous layers produced on the
surface both T-S and T5-S samples. It should be noted that earlier anodization of Ti6Al4V
substrates induced the formation of a thicker titanate layer in comparison to the reference
sample T. The nanofibrous architecture of produced layers can significantly increase the
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substrate surface area and, thus, provide more nucleation sites for hydroxyapatite anchored
in the substrate [88].

One of the ways to evaluate the bioactivity of a material is to study the sponta-
neous formation of apatite on its surface, while it is immersed in a similar physiological
medium [89], which is due to fact that the bone partially consists of non-stoichiometric
calcium phosphate [30]. Therefore, very important for us was to determine the relationship
between the different surface characteristics of materials and the bioactivity of materials
(apatite-forming ability). As stated above, in vitro studies in SBF solution showed faster
apatite formation on the surface of T5-S than T-S. This may be the result of differences in
the morphology of these samples, as well as the increased surface area. The surface of T5
after anodization was composed of titanium dioxide, and, in this form, it was treated with
alkali-sodium (T5-S). On such a large surface, a number of Ti-OH groups were formed and
calcium ions were incorporated into the hydrated Ti-OH layer to form calcium titanate and
to stimulate the growth of apatite nucleation [28,38]. An important part of T-S and T5-S
investigations was the determination of their wettability via liquid drop analysis on the
surfaces. Both samples revealed amphiphilic behavior, attracting both polar and dispersive
media (Table 2). Wang et al. [25] reported that a drop of water spread quickly and wetted
alkaline-treated titanium samples, with a water contact angle close to 0° (superhydrophilic
character). Kazek-Kesik et al. [90] also showed that the use of the alkali surface treatment
process resulted in a significant reduction in water contact angle in contact with the Ti-
15Mo, Ti-13Nb-13Zr, and Ti-6Al-7Nb alloys. It is assumed that the hydrophilic surface of
dental implants enhances the adhesion and orientation of selected proteins. Our research
broadens this information, as we also decided to investigate the nature of T-S and T5-S
sample surfaces in reaction with a drop of hydrophobic liquid. In this way, we additionally
proved the amphiphilic character of the samples after alkali treatment.

Alkali-sodium treatment of Ti6Al4V (T) and Ti6Al4V /TiO, (T5) improved, in general,
their biocompatible properties. The T-S sample promoted the cell growth and prolifera-
tion of all tested cell lines (fibroblasts, osteoblasts, and mesenchymal stem cells), whereas
T5-S was beneficial only for fibroblasts and osteoblasts. The proliferation level of MG-
63 osteoblast-like cells growing on the T5-S specimen was significantly higher than that
on the T control sample. Conversely, the osteoblast-promoting scaffold entirely reduced
the proliferation of ADSCs. It can be concluded that surface anodization followed by
alkali-sodium treatment favors the growth of osteogenic lineage cells. This conclusion was
additionally supported with micrographic analyses. Osteoblasts growing on the surface
of alkali-sodium-modified specimens showed a significant degree of integration with the
scaffold, which is of great importance for the development of implants. Considering that
new implant surfaces are developed to improve biological cell responses, guiding the dif-
ferentiation of mesenchymal stem cells toward osteoblasts and enhancing osseointegration,
it is commonly reported in the most recent literature that cell growth is facilitated on rough
substrates with diversified topography [3,91-94]. Additionally, effective osseointegration
is significantly stimulated with increasing surface roughness of implants, inter alia tita-
nium substrates (reviewed in [95]). Increased roughness induces beneficial morphological
changes of growing cells and production of extracellular matrix components, together with
positive interplay with the surrounding tissues. The limitations in preparing such surfaces
include the possibility of reduced strength of the roughened material. Therefore, in the
case of modifications used for long-term implants, it would be highly desirable to prepare
surfaces with a roughness on the micrometer scale [94].

The ability to form apatite on the surface of T-S and T5-S also considerably improved
the surface properties in terms of ADSC adhesion and proliferation. As apatite or similar
mineralized structures create an osteogenic microenvironment that is extremely valuable
for osseointegration, it can be assumed that ADSCs undergo differentiation, which was
reflected in the lowered proliferation rate after 72 and 120 h of culture on T-S/HA and
T5-S/HA. This remains in agreement with other in vitro studies on modified HA scaffolds,
which have proven the capability of ADSCs to adhere and colonize the material and to
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undergo differentiation to an osteogenic lineage with subsequent scaffold mineralization,
even without the addition of osteo-inductive factors to the cell medium [96,97].

5. Conclusions

The research carried out exhibited that alkaline treatment of Ti6Al4V (T) substrates
and Ti6Al4V covered by a nanoporous TiO, coating (T5) led to the formation of Na;TizOy
nanofibrous layers (T-S and T5-S), whose thickness depended on the immersion time. It
should be noted the clear influence of the anodization process of the Ti6Al4V substrates
on the thicker sodium titanate layer formation (T5-S) in comparison to the non-anodized
substrate (T-S). The anodization of the T surface was also important for increasing the
ability to form apatite. Analysis of MTT assays revealed that surface anodization followed
by alkali-sodium treatment could be important for implant design and production. The
development of scaffolds with surface properties mimicking the bone structure and capable
of inducing the right commitment of seeded cells is still a challenge. We believe that our
results represent an important advancement in this context.
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Abstract: The important issue associated with the design and the fabrication of the titanium and
titanium alloy implants is the increase of their biointegration with bone tissue. In the presented paper,
the research results concerning the conditions used in the cathodic deposition of hydroxyapatite on
the surface Ti6Al4V substrates primarily modified by the production of TiO, nanoporous coatings,
TiO, nanofibers, and titanate coatings, are discussed. Despite excellent biocompatibility with natural
bone tissue of materials based on hydroxyapatite (HA), their poor adhesion to the substrate caused
the limited use in the implants” construction. In our works, we have focused on the comparison of
the structure, physicochemical, and mechanical properties of coating systems produced at different
conditions. For this purpose, scanning electron microscopy images, chemical composition, X-ray
diffraction patterns, infrared spectroscopy, wettability, and mechanical properties are analyzed. Our
investigations proved that the intermediate titanium oxide coatings presence significantly increases
the adhesion between the hydroxyapatite layer and the Ti6Al4V substrate, thus solving the temporary
delamination problems of the HA layer.

Keywords: cathodic electrodeposition; hydroxyapatite; nanomechanical properties; surface modification;
Ti6Al4V alloy

1. Introduction

Titanium and its alloys are wieldy used as load-bearing implants [1-3]. Among them,
the Ti6Al4V alloy in particular has been considered as one of the suitable candidates for
bioimplants due its good biocompatibility, well-balanced strength-to-weight ratio and
comparatively low elastic modulus [4-6]. Nevertheless, research is still being conducted to
achieve a higher biointegrity of the Ti6 Al4V alloy and closer mechanical properties to the
skeletal system. It should also be noted that the studies of titanium-based materials used in
the construction of modern implants revealed their susceptibility to bacteria-induced in-
flammations [7-9]. It can lead to the loosening of the implants and other complications and
consequently, their removal or replacement may be necessary. The surface modification of
implants by producing the coatings of defined architecture, which will inhibit the adhesion
of bacterial cells to them, is one of the proposed solutions. Electrolytic oxidation (anodiz-
ing), allowing for the production of different surface architecture coatings, i.e., nanoporous,
nanotubular, or nanosponge-like types, is a widely used method [10-12]. Another good
example is the result of investigations concerning the Ti6Al4V implant surface modification
using SLS technology (selective laser sintering). It was found that Ti6Al4V implant surface
modification by the TiO, nanoporous layer covering, led to the formation of a system of
more suitable physicochemical and osseointegration properties [10,11,13]. Moreover, this
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layer exhibited excellent wear resistance and the ability to propagate energy at plastic
deformation during loading. The increase in the antimicrobial activity of this implant was
obtained by surface enrichment with metallic silver nanoparticles. A significant advantage
of the modification type mentioned above was that the layer did not release substances
showing mutagenic properties [14,15].

From the new generation implant construction point of view, the crucial issue is to
equip their surface with a biocompatible, bioactive coating layer that adheres perfectly
to the substrate (e.g., does not delaminate during use of the implant) [16,17]. The way to
achieve this effect can be a production of an additional coating of a bone-like substance
that is hydroxyapatite (HA), i.e., hydroxyl-containing forms of calcium phosphate, which
promotes bone formation and growth [17,18]. Crystalline HA provides mechanical stability
to the coating. However, in the environment of body fluid it can slowly degrade, leading to
insufficient bone ingrowth [19]. On the other hand, the amorphous type has a slightly higher
solubility, which promotes faster initial bone fixation due to resorption and bioactivity [20].
For biomedical applications, an important ceramic material is a hydroxyapatite with a Ca/P
molar ratio of 1.67. Since it can provide the mineral scaffolding for connective tissue, which
is responsible for the mechanical strength of bones [16,21]. The use of hydroxyapatite as a
protective coating for various metallic implants offers many advantages. The surfaces of
metal implants become more resistant to corrosion and are also protected against releasing
toxic ions from their surfaces [21]. Furthermore, the production of a hydroxyapatite coating
promotes the formation of apatite, the main inorganic component of bone and teeth [22-24].
However, calcium phosphate coatings often exhibit poor adhesion to metallic substrates.
Implants with an HA layer may undergo fatigue failure in load-bearing applications.
According to literature data, it is assumed that in order to avoid fatigue damage and
dissolution, the thickness of the HA layer should be ca. 50 um [22,25].

The plasma spraying, pulsed laser deposition, sol-gel method, PVD (sputter coat-ing),
electrophoretic deposition, electrodeposition, and gas detonation deposition are usually
used for producing an HA layer on implant surfaces [16,17,21,24,26-28]. Plasma spraying
is the most popular, which has the advantage of being able to produce highly repeat-
able coatings. Nevertheless, the plasma spraying process uses high temperatures, often
linked to uncontrolled phase changes and thermomechanical mismatches [16,27,29,30].
An alternative method to produce hydroxyapatite layers is electrodeposition. This is an
efficient technique for producing a calcium phosphate layer on the surface of a conductive
material through a series of chemical reactions in an aqueous solution using electrical
energy [16,21,24,27,31]. The electrochemical technique is attractive due to its simplicity, low
cost, uniformity of the produced coatings, and ability to precisely control the properties
of the layers produced (chemical composition, thickness, structure) at low temperatures.
It is suitable for coating surfaces with complex geometries [16,17,21,32]. The major lim-
itation of the electrodeposition technique is the poor adhesion of the HA layer to the
implant’s surface [16,21,33]. Usually, the interfacial delamination of the HA layer is initially
caused by vertical cracking of the coating throughout the thickness, which occurs at the
HA-Ti6Al4V and HA-human bone interface [34]. The delamination of the hydroxyapatite
layer can lead to the formation of inflammation in the surrounding organs, and conse-
quently bone loss and even loosening of such an implant [22,35]. The analysis of literature
data shows that research on this issue is conducted in various directions. An example is
using computational models to the analyze Tresca stresses in metal bearings, as well as
to assess delamination-fretting damage [34,36]. According to Ammarullah et al., it is the
Ti6 Al4V-on-Ti6 Al4V bearings that show the superior Tresca stress reduction properties
among other metal-on-metal bearings [36].

Nevertheless, so far, research using a connector has not yielded the expected results,
so we aimed to produce a group of different connectors and select the most optimal one
to create more stable HA layers [22,37]. For this purpose, a multistage chemical treatment
of the Ti6Al4V substrate surface was used to create a stable intermediate layer connecting
the alloy surface with the hydroxyapatite layer. Based on our earlier works, the following
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coatings were selected: (a) nanoporous TiO, coatings, (b) nanofibrous TiO, coatings, and
(c) titanate coatings. It should be noted that we tested the coatings mentioned above as
independent systems but not as intermediate ones [10,38,39]. For this reason, an innovative
aspect of the presented paper is the system’s production: Ti6Al4V-intermediate layer
(TiO; or titanate)-HA. Titanium oxide coatings show high biointegration properties and
better mechanical properties than titanium alloy. However, their Young’s modulus and
hardness parameters are still higher than cortical bone’s. Therefore, our research aimed
to produce a coating system whose mechanical parameters are like the cortical bone and
reveal the hydroxyapatite layer’s high adhesion strength to the Ti6Al4V substrate. To
achieve this effect, we optimized the process conditions of the cathodic electrodeposi-
tion of hydroxyapatite and the determined mechanical properties of produced systems
Ti6 Al4V-intermediate layer-HA.

2. Materials and Methods
2.1. The Synthesis of TiO, and Titanate Nanocoatings

All experiments were carried out using Ti6Al4V alloy (marked as T, grade 5, 99.7%
purity) (Strem Chemicals Inc., Bischheim, France), a foil of 0.2 mm thickness, as a base
substrate, which was cut into strips of 6 mm wide and 100 mm long. In the first stage, the
surface of T substrates was modified by manufacturing TiO, nanoporous (T5) coatings and
TiO; nanofiber (TNF6 and TNF72), and titanate (T5-S and T-S) types, according to methods
previously described (all acronyms used in this article are consistent with those used to
mark samples in earlier works) [10,11,38—40]. Before the next stages of the research, the
samples were structurally and morphologically characterized.

Details of T surface modification:

(@) The anodic oxidation method allowed the production of T5 coatings on the surface
of Ti6Al4V substrates. This method used the 0.3% HF solution as an electrolyte,
t = 20 min, and the 5 V potential. The produced T5 coatings were rinsed with
deionized water and in acetone for 10 min.

(b) The TNF coatings were produced due to T sample surface chemical oxidation. The
surfaces of the substrates were chemically etched in c.a. 5.8 M HCl. Afterwards,
materials were heated in 30% H,O, solution at 358 K under a reflux condenser
(TNF6C) or in an incubator (TNF6S) for t = 6 h. The nanofibrous samples marked
TNF72 were produced in a slightly different procedure. The surface etching of the
Ti6Al4V substrate was applied (a) in 2M HF solution for 10 s (TNF72a) or (b) in a 1:4:5
mixture of HF:HNO;3:H,O (TNF72b). Then, the samples were immersed in 30% HyO,
solution at 358 K for 72 h in an incubator.

(c) The alkali-sodium treatment produced the T-S and T5-S samples. The Ti6Al4V sample
(T) and nonporous one (T5) were immersed in a 7 M NaOH solution at 339 K for
t = 48 h. In the next step, these materials were washed with distilled water and dried
at 314 K for 24 h in an incubator.

2.2. Synthesis of Hydroxyapatite on TiO; and Titanate Nanocoatings

The electrochemical cathodic deposition method was applied when depositing the
hydroxyapatite (HA) coating. The experimental set-up is home-made and was made
by the authors of this paper. It consists of a laboratory power supply (China, MCP
lab electronics, M10-QS1005; display accuracy is & 0.5%Rdg + 2digits) and two digital
multimeters (Germany, Beha Amprobe, AM-510-EUR; accuracy of DC current measure-
ment is & 1%Rdg + 2digits; accuracy of DC voltage measurement is + 1%Rdg + 3digits).
The deposition process was carried out at 339 K temperature using prepared substrate
((T (Ti6Al4V), TiO; nanoporous (T5), titanate (T5-S, T-S), and TiO, nanofibres (TNF6C,
TNF6S, TNF72a, and TNF72b)) as cathode, platinum wire as anode (Figure 1). The elec-
trolyte consisted of Ca(NO3); - 4 H,O (0.042 M), NH4H,POy (0.025 M), and EDTA-2Na
(1.5 x 1073 M) in distilled water. The initial pH value of the electrolytes was adjusted to
4.5 using Tris(thydroxymethyl)aminomethane. The deposition process time was 60 min.
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The electrochemical deposition of HA on each sample was carried out at three different
current values, i.e., 1.5 mA, 2.5 mA, and 3.5 mA. The voltage range during deposition was
2.24—3.00 V. After cathodic deposition, specimens were immersed in 0.1M NaOH solution
for 2 h at 339 K and then sintered at 524 K for 2 h. All samples prepared for analyses
were autoclaved using an IS YESON YS-18L (Yeson, Ningbo, China) at 396 K, p = 120 kPa,
t =20 min.

Power supply
Voltage applied

HA coating

Anode (platinum wire)

Cathode (modified surface of titanium alloy)

Electrolyte solution

Figure 1. Scheme of hydroxyapatite coatings fabricated by electrodeposition.

2.3. Structural and Morphological Characterization

The surface morphology of all samples was studied using a Quanta scanning electron
microscope with field emission (SEM, Quanta 3D FEG, Huston, TX, USA). The phase iden-
tification of all produced layers was carried out with X-ray diffraction (XRD; PANalytical
X'Pert Pro, PANalytical B.V., Almelo, the Netherlands; MPD X-ray diffractometer using
Cu-K alfa radiation, grazing incidence angle mode-GIXRD; the incidence angle was equal
to 1 degree). Diffuse reflectance infrared Fourier transform spectra (DRIFT, Spectrum
2000, PerkinElmer Inc., Waltham, MA, USA) were used to estimate the structure of the
specimens. The chemical composition of all synthesized layers was determined using an
energy-dispersive X-ray spectrometer (EDS, Quantax 200 XFlash 4010, Bruker AXS, Karl-
sruhe, Germany). Surface roughness were carried out using a commercial Nanoscope Illa
MultiMode AFM (Veeco Metrology Inc., Santa Barbara, CA, USA) through the technique of
tapping mode, an area of 10 x 10 x 2.5 pm. All analyses were conducted for five samples
of each modification.

2.4. Contact Angle

The contact angle of water on all samples produced at different currents was measured
at room temperature using a goniometer (DSA 10 Kriiss GmbH, Hamburg, Germany)
with drop shape analysis software (ADVANCE, Kriiss software, Kriiss GmbH, Hamburg,
Germany). The volume of the deionized water drop in the contact angle measurement was
3 mL for onto each sample. The contact angle was measured in triplicate and the mean
value was calculated.

2.5. Nanomechanical Properties and Adhesion

The nanomechanical properties, hardness, and Young’s modulus were studied using
the nanoindentation technique with Oliver-Pharr procedure with nanoindenter (NanoTest
Vantage, Wrexham, United Kingdom) and Berkovich indenter. The 25 independent in-
dentations were performed on all tested materials on three samples of each group (n = 3).
The increased to maximum load was 50 mN and the time was 10 s, with 5 s dwell with
maximum load and unloading to zero force equal to 10 s. After indentation, a temperature
drift was performed at a load of 5 mN for 30 s. The distance between indentations was
20 pm on both axes. To convert the reduced Young’s modulus for Young’s modulus, accord-
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ing to the Oliver—Pharr procedure, the Poisson’s modification ratio of 0.28 was used. The
adhesion of modifications to titanium substrate was studied with a nanoscratch-test. The
nanoscratch-test was performed using a nanoindenter (NanoTest Vantage, Wrexham, The
United Kingdom) and a diamond indenter. Ten measurements on three samples of each
group (n = 3) were made for each sample tested with a maximum force of 500 mN and over
a length of 500 um. The distance between measurements was 250 um. The adhesion force
of the modification to the titanium substrate was evaluated as a sudden and abrupt change
in the plot of the normal force against the friction force recorded during the measurement.

3. Results
3.1. Structural and Morphological Characterization of TiO, and Titanate Nanocoatings

In order to improve the physicochemical properties of Ti6Al4V samples (T), their
surface was modified by the production of TiO;-based coatings, which showed suitable
mechanical and physicochemical parameters and high biointegration activity using the
previously described methods [10,11,38-40]. The morphological differences between T, T-S,
T5, T5-S, TNF6C, TNF6S, TNF72a, and TNF72b samples are presented in Figure 2.

’ ‘ p 8 a0y
3 t\ﬁ - f &
- oy ~

A AN

- v—'i_fit._&

Figure 2. SEM images of T, T-S, T5, T5-S, TNF6C, TNF6S, TNF72a, and TNF72b surface
sample morphologies.

Searching for the most optimal and repeatable HA synthesis procedure, which can
be applied to biomaterials with different nanoarchitectures, our research started by deter-
mining such parameters of cathodic deposition as temperature (T) and process time ()
and the effect of EDTA-2Na addition to the electrolyte. In the carried out experiments,
the T was changed between 339 and 364 K, t = 25 — 60 min and we tested the use of the
electrolyte solution with and without the addition of 1.5 x 1073 M EDTA-2Na. The results
revealed that the following conditions were the best—electrolyte containing the EDTA-2Na,
T =339 K, and t = 60 min.
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The differences in surface morphology of samples T/HA (a), T-S/HA (b), T5/HA (c),
T5-S/HA (d), TNF6C/HA (e), TNF65/HA (f), TNF72a/HA (g), and TNF72b/HA (h), which
were produced at various currents (1.5 mA; 2.5 mA; 3.5 mA) are presented in Figure 3. The
morphology and packing density of hydroxyapatite layers significantly depended on the
type of substrate and on the current density applied during cathodic deposition. For T/HA,
T5/HA, TNF6C/HA, and TNF6S/HA substrates, the applied current of 1.5 mA was too low,
and the dispersed HA nucleations of different morphology were formed (Figure 3a,c,e,f)).
In the case of T-S/HA, T5-S/HA, TNF72b/HA samples, the hydroxyapatite was formed
in the shape of nanoplates (Figure 3b,d,h), while for TNF72a/HA, a floral morphology
composed of thin nanoplates was formed (Figure 3g). By increasing the current intensity
and thus the current density for all substrates, the hydroxyapatite morphology changed to
a floral morphology composed of numerous nanoplatelets. Furthermore, with increasing
current density, there is a change in the hydroxyapatite structure from dispersed to densely
packed (Figure 3a-h). The further enhancement of the current density up to 3.5 mA led
to the delamination of the hydroxyapatite layer deposited on the surface of nonmodified
Ti6Al4V substrates (T/HA, Figure 3a). According to literature reports, the intensity of
hydrogen gas escaping in the cathodic reaction increases with increasing current density,
which can lead to cracks in the hydroxyapatite layer [33,34]. Figures S1 and S2 show SEM
cross-section images of the T/HA (a), T-5/HA (b), T5/HA (c), T5-S/HA (d), TNF6C/HA (e),
TNF6S/HA (f), TNF72a/HA (g), and TNF72b/HA (h) samples at 2.5 mA current (Figure S1)
or 3.5 mA current (Figure S2). By increasing the current intensity, we observe the formation
of thicker hydroxyapatite layers on the surface of all the analyzed biomaterials. The most
significant growth of the HA layer was noted for T-5/HA (from ~12.58 pm to ~17.60 pm)
and TNF72b (from ~14.51 pm to ~20.80 um) samples (Figures S1 and S2).

Figure 3. Cont.
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Figure 3. SEM images of the surface morphology of the T/HA (a), T-S/HA (b), T5/HA (c), T5-S/HA
(d), TNF6C/HA (e), TNF6S/HA (f), TNF72a/HA (g), and TNF72b/HA (h) samples obtained at
various currents (1.5, 2.5, 3.5 mA).

Scanning electron microscopy with energy-dispersive spectroscopy (SEM/EDS) analy-
sis revealed mainly calcium, phosphorous, titanium, vanadium, aluminium, and oxygen to
be present in the surface of all biomaterials. Small amounts of sodium were additionally
detected on the alkali-modified surfaces (T-S/HA and T5-S/HA). The Ca/P molar ratios
for the samples with hydroxyapatite layers at different currents are shown in Table 1. A
smaller Ca/P ratio for samples T5/HA (0.82) and TNF6C/HA (1.13) at 1.5 mA may indicate
the formation of a calcium-poor layer. On the surface of titanium alloy T, nanoporous
T5, as well as after alkali-sodium treatment of T-S and T5-S, the most similar Ca/P ratio
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calculated directly from the EDS results to stoichiometric hydroxyapatite Ca/P ratio (1.67)
was obtained during hydroxyapatite deposition at 2.5 mA [16,21,24,26]. In contrast, for
TNF6 and TNF72 nanofibrous coatings, the Ca/P ratio is relatively close to the theoretical
value during HA deposition at 3.5 mA. SEM/EDS analysis confirmed the presence of
hydroxyapatite on titanium oxide surfaces (Figure S3).

Table 1. Ca/P ratios obtained from EDS measurements for the samples with hydroxyapatite layers at
different currents.

Ca/P (Mole Ratio) of HA Layer at Different Currents

Sample I=15mA I=25mA I=3.5mA
T/HA 1.83 1.60 1.54
T-S/HA 1.45 1.69 1.73
T5/HA 0.82 1.58 1.82
T5-S/HA 1.39 1.62 1.92
TNF6c/HA 1.13 1.45 1.76
TNF6s/HA 1.66 1.54 1.58
TNF72a/HA 1.70 1.96 1.75
TNF72b/HA 1.58 1.63 1.65

The hydroxyapatite (HA) presence on the surface of samples with different morphol-
ogy was confirmed by X-ray diffraction (XRD). Figure 4 shows the XRD patterns of T/HA
(a), T-S/HA (b), T5/HA (c), T5-S/HA (d), TNF6C/HA (e), TNF6S/HA (f), TNF72a/HA
(g), and TNF72b/HA (h) samples at various currents (1.5 mA; 2.5 mA; 3.5 mA). The results
demonstrate that a pure layer of hydroxyapatite (Ca1o(PO4)s(OH)2) was deposited on all
analyzed surfaces of biomaterials at 2.5 mA and 3.5 mA. At 1.5 mA a peak of very low inten-
sity is observed, in particular for samples T/HA, T5/HA, TNF6C/HA, and TNF65/HA. As
can be seen, the XRD pattern of the peak at 26 of ~25.9° corresponding to plane (002) is the
strongest among the other peaks in the diffraction patterns. According to literature reports,
this may be due to the fact that HA crystals often form in a direction perpendicular to the
electrode surface in the electrodeposition method [41,42]. The positions of the HA peaks
marked on the spectra are in good agreement with the data in card JCPDS no. 09-0432.

The diffuse reflectance infrared Fourier transform spectra (DRIFT), registered for HA
layers produced at different currents, are shown in Figure S4. The detected frequencies and
corresponding functional groups in hydroxyapatite samples are listed in Table 2.

Table 2. DRIFT frequencies and corresponding functional groups in hydroxyapatite samples.

Functional Frequencies Frequencies

Groups (Experimental) (cm~1) (Reference) (cm~1) Reference
v3(PO437) 1188-1006 1200-960 [43-50]
v1(PO,37) 960-956 963-960 [43,44,47-49,51]
v4(PO,37) 601-531 660-520 [19,43-48,50-53]
v1(CO32") 1460-1398 1500-1400 [43-49,51,52]

v3 or v4(CO327) 875-867 880-865 [43-45,49,50,54]
v3(CO327) 1323 1300, 1321 [47,48]
v(OH) 3456-3000 3571-3420 [41-46,49-51,55]

o(OH) 1653-1594 1650-1631 [43-45,50,51,55]
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Figure 4. X-ray diffraction patterns of T/HA (a), T-S/HA (b), T5/HA (c), T5-S/HA (d), TNF6C/HA
(e), TNF65/HA (f), TNF72a/HA (g), and TNF72b/HA (h) samples at various currents (1.5 mA;
2.5mA; 3.5 mA). (hkl) for HA are marked by grey colour. (hkl) for CaTiO3 are marked in violet. S is
assigned to the sodium titanate. Ti is assigned to the Ti6Al4V substrate (TiO, anatase phase (A) and

rutile phase (R)).

The DRIFT results of all studied samples were consistent with the SEM images
and EDS, as well as XRD data. At 1.5 mA, bands attributed to phosphate groups in
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hydroxyapatite are invisible (TNF6C/HA, TNF72a/HA) or weakly intense (TNF72b/HA)
on modified nanofibrous surfaces, except for the TNF65/HA sample. For this sample,
the intense bands assigned to CO3%~ group in carbonate HA (stretching mode of v;
at 1460 cm~! and 1406 cm ™!, as well as bending mode of v3 or v4 at 872 cm 1) were
found [43-49,51,52]. However, the HPO,?~ group in the crystal lattice could also be re-
sponsible for the additional low-intensity band centered around 875-867 cm~!, which
indicates the formation of non-stoichiometric HA [43,50,54]. In the case of the other T/HA,
T-S/HA, T5/HA, and T5-5/HA samples, at 1.5 mA the appearance of intense bands at-
tributed to PO43~ groups was noticed. The additional band at 495 cm~! was detected
in the spectrum of T5/HA sample was assigned to Ca-Ti-O group modes. While the
bands between 699 and 800 cm ! were attributed to the Ti-O vibration [38,39,45,56,57].
The bands attributed to O-Ti-O modes at 777 cm~! could also be found in the spectra
of the TNF6C/HA 2.5 mA samples. The characteristic bands of the hydroxyapatite
(PO4%~, OH-, and sometimes CO32~) were found in spectra of all samples produced
at 2.5 and 3.5 mA. The sharp band localized at 1594-1653 cm ! and the broad band be-
tween 3000 and 3456 cm ! were attributed to the vibrations of the absorbed H,O molecules
in the HA structure (they were assigned to HOH bending and OH stretching modes,
respectively) [10,19,38,39,41-46,49-51,55,56,58,59]. These bands are least noticed for the
T5/HA and T5-5/HA sample’s surface layer.

The surface roughness (R,) of the hydroxyapatite layers was calculated from the
AFM topographic images, and the mean values in micrometer (um) are summarized in
Table 3. The results demonstrated that, with increasing current intensity (from I =2.5 mA
to I = 3.5 mA), the roughness increases for all tested samples with oxide intermediate. The
highest surface roughness (0.61 um) was obtained for the TNF6C/HA sample (nanofibrous
intermediate layer, oxidized for 6 h in hydrogen peroxide solution) at 3.5 mA. In the
case of Ti6Al4V /HA sample (without intermediate layer) at I = 3.5 mA, the R, value was
significantly lower (0.33 um). However, for the HA layer deposited at I = 2.5 mA, the R,
value increases up to 0.57 um (Table 3). This may be due to the delamination of the HA
layer from the titanium alloy substrate at higher current densities.

Table 3. Changes of the roughness value (R,) (um) of the HA layer deposited at different currents
and the surface of different substrates. The values are expressed as means + SEM of five independent

experiments.
I=25mA I=3.5mA

Sample Roughness (R;) (um)

T/HA 0.57 £ 0.07 0.33 £ 0.00
T-S/HA 0.21 +0.03 0.29 +0.04
T5/HA 0.21 £0.00 0.31 £0.02

T5-S/HA 0.20 £ 0.05 0.38 &= 0.05
TNF6C/HA 0.20 £ 0.01 0.61 +0.03
TNF65/HA 0.15 £ 0.00 0.43 £ 0.03
TNF72a/HA 0.13 £ 0.01 0.32 +£0.02
TNF72b/HA 0.11 £ 0.01 0.13 +0.00

3.2. Contact Angle

The water contact angle for all samples with the HA layer, produced at different
currents (1.5, 2.5 and 3.5 mA), was nearly 0°. On all the surfaces of the samples with the
hydroxyapatite layer, the drop of water spread rapidly, which means that these surfaces
show a clear superhydrophilic character.

3.3. Mechanical Properties and Adhesion

Figure 5 shows the results of the measurements of nanomechanical properties. The
main mechanical properties are hardness and Young’s modulus. Although the instrumen-
tal values of these parameters are obtained in the nanoindentation test, they provide an
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overview and the opportunity to compare these properties. The occurrence of high standard
deviations in nanoindentation studies of porous ceramic materials, such as hydroxyap-
atite coatings, are normal occurrences. In addition, when correlating the mechanical test
results with SEM images of the tested specimens, it should be noted that in the case of
hydroxyapatite coatings obtained at the lowest current value (1.5 mA), the coatings are
characterized by unevenness. The test results presented probably concern either the coating
or the substrate material. Figure S5a,b shows the nanohardness and Young’'s modulus T-S
and T5-S specimens. In the case of T-S and T5-S samples, no effect of modification on the
hardness value was observed, only in T5-S did the value of Young’s modulus increased
almost twice. For the rest of the tested materials, the results obtained indicate that there is
no significant effect of the modification manufacturing parameters on hardness. In the case
of Young’s modulus, the obtained results of nanomechanical properties indicate that the
influence is significant for most samples. Increasing the deposition current from 1.5 mA to
3.5 mA for all tested specimens had a significant effect on the value of reduced Young’s
modulus. An increase in Young’s modulus with increasing deposition current was observed
for the T5-5/HA samples, while a decrease in Young’s modulus with increasing current was
observed for T-S/HA, T5/HA, and TNF72b/HA. The optimal mechanical properties of the
implants for biomechanical compatibility should be as close as possible to human cortical
bone (hardness 0.3-0.7 GPa and Young’s modulus ~20 GPa), but it is Young’s modulus that
is crucial. In the case of the tested materials, a Young’s modulus close to that of bone, with
appropriate hardness, was obtained for TS-HA (2.5 mA), T5/HA (3.5 mA), TNF6C/HA
(3.5mA), and TNF72a/HA (1.5 mA) samples. However, due to the previous description of
the HA coating inhomogeneity for a low value of deposition current (1.5mA), TNF72a/HA
samples should not be considered. Comparing the results of the nanomechanical tests
with previous studies for all the samples tested, the hardness and Young’s modulus results
obtained are lower on specimens with the hydroxyapatite coating than without it [10,39]. A
significant decrease in these properties was observed in all tested specimens. The decrease
in mechanical values obtained for the samples with hydroxyapatite (for deposition current
values of 2.5 and 3.5 mA) confirms that the nanoindentation tests were for the coatings and
not for the substrate.

The results of the nanoscratch-test measurements for TS and T5-S samples
(Figure S5c) indicate that there is no effect of the modification parameters on its adhesion.
Figure 6 shows the results of the nanoscratch-test measurements. The effect of deposi-
tion current on adhesion was observed for samples from the TNF6C/HA, TNF6S/HA,
TNF72a/HA, and TNF72b/HA groups. However, strict correlations were not observed for
these groups: for TNF6C/HA samples, an increase in adhesion was observed with increas-
ing intensity: for TNF65/HA and TNF72b/HA samples, an initial increase, then a decrease;
for TNF72a/HA, an initial decrease, then an increase. Significant differences between
HA coatings deposited at the same current value relative to HA coatings deposited on
unmodified titanium (specimens T/HA) were obtained for TNF6S/HA (2.5 mA), T-S/HA
(3.5mA), T5-5/HA (3.5 mA), and TNF6C/HA (3.5 mA) specimens. Improved adhesion was
observed in all the above. For all tested materials, the best mechanical properties (relative
to human cortical bone), while maintaining the highest adhesion value, were characterized
by samples from the TNF6C/HA group (3.5 mA).
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Figure 5. Nanomechanical properties of studied T/HA ((a) for hardness and (a’) for Young’s mod-
ulus), T-S/HA ((b,b")), T5/HA ((c,c")), T5-S/HA ((d,d’)), TNF6C/HA ((e,e’)), TNF6S/HA ((f,£")),
TNF72a/HA ((g,g')), and TNF72b/HA ((h,h")) samples at various currents (1.5 mA; 2.5 mA; 3.5 mA);
(# significantly different according to one-way ANOVA test followed by Bonferroni’s multiple com-
parison test, p < 0.05).
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Figure 6. Nanoscratch-test results (adhesion load) of studied: T/HA, T-S/HA, T5/HA, T5-S/HA,
TNF6C/HA, TNF65/HA, TNF72a/HA, and TNF72b/HA samples at various currents (1.5, 2.5,
3.5 mA); (# significantly different according to one-way ANOVA test followed by Bonferroni’s
multiple comparison test, p < 0.05).

4. Discussion

The search for optimal conditions of the cathodic electrodeposition of HA on the
surface of titanium implants/titanium alloys is one of the crucial issues that research on
the design and manufacture of modern implants is focused on [16,30,51,60-62]. Electrode-
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position is used in surface engineering electrochemical techniques, in which two electrodes
(connected to an electrical generator) are immersed in an aqueous solution containing
calcium and phosphate ions [16,17,26,63]. It should be noted that besides the deposition
process conditions, the substrate’s type and properties directly impact the morphology,
structure, and mechanical and biological properties of the produced HA layers. Therefore,
our research aimed to select the suitable, universal, and reproducible conditions for the
cathodic deposition of HA on the surfaces of Ti6Al4V alloy biomaterials with different
surface morphologies and appropriate mechanical properties.

The electrolyte used during the HA electrodeposition consisted of calcium nitrate
tetrahydrate  ((CaNOs;);-4H,O) and  ammonium  dihydrogen  phosphate
(NH4(H,POy4) [17,51,52,64-67]. However, in all our experiments, the electrolyte mentioned
above was enriched by adding ethylenediaminetetraacetic acid disodium salt (EDTA-2Na).
The analysis of the literature data showed that the use of the chelating agent, which is
ethylenediaminetetraacetic acid (EDTA), on the properties, morphology, and crystallinity of
HA layers deposited on titanium implants has not been fully uncovered so far [47,64,65,68].
According to Zhao et al. [69], the addition of the EDTA-2Na (c = 3.5 - 1072 M) to the
electrolyte improved the corrosion resistance and the crystallinity of formed HA layers. It
was noted that the increase in the biodegradability of these layers affects the formation of
calcium phosphate particles. Morphologically, the resulting HA layers on the magnesium
alloy resembled flowers [69]. He et al. [45], studying the effect of EDTA on the deposition of
HA coating on Ti6Al4V alloy surface. According to this report, in the absence of a chelating
agent, the HA crystals formed were not very dense and had a needle- or rod-like shape,
which was consistent with our results. Moreover, no effect of EDTA on changes in the
phase composition of the HA layer was found. He et al. proved that increasing EDTA
concentration decreases the thickness of the hydroxyapatite layer, which is associated with
a decreasing concentration of available calcium ions in the solution. The bonding force
between the substrate and the HA layer achieved a maximum value of 16.8 MPa when
the EDTA-2Na concentration was 7.5 - 10~* M (the bonding force in this experiments was
assessed on the basis of the HA layer breaking strength) [45]. The EDTA-2Na concen-
tration used in our investigations amounted 1.5 - 1072 M. Adhesion force between the
substrate and the HA layer (measures using nanoindentation method) varied from 69 mN
(TNF72a, I = 2.5 mA) up to 170 mN (TNF6C/HA, I = 3.5mA), depending on the type
of surface modification. This issue will be discussed in a later part of this paper. Court
et al. [58] pointed out that the electrodeposition temperature also affects the morphology
and structure of hydroxyapatite layers on titanium substrates. The HA layers revealed
homogenous plate-like structures. However, deposition at 348 K led to denser coatings,
covering the whole surface with a more compact layer than in deposition at 323 K. At lower
temperatures, the deposition rate of the HA layer was lower, and the resulting layers were
thinner. HA layers deposited at 348 K were more hydrophilic (contact angle 27.4°) than
those deposited at 323 K (contact angle 76.1°) [58]. In our experiments, hydroxyapatite
was deposited on modified titanium alloy surfaces of different morphology at 338 K as
an optimal temperature. The analysis of the XRD patterns of studied samples revealed
that the intensity of peaks assigned to HA layers was the greatest. Moreover, all produced
hydroxyapatite layers showed superhydrophilic properties, which is highly desirable for
biomedical applications [23,58,59,70].

It is assumed that the formation of hydrophilic coatings promotes apatite growth
due to the increased ion exchange capacity from the SBF solution [42,44]. This effect is
consistent with our earlier investigations on apatite growth on intermediate TiO; and
titanate coatings. The apatite growth from SBF solution was noticed on amphiphilic
titanate substrates, but it was not observed for the hydrophobic TiO, nanoporous sur-
faces [38]. Superhydrophilic surfaces exhibit increased surface tension and a high po-
tential to form hydrated layers with surrounding water molecules through the hydrogen
bonds [23,60-62,71,72]. He et al. [45], studying the issue of the substrate influence on the for-
mation of the HA layer, used the electrodeposition method on a pre-treated alkali-sodium
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Ti6Al4V substrate. They showed that by varying the current density values between 1.25
and 3.61 mA/cm?, no differences in the composition and grain size of the hydroxyapatite
layer are observed. However, as the current density increases, the thickness of the HA
layers increases and the crystal structure changes from porous to dense (1.25-2.5 mA /cm?)
and back to porous (2.5-3.61 mA/ cm?) [45]. Meanwhile Gu et al. [63] obtained the most
homogeneous HA layers using lower current densities, i.e., 5 mA/cm?. They observed that
the higher the current density, the more heterogeneous the layer. At a current density of
10 mA/cm?, they obtained a non-uniform coating of seaweed-like crystals with different
grain sizes [63]. In contrast, Chakraborty et al. [64] exhibited that the 10 mA / cm? as the
most optimal current density. The hydroxyapatite layers on SS316 substrate obtained at
this value are porous, crystallite sizes in the nano range [64]. There are also reports that
an increase in current density from 10 to 20 mA /cm? leads to an increased volume frac-
tion of microcracks, changing surface cracks to cracks formed along the deposited layer’s
cross-sections [41,65-68].

Searching for the optimal conditions of the cathodic electrodeposition of HA layers
on Ti6Al4V substrates, we decided to study the influence of current densities (input:
] =75 mA/cm? (I = 1.5 mA), ] = 125 mA/cm? (I = 2.5 mA), and ] = 17.5 mA/cm?
(I= 3.5 mA)) on the physicochemical and mechanical properties of the produced coatings.
Our results were compatible with most earlier reports concerning the HA layer deposition
on the pure titanium alloy. A current density of 17.5 mA /cm? lead to numerous micro-
cracks, delaminating the HA layer from the substrate. It can be attributed to the increased
cathodic hydrogen evolution reaction (released with increasing current density), leading to
the cracking and the porous structure formation of the HA layer [21,45,73,74]. However,
we observe that the influence of the type of surface modification used on the Ti6Al4V
alloy substrate has a significant effect on the hydroxyapatite layers formed. The applied
current I = 1.5 mA (J = 7.5 mA/cm?) is too low for the formation of hydroxyapatite crystals
in the case of hydroxyapatite deposition on T5 porous or TNF6 nanofibrous coating. On
the surfaces of pre-treated sodium-alkali samples, i.e., T-S and T5-S HA, hydroxyapatite
forms nanoplates dispersed over the coating surface. Whereas on the surface of nanofibrous
TNF72 we observe the formation of HA in the form of flower-like (TNF72a) or nanoplatelets
(TNF72b). We observed no visible changes in the morphology of hydroxyapatite crystals
between the applied current density value of 12.5 mA/cm? (I = 2.5 mA) and 17.5 mA /cm?
(I=3.5mA). For all tested substrates, the hydroxyapatite layers show a floral morphology
composed of numerous nanoplatelets. When current density increases, the change of HA
crystalline structure from dispersed to densely packed is visible, and the thickness of HA
layers grows. The modification of the titanium substrate had no significant effect on the
thickness of the HA layers obtained when the current density was 12.5 mA/cm?. The
obtained layer thicknesses were between 11.61 pm (TNF6C) and 12.90 um (TNF72a). The
exception at 2.5 and 3.5 mA was the TNF72b sample, for which the layer obtained was the
thickest at 14.51 and 20.8 um, respectively. This layer also exhibited the weakest mechanical
properties. At a current intensity of 3.5 mA, we noted wider differences in layer thicknesses
depending on the coating on which the hydroxyapatite was deposited. The obtained layer
thicknesses ranged from 13.60 pm (TNF6C) to 17.60 um (T-S).

In order to determine which of the Ti6Al4V surface modifications is most desirable
for the deposition of hydroxyapatite layers, mechanical studies were crucial. Improving
the mechanical strength of hydroxyapatite layers has been a challenge for many years.
The interfacial adhesion of HA to the substrate is weak [21,30,43,75-77]. In our research,
to increase the adhesion between the substrate and the hydroxyapatite layer, we used
intermediate coatings in the form of nanotubes (T5), nanofibres (TNF), and titanates (T-S,
T5-S). We had previously analyzed the chosen nanocoatings in depth for their physicochem-
ical, mechanical, and biointegrative properties [10,11,38-40]. Integrating them into the HA
layer brings many benefits related to increasing the implant’s bioactivity and improving
the HA layers” mechanical properties. The obtained HA layers were characterized in terms
of adhesion, hardness, and Young’s modulus. In order to avoid the shielding effect, which
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is associated with a significant loss of bone mass, it is aimed that Young’s modulus of the
implants is close to the elastic modulus of cortical bone (about 20 GPa) [78,79].

The previous reports suggest that the increased interfacial adhesion strength between
the titanium implant and the apatite layer is due to the roughness of the biomaterial
surface [80-83]. It is thought that a larger surface area and physical blockage are generated
between the nanotube coating and the apatite layer [80-83]. Our research confirmed that
the substrate’s surface roughness affects the hydroxyapatite layer’s obtained mechanical
properties. Our produced intermediate oxide coatings show high surface roughness pa-
rameters (S,) compared to the unmodified titanium alloy [10,39]. We observed the highest
value of the S, parameter for the TNF6S intermediate nanofibrous coating (0.30 pm) and
the lowest value for the TNF72a nanofibrous coating (0.06 um) [39]. Using the cathodic
HA deposition technique on intermediate coatings, we did not observe the delamination
of the layer. In contrast, delamination was evident when depositing the HA layer directly
onto a Ti6Al4V substrate (low value S; = 0.02 pm) [10]. With the use of nanoporous (T5)
titanate (T5-S and T5) coatings as interlayer systems, the dense HA layers with optimal
mechanical properties were produced using a current of 2.5 mA. Young’s modulus for the
samples mentioned above was close to that of cortical bone and was 35.58 GPa for T5/HA,
28.05 GPa for T-5/HA, and 19.50 GPa for T5-S/HA, respectively. Among the materials
as mentioned earlier, the adhesion of HA layers was higher for the T-S (137.62 mN) and
T5-S (145.22 mN) titanate coatings in comparison to T5/HA (103.11 mN) nanoporous
coatings. This may be related to the formation of a bonding layer, i.e., CaTiO3 (chemical
bonding) [43,84,85]. According to our previous studies, the Na,;Ti3Oy layer supports spon-
taneous apatite deposition, as it is capable of actively exchanging calcium cations in a
simulated SBF body fluid solution, thus converting to calcium titanate. The T5-S layer
formed by the alkali-sodium treatment of the T5 nanoporous coating shows faster apatite
growth in SBF solution than the T-S layer formed by the alkali-sodium treatment of pure
titanium alloy [38]. In addition, the rough surface resulting from the alkaline pretreatment
increases the bonding strength [84-87]. Blackwood et al. [88] showed that the crystallinity
and adhesion of HA could be improved by the sodium-alkali pretreatment of titanium.
However, they suggested it is also crucial to additionally apply a heat treatment at 873 K
or add HyO; to the electrolyte [88]. Ahmadi et al. [25] reported that the production of a
nanotube coating in the anodization process can significantly increase the adhesion strength
of hydroxyapatite to the substrate. The bond strength for the HA /Ti6Al4V system was
12.8 £ 2 MPa, while for the HA /TiO, nanotube nanocomposite it was 23.1 & 4 MPa. The
formation of a rough surface at the HA /TiO, nanotube interface strengthens the cohesion
forces. As a result of filling the voids, a compact HA/TiO; layer is formed. It can also
be seen that titanium dioxide nanoparticles in the HA layer are able to relax residual
stresses, which are usually responsible for microcracks in the hydroxyapatite deposition
process [25,89,90]. Besides the anodization process, the sodium-alkali treatment, a va-
riety of etchants, such as HNO3;, H,SO,4, HCI, and HF, are commonly used to pretreat
the substrate. Using the compounds mentioned above in concentrations between 50 and
75% improved the adhesion strength at the coating/implant interface [21,91-95]. As an
intermediate coating between the titanium alloy substrate and the HA coating, we also
used TiO; nanofibres (TNF). These studies revealed that some samples were chemically
etched in a mixture of concentrated HCI and H,O and then heated in a 30% H,O, solution
at 358 K for 6 h. Depending on the heating procedure, the samples were designated as
TNF6S (heating in an incubator) and TNF6C (heating under a reflux condenser). Another
sample was etched, respectively, in (a) 2 M HF solution for 10 s (TNF72a), (b) in a 1:4:5
mixture of HF:HNO3:H,O for 30 s (TNF72b), and then heated in 30 wt.% H,O, solution
at 358 K for 72h. The obtained TNF samples are amorphous and contain rutile (TNF72)
or anatase (TNF6) phase domains [39,40]. In contrast to nanoporous and titanate samples,
we noticed that the optimum mechanical properties of electrodeposition of HA layers on
nanofibrous coatings are obtained at 3.5 mA (except TNF72b). Generally, the TNF72b/HA
sample at both 2.5 mA and 3.5 mA exhibits the weakest hardness (0.13 and 0.17 GPa, respec-
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tively) and a very low Young’s modulus (6.81 GPa and 2.98 GPa, respectively) compared
to other biomaterials. Surprisingly, the adhesion strength of the HA layers to the TNF72b
coating is high at 2.5 mA and is 168.25 mN. As the current increases to 3.5 mA, it rapidly
decreases to 79.25 mN. It possibly can be related to a too-thick deposited HA layer on
the TNF72b coating. In this case, the deposition of the thickest HA layer (20.8 um) was
noticed. The TNF6C/HA sample exhibits the best mechanical properties of all analyzed
samples, where the current intensity was 3.5 mA. The thickness of the resulting HA layer is
13.60 um. The Young’s modulus is close to that of cortical bone and was 25.96 GPa, while
the adhesion force is 169.93 mNN. So far, there are no reports on the electrodeposition of the
hydroxyapatite on nanofibrous Ti6Al4V substrates.

Robertson et al. [96] presented a different approach to this issue and used a sol-gel
method to deposit hydroxyapatite on a Ti6Al4V-ELI substrate, obtaining the layer with
a thickness of 73.3 um. They also tested anodized Ti6Al4V with an HA layer, for which
the thickness increased to 84.97 um. However, it should be noted that the main function of
the oxide intermediate coatings is to improve the adhesion of the ceramic hydroxyapatite
layer to the titanium substrate, so the smaller the thickness of the HA layer, the more
chance of avoiding its delamination and introducing additional stresses. In the method we
used, the thickness of the HA layers obtained varied between 9.67 pm (T/HA I = 2.5mA)
and 20.80 um (TNF72b I = 3.5 mA), depending on the intermediate coating used and the
applied current. An additional advantage of using the cathodic deposition method is that
the deposition and sintering time of the hydroxyapatite layer is significantly shorter, and
the ageing step (necessary in the case of the sol-gel method) is omitted, which increases the
chances of using this method in industry [97,98]. Commercially, the most commonly used
method for the deposition of hydroxyapatite coatings is plasma spraying. The resulting
layers typically achieve thicknesses in the range of 20-50 pm [99]. However, the limitations
of this method are mainly the high energy and temperature of the plasma, which can
cause rapid thermal decomposition of HA and numerous residual stresses [100]. Singh
et al. showed that in plasma-sprayed coatings, the hydroxyapatite particles on the Ti6Al4V
alloy melt completely or partially due to the high plasma temperature. The researchers
obtained a very high surface roughness value (R, = 5.43 pm) for the Ti6Al4V/HA sys-
tems [37]. The R, value obtained is nearly ten times higher than that achieved in our study
(0.57 um for T/HA). Plasma-sprayed HA coatings have a much rougher surface compared
to HA coatings produced by cathodic deposition or sol-gel [37,96]. By applying plasma
spraying with induction preheating (400-600 °C), Fomin et al. [101] revealed that the re-
sulting HA layers on Ti implants exhibited a stoichiometric-like chemical composition,
a homogeneous nanostructure, and morphologically resembled micro-sized splats with
numerous nanograins. Moreover, the HA layers on Ti substrates showed high hardness
in the range of 0.9-12 GPa and elastic modulus in the range of 7-16 GPa. Unfortunately,
during this work, the adhesion strength between the coating and the substrate was not
determined. The results of our research revealed that the morphology of the produced
HA coatings was more floral, with numerous nanoplatelets. Moreover, the produced HA
layers exhibited close mechanical parameters to cortical bone (H = 0.29 GPa, Young's
modulus = 25.96 GPa) and high adhesion force = 169.93 mN for the TNF6C/HA sample.
Ritwik et al. [102] produced a thin layer (30 um) of hydroxyapatite on a Ti6Al4V sub-
strate using a dip-coating process. They used shellac (a natural resin) as an intermediate
coating. The researchers showed that the deposition of a shellac layer between the HA
and the Ti6Al4V substrate increases the adhesion force from 1.08 MPa (Ti6Al4V/HA) to
7.14 MPa (Ti6Al4V /Shellac/HA). The average surface roughness (R,) values measured
were 0.93 um [102]. The cathodic deposition of hydroxyapatite, which we optimized,
allowed us to obtain thinner hydroxyapatite layers (from 10 um to 20 um, depending on
the type of intermediate coating used) and two to three times lower roughness.
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5. Conclusions

In order to increase the adhesion strength of hydroxyapatite layers (HA) to Ti6Al4V
alloy substrates, we researched the morphology, structure, and mechanical properties of
HA layers deposited by the cathodic electrodeposition method. The results proved that the
above coatings’ parameters depend not only on temperature, time, current density, and
the addition of EDTA-2Na to the electrolyte solution but also on the method of the pre-
modification of the alloy surface. The fabrication of an intermediate layer between Ti6 Al4V
substrates surface and hydroxyapatite coating, which could be the TiO; nanoporous layer
(T5), TiO, nanofiber (TNF6, TNF72), and titanate (T5-S, T-S), significantly improve the
mechanical properties of the HA layers. Our investigations revealed that Ti6Al4V /TNF6C
system (i.e., TiO, nanofibrous coatings formed by chemical oxidation in a 30% H,O,
solution at 358 K under a reflux condenser) is the most appropriate for the fabrication
of implants covered with a mechanical permanent hydroxyapatite layer. However, the
obtained physicochemical and mechanical parameters are also satisfactory for the other
intermediate layers, i.e., T5, T5-S, T-S, and TNF6S with a hydroxyapatite layer. Double-layer
coatings (INF6C/HA, T5/HA, T-S/HA, T5-S/HA, and TNF6S/HA) offer very promising
results (the mechanical properties like human cortical bone), which can be used in the
construction of modern orthopedic or dental implants.

In the next step of our research, in vitro investigations of the biomaterials mentioned
above will be conducted to confirm their potential medical applications. We will fo-
cus on Ti6Al4V /intermediate layer/HA systems, investigating their effects on the sur-
vival and proliferation of human MG-63 osteoblasts-like, mouse 1929 fibroblast, and
adipose-derived human mesenchymal stem cell (ADSC) cultures seeded on their surface
in vitro. We will also determine the antimicrobial activity of the produced systems. Results
on the apatite-forming ability of coatings immersed in simulated body fluid (SBF) will
be presented.
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and TNF72b/HA (h) samples at 2.5 mA current.; Figure S2: SEM cross-section images of the T/HA
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and quantitative data of the T5-S samples with hydroxyapatite layers at various currents: 1.5 mA
(a), 2.5 mA (b), and 3.5 mA (c); Figure S4: DRIFT spectra of studied T/HA (a), T-S/HA (b), T5/HA
(c), T5-S/HA (d), TNF6C/HA (e), TNF6S/HA (f), TNF72a/HA (g), and TNF72b/HA (h) samples at
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Figure S1. SEM cross-section images of the T/HA (a), T-S/HA (b), TS/HA (c), T5-S/HA (d),
TNF6C/HA (e), TNF6S/HA (f), TNF72a/HA (g), and TNF72b/HA (h) samples at 2.5 mA current.



Figure S2. SEM cross-section images of the T/HA (a), T-S/HA (b), TS/HA (c), T5-S/HA (d),
TNF6C/HA (e), TNF6S/HA (f), TNF72a/HA (g), and TNF72b/HA (h) samples at 3.5 mA current.
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Figure S3. Energy-dispersive spectroscopy (EDS) spectra and quantitative data of the T5-S samples with

hydroxyapatite layers at various currents: 1.5 mA (a), 2.5 mA (b), and 3.5 mA (c).
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Figure S4. DRIFT spectra of studied T/HA (a), T-S/HA (b), T5/HA (c), T5-S/HA (d), TNF6C/HA (e), TNF6S/HA (f),
TNF72a/HA (g), and TNF72b/HA (h) samples at various currents (1.5, 2.5, 3.5 mA).
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Abstract: Hydroxyapatite (HA) layers are appropriate biomaterials for use in the modification of
the surface of implants produced inter alia from a Ti6Al4V alloy. The issue that must be solved is to
provide implants with appropriate biointegration properties, enabling the permanent link between
them and bone tissues, which is not so easy with the HA layer. Our proposition is the use of the
intermediate layer ((IL) = TiO», and titanate layers) to successfully link the HA coating to a metal
substrate (Ti6Al4V). The morphology, structure, and chemical composition of Ti6Al4V/IL/HA sys-
tems were characterized by scanning electron microscopy (SEM), X-ray diffraction (XRD), and en-
ergy-dispersive X-ray spectrometry (EDS). We evaluated the apatite-forming ability on the surface
of the layer in simulated body fluid. We investigated the effects of the obtained systems on the
viability and growth of human MG-63 osteoblast-like cells, mouse L929 fibroblasts, and adipose-
derived human mesenchymal stem cells (ADSCs) in vitro, as well as on their osteogenic properties.
Based on the obtained results, we can conclude that both investigated systems reflect the physio-
logical environment of bone tissue and create a biocompatible surface supporting cell growth. How-
ever, the nanoporous TiO: intermediate layer with osteogenesis-supportive activity seems most
promising for the practical application of Ti6 Al4V/TiO2/HA as a system of bone tissue regeneration.

Keywords: hydroxyapatite; titanate nanolayers; titanium dioxide; cathodic electrodeposition;
biointegration; antimicrobial activity; adipose-derived mesenchymal stem cells

1. Introduction

Tissue engineering aims to replace, restore, improve or maintain the function of tis-
sues and organs using implants containing the patient’s cells embedded in a special bio-
material that acts as a cell scaffold [1-4]. The composition, architecture, and possibility of
resorption are factors that determine the biomatrix’s biocompatibility. Biomaterials are
used for several different types of implants, such as surgical, orthopedic, dental, cranio-
facial, and arthroplasty applications. The implant function in the human body is a key
feature for the requirements to be achieved by the materials used in their construction [4-
11]. However, they must also possess the appropriate mechanical strength and porosity
to allow cell adhesion [5,12-14]. The material’s biocompatibility is a significant property
that should be considered during their choice for implant construction, which will prevent
its rejection by the body after implantation. A major risk is the loosening or fracture of the
implant (shielding effect), which can cause painful inflammation and infection of the sur-
rounding tissues [15-17]. In addition, it is important to ensure that its production process
is reproducible for different batches of devices and that the material does not undergo
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changes in shape or properties during its sterilization process [15-21]. For this reason,
various innovative technologies (e.g., plasma treatment, low-intensity pulsed ultrasound,
magnetic field stimulation, anodization, chemical treatment) [22-29], modifications (e.g.,
incorporation/deposition of various metal ions) [28,30-34] for the fabrication of biomateri-
als are being applied to prevent unwanted complications.

The most used material for orthopedic and dental implants is the titanium alloy
Ti6Al4V. This is due to its superior corrosion resistance, high fracture resistance, low den-
sity, and biocompatibility. Unfortunately, the main problem is its inability to integrate
with bone [23,35-39]. Moreover, titanium and titanium alloy show unsatisfactory mechan-
ical properties. The Ti6Al4V alloy (~210 GPa) has a significantly higher elastic modulus
compared to human cortical bone tissue (Young’'s modulus 10-30 GPa, hardness 0.3-0.7
GPa) and a higher hardness [40-42]. Therefore, numerous modifications of its surface are
being carried out to make it bioactive. An analysis of previous reports revealed that the
fabrication of nanoporous, nanotube, nanosponge-like, and nanofibrous TiO: and titanate
coatings on the surface of the Ti6Al4V alloy significantly improves its biointegration prop-
erties [29,43-50]. The production of nanocoatings with different morphologies on the sur-
face of the titanium alloy definitely improves its mechanical properties, but it still has not
been developed as a biomaterial with very similar mechanical parameters to bone [38,51].
The attractive biomaterial for scaffolding in tissue engineering is hydroxyapatite
(Caw(PO4)s(OH)2, HA). Its composition and structure are very similar to the inorganic
component of the bone matrix. The main limitation in the use of hydroxyapatite layers is
their poor adhesion to metal substrates [52-55]. Over the past several years, a series of
studies have been conducted in an effort to improve the evaluation of implant materials
with a hydroxyapatite layer [37,52-59].

It is important to evaluate fabricated systems for their ability to promote bone repair
and regeneration. The production of a porous scaffold facilitates increased cell migration
and the diffusion of signaling molecules as well as nutrients [60-63]. The biomaterial
should exhibit the potential to mimic the native extracellular matrix (ECM) and support
many tissues’ morphogenesis. In regenerative medicine and tissue engineering, there is a
growing focus on using mesenchymal stem cells (MSCs) due to their ability to self-renew,
proliferate and differentiate toward bone-forming cells [60,61,63—-65]. Advances in stem
cell knowledge have opened new possibilities for obtaining unlimited sources of cells.
MSCs are generally isolated from bone marrow. However, they can also be isolated from,
e.g., adipose tissue, umbilical cord, muscles, bone, synovium, blood, cartilage or tendon
[63,64,66—68]. Adipose-derived human mesenchymal stem cells (ADSCs) are increasingly
being used in cell therapy development, especially due to their angiogenic potential. Their
undoubted advantages compared to stem cells isolated from bone marrow are their easy
availability in the body and their non-invasive methods of collection [69-71]. The for-
mation of a biocompatible scaffold, alone or in combination with stem cells, is a promising
tool to improve the regeneration and repair of bone tissue [29,43,44,66,72].

In research carried out so far, we have focused on developing a manufacturing
method for composite systems consisting of a Ti6Al4V alloy/intermediate layer ((IL); TiO2
or titanate)/hydroxyapatite layer (HA). The obtained results revealed that the use of oxide
intermediate layers linked the Ti6Al4V alloy substrate and the hydroxyapatite surface
layer, and significantly improved the mechanical properties of the system. The mechanical
parameters (i.e., hardness, Young’s modulus) obtained for the hydroxyapatite layer were
similar to cortical bone. Furthermore, the adhesion strength between the titanium alloy
substrate and the hydroxyapatite layer was significantly increased by the use of interme-
diate coatings [30]. Nevertheless, the produced materials with a hydroxyapatite layer
should also show high biocompatibility and biointegration properties.

For this reason, in the presented work, we focused on comparing the biological ac-
tivity of the produced systems with the hydroxyapatite layer, which showed the best me-
chanical properties. We conducted in vitro studies of the biomaterials mentioned above
as Ti6Al4V/IL/HA systems, investigating their effects on the survival and proliferation of
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cultures of human MG-63 osteoblast-like cells, mouse L929 fibroblast and adipose-derived
human mesenchymal stem cells (ADSCs) seeded on their surface. We also estimated the
potential antimicrobial activity of the produced systems. These studies allowed for the
development of a system with a hydroxyapatite layer, in which a balance between me-
chanical and biological properties was achieved.

2. Materials and Methods
2.1. Synthesis of TiO2/HA and Titanate/HA Double-Layer Coating

Ti6 Al4V/IL/HA composite materials were selected for biological studies, which ex-
hibit physicochemical as well as mechanical properties desirable for biomedical applica-
tions. The following intermediate layers (ILs) were selected for biological tests as follows:
nanoporous TiO2 (T5), nanofibrous TiO:2 (TNF6C), and titanate (T-S), whose syntheses
have been described in detail in our previous reports [29,43,44].

The overall scheme for producing the Ti6 Al4V/IL/HA composites is presented in Fig-
ure 1. The intermediate layers on the surface of the Ti6Al4V substrates were synthesized
in the first stage. In all our experiments, 0.20 mm-thick Ti6Al4V alloy foil was used
(marked as T, grade 5, 99.7% purity; Strem Chemicals, Inc., Bischheim, France). The elec-
trochemical method of anodic oxidation in 0.3% hydrofluoric acid solution (t =20 min., U
=5 V) was used to produce TiO2 nanoporous coatings (T5). As a result of etching in a ca.
5.8 M hydrochloric acid solution and chemical oxidation in 30% hydrogen peroxides so-
lution (t = 6h, T = 85 °C under a reflux condenser), TiO: nanofiber coatings (TNF6C) were
obtained. Alkali-sodium treatment of the titanium alloy in 7 M sodium hydroxide solution
(t=48h, T=65 °C) led to titanate coatings (T-S).

The hydroxyapatite coating was deposited onto the Ti6Al4V/IL system in the next
stage. The synthesis, structural and morphological characterization, as well as the physi-
cochemical and mechanical properties of the TiO2/HA and titanate/HA double layers have
been previously reported [30]. T5, T-S, and TNF6C materials were cut into pieces 6 mm x
100 mm and 10 x 60 mm and 0.2 mm thick. A hydroxyapatite (HA) coating was deposited
onto these biomaterials using cathodic electrochemical deposition (t = 60 min, T =65 °C, I
=2.5mA for T5 and T-S samples and I =3.5 mA for TNF6C samples; pH of the electrolytes
= 4.5). The electrolyte consisted of components dissolved in distilled water: Ca(NOs)2 - 4
H:0 (0.042 M), NHsH2POxs (0.025 M) and EDTA-2Na (1.5 x 10-3). Then, the samples were
immersed in 0.1 M NaOH solution (t =2 h, T = 65 °C) and finally sintered (t=2h, T =250
°0).

All specimens prepared for bioassay were sterilized (t = 20 min., T =123 °C, p =120
kPa) with an IS YESON YS-18L autoclave (Yeson, Ningbo, China).
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Figure 1. Scheme to produce systems with a hydroxyapatite layer.

2.2. SEM and Element Analysis

Scanning electron microscopy (SEM) studies were carried out using two micro-
scopes: (1) high-resolution with field emission electron source (HR-SEM, Quanta 3D FEG,
FEI Company, Brno, Czech Republic); (2) tungsten cathode microscope (SEM, EVO 15,
Carl Zeiss Microscopy, Oberkochen, Germany) coupled to energy-dispersive X-ray spec-
trometer (EDS, SmartEDS, Carl Zeiss Microscopy, Oberkochen, Germany), which was
used to analyze the elements contained in all the synthesized double layers. Measure-
ments on both microscopes were made in the variable pressure mode (VP, with a pressure
of 50 Pa in the chamber). X-ray diffraction analyses were carried out in the PANalytical
X'Pert Pro model diffractometer (Malvern PANalytical B.V., Almelo, The Netherlands)
with Cu-K alfa radiation and grazing incidence angle mode (GIXRD; the incidence angle
was equal to 1 degree).
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2.3. Apatite-Forming Ability

In accordance with ISO/FDIS 23317:2007(E) and Kokubo’s formulation, we evaluated
the apatite-forming ability on the surface of the layers in simulated body fluid (SBF)
[73,74]. By immersing the samples in SBF solution, we wanted to (a) assess the stability of
the HA layers linked through an intermediate layer (IL) to the Ti6Al4V substrate, as well
as to (b) verify whether the produced HA layer promotes further apatite growth in a so-
lution of similar composition to the human body fluids. These studies were carried out
for the T5/HA, T-S/HA and TNF6C/HA systems. Immersion in SBF solution was carried
out according to the procedure we described earlier at a constant temperature of 36.5 °C
for 7, 14, 21, and 28 days, and each sample was kept in a vertical position inside polypro-
pylene tubes [43]. The percentage weight gain observed after removing and drying the
samples from the SBF solution was calculated.

2.4. Cell Culture

L929 mouse fibroblast cells were obtained from the American Type Culture Collec-
tion (Manassas, VA, USA) and cultivated in RPMI 1640 medium supplemented with 10%
fetal bovine serum (FBS) and antibiotics (penicillin and streptomycin). Human osteoblast-
like MG-63 cells were purchased from the European Collection of Cell Cultures (Salisbury,
UK) and cultured in EMEM medium supplemented with L-glutamine sodium pyruvate,
non-essential amino acid, 10% FBS, and antibiotics. Adipose-derived human mesenchy-
mal stem cells (ADSCs) were purchased from PromoCell (Heidelberg, Germany) and cul-
tivated in Mesenchymal Stem Cell Growth Medium® containing 10% Supplement Mix®
and antibiotics. All cell lines were cultured at 37 °C under a humidified atmosphere of 5%
CO2. After reaching approximately 70% cell density, the cells were trypsinized using tryp-
sin/EDTA solution at a concentration of 0.25% for L929 and MG-63 cells or 0.04% for AD-
SCs, respectively. The reagents used for the 1.929 and MG-63 cell cultures were obtained
from Merck KGaA (Darmstadt, Germany), whereas those for ADSCs were purchased
from PromoCell.

2.5. Cell Proliferation Assay

The MTT (3-(4,5-dimethylthiazolyl)-2,5-diphenyl-tetrazolium bromide; Merck
KGaA, Darmstadt, Germany) assays were used to evaluate cell proliferation. Firstly, 1x10*
L929 fibroblasts, 1x10* MG-63 cells and 3x10* ADSCs were seeded in a 10 uL drop onto
the sterile scaffolds placed in a 24-well plate and were left for 4 h to adhere. Then, 500 pL
of suitable culture medium was added and the cells were cultured at 37 °C for 1, 5 and 7
days. Then, the samples were rinsed with phosphate-buffered saline (PBS; Merck KGaA)
and 100 uL of MTT solution at a concentration of 0.5 mg/mL was added to each well. After
3 h of incubation at 37 °C, the cells were washed again with PBS and 300 pL of dimethyl
sulfoxide (DMSO; 100% v/v) were added to each well. The formed formazan crystals were
dissolved by shaking plates for 10 min. The optical density was measured at 570 nm (with
reference wavelength of 630 nm) using Synergy HT Multi-detection reader (BioTek In-
struments, Winooski, VT, USA). The blank samples without cells were treated identically
to the experimental scaffolds.

2.6. Analysis of Cells using Scanning Electron Microscopy

The analysis of L.929, MG-63, ADSC cell morphologies and the levels of proliferation
over time on the selected scaffolds (T5/HA and TNF6C/HA) was conducted using scan-
ning electron microscopy (EVO 15). The cells were seeded on the specimens at the same
density as in the MTT assays and were cultured for 1 and 5 days. Then, the scaffolds were
rinsed with PBS, fixed in 2.5% v/v glutaraldehyde and dehydrated in a graded series of
ethanol concentrations (50%, 75%, 90%, and 100%) for 20 min at each ethanol concentra-
tion. Finally, the specimens were dried overnight before the SEM analysis was performed.
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2.7. Alizarin Red S Staining

Before staining, cells were fixed for 15 min in 10% formalin solution, then residual
formaldehyde was removed by washing the wells twice with bi-distilled water. Extracel-
lular calcium deposits were stained through 20 min incubation with 500 uL Alizarin Red
solution. Unbound dye residues were rinsed 4 times for 5 min with bi-distilled water. For
quantitative analysis, stained calcium deposits were mechanically removed from titanium
substrates with a scraper and then bound dye was dissolved in 500 puL 10% acetic acid by
shaking for 30 min in 37 °C. The result was measured spectrophotometrically at a wave-
length of 405 nm. To avoid a false positive result due to deposition of the dye on the tita-
nium plates coated with hydroxyapatite, control stains were performed on the plates
without seeded cells and these values were subtracted from the test samples.

2.8. Alkaline Phosphatase (ALP) Activity

The first step in determining the enzyme activity was to perform cell lysates. First,
350 uL of lysis buffer were added to each well, incubated for 10 min at 37 °C, and cells
were mechanically disintegrated with a scraper. The obtained lysates were centrifuged (3
min, 3000 g) and 300 uL were transferred to the wells to determine the catalytic activity of
the enzyme.

The substrate used for the enzymatic reaction was 1 mM p-nitrophenylphosphate
(pNPP). Activity was measured by adding 0.3 mL of substrate solution to 0.3 mL of cell
lysate. The blank sample—0.3 mL of lysis buffer and 0.3 mL of substrate—was also pre-
pared. All samples were incubated for 1 h at 37 °C and then the reaction was stopped by
adding 0.2 mL of 1% NaOH solution. The absorbance of the samples was measured at 405
nm by using Synergy HT Multi-detection reader. The produced p-nitrophenol concentra-
tion was calculated using the calibration curve, and ALP activity was normalized to cell
number in appropriate samples.

2.9. Antimicrobial Activity

Biocidal activity of the selected scaffolds with hydroxyapatite layers were estimated
against Gram-positive (Staphylococcus aureus ATCC 25923, Staphylococcus aureus
ATCC 6538), Gram-negative (Escherichia coli ATCC 25922, Escherichia coli ATCC 8739)
bacteria and Candida albicans ATCC 10231. The scaffolds were placed in the 12-well
plates with 1 mL of microbial inoculum (1.0 - 3.3 x 106 C.F.U mL") in 1 x phosphate-buff-
ered saline (PBS) without ions (EurX) and incubated for 24 h at 37 °C. Buffer was sterilized
by filtration through 0.22 um filters prior to use. Microbial density was prepared using a
densitometer (Biosan, Latvia), diluted accordingly with PBS to the final concentration and
estimated by colony counts after the spreading of 100 uL on Triptic Soy Agar (TSA; Becton
Dickinson, USA for bacteria) or Sabouraus Dextrose Agar (SDA; Becton-Dickinson for C.
albicans). The positive control was the inoculum without scaffolds. After incubation, the
inoculum was collected from the wells, ten-fold diluted and spread (100 uL) on the ap-
propriate medium in Petri dishes. Plates were incubated for 24h at 37 °C. Colony-forming
units were counted on the inoculated plates and compared with the appropriate control
plates to estimate the reduction of bacterial or fungal growth.

The antimicrobial activity was determined based on the reduction (R) factor calcu-
lated according to the formula R = Ut — At, where Ut is the common logarithm of the
number of bacteria in the untreated microbial suspension and At is the common logarithm
of the number of bacteria in the treated microbial suspension. R >2 determines the biocidal
activity of the tested sample.

2.10. Statistical Analysis

All data are presented as mean + SEM and were evaluated using a one-way analysis
of variance (ANOVA) followed by Tukey’s post-hoc multiple comparisons test.
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Significance level was set at p < 0.05. GraphPad Prism 7.0 software (GraphPad Software
Inc., La Jolla, CA, USA) was used to perform statistical analyses.

3. Results
3.1. Surface Morphology of TiO2/HA and Titanate/HA Double-Layer Coating

Considering the results of our earlier investigations, for the bioassays we selected the
samples that differed in the morphology of the intermediates (TiOz2 nanoporous (I5), ti-
tanate (T-S), and TiO:2 nanofibrous (TNF6C)), but that showed excellent physicochemical
and mechanical parameters. The SEM images of the chosen intermediate layers, i.e., T5,
T-S, and TNF6C, are presented in Figure 2a. Figure 2b shows SEM images of the surface
morphology of the samples with the hydroxyapatite layer: T5/HA, TNF6C/HA, and T-
S/HA. A floral morphology with numerous hydroxyapatite nanoplatelets was observed
for all the double layers.

Figure 2. SEM images of the surface morphology of the T5, T-S, TNF6C (a), T5/HA, T-S/HA, and
TNF6C/HA (b) samples.

EDS spectra of T5/HA, T-5/HA and TNF6C/HA systems are shown in Figures 3a—c.
The energy-dispersive X-ray analysis confirmed the presence of Ca and P in the produced
systems with a hydroxyapatite layer.



J. Funct. Biomater. 2022, 13, 271

8 of 24

(a)
cps/eV Ti
20
1
16
C
14 ' ¥
1230, Mass percent (%)
I O Al P Ca Ti V
s 47.08 047 12.68 2733 11.88 0.56
6
) |
LI | 1 1 1 1 1 U 1
4 6 8 10 12 14 16 18 20
keV
Ti
Ca
o Mass percent (%)
o Na Al P Ca Ti \%
4378 125 046 1124 2634 1644 048
N e B o e e e e e e L L e S o o e ey o e e ey e
4 6 8 10 12 14 16 18 20
keV
@ cps/eV
20
18
H Ca Ti
16
14
127, Mass percent (%)
i v o Al P Ca Ti \Y%
4441 0.69 10.82 24.70 18.69 0.68
8
6
) |
2 I
UWM@l
0 T T T T I T T I T T T I T T T I T T T I T T T I T T T I T T T I T T T I
2 4 6 8 10 12 14 16 18 20
keV

Figure 3. EDS spectra and quantitative data of the T5/HA (a), T-5/HA (b), and TNF6C/HA (c) sys-

tems.



J. Funct. Biomater. 2022, 13, 271

9 of 24

3.2. Electrochemical Cathodic Deposition of HA

The electrochemical process of cathodic electrodeposition uses two electrodes im-
mersed in an aqueous solution containing calcium and phosphate ions (in our case:
Ca(NOs)2 - 4 H20 and NH4H2POs). The electrodes are connected to an electrical generator.
The nucleation of the hydroxyapatite layer on the surface-modified Ti6Al4V alloy (cath-
ode) can be described by a combination of several reactions (Equations (1)—(18)) [75-80].

Water, a solution solvent, is involved in the main redox reactions. The anodic oxida-
tion reaction is:

2H:0 - O + 4H +4e- 1)

At the same time, with the use of the electric field, water at the cathode surface is
reduced to hydrogen gas and hydroxide ions (Equation (2)). Proton reduction can also
occur at the cathode in acidic medium (Equation (3)). The local pH within the diffusion
layer is mainly increased by the following two reactions in Equations (2) and (3).

2H:0 + 2e- —» Hot + 20H- @)

2H* + 2e > Hof 3)

Nevertheless, there are also other cathodic reactions (Equations (4)—(11)) that affect
the local increase in the pH value (due to hydroxide generation) of the solution at the
cathode—electrolyte interface. Due to the small amounts of Oz, NOs and H2POs compared
to the amount of water, reactions 4-11 are not major.

0: + 2H:0 + 4e- — 40H- (4)

02 + 2H:0 + 2¢ — 20H- + H:0: (5)
NOs + 2H* + 2e- — NOz + H20 (6)
NOs + 10H*+ 8e- — NHy* +3H:0 @)
NOs + H:0 + 2e- — NO» +20H- 8)
NOs + 7H:0 + 8¢~ — NHy* + 100H- )
NOs + 6H:0 + 8- — NHs +90H- (10)
H:POs + H20 + 2e- — HoPOs + 20H- (11)

Simultaneously, as the pH changes (between 7.2 and 12.3) in the cathode area, the
concentration of hydrogen phosphate ions increases (dissociation of the dihydrogen phos-
phate ions (Equation (12)). When the pH is equal to or greater than 12.3, phosphate ions
predominate (Equation (13)). Local ionic supersaturation occurs, resulting in the precipi-
tation of a calcium phosphate layer.

HoPOs — HPO#> + H* (12)

HPO:2 — PO + H (13)

Hydroxide groups on the Ti6Al4V surface promote the chemical bonding with cal-
cium and phosphate ions to form the HA layer on the metal surface. Calcium ions may
react with hydrogen phosphate ions and phosphate ions to various degrees: e.g., dical-
cium phosphate dihydrate (DCPD) (Equation (14)), B-tricalcium phosphate (3-TCP) when
T > 800 °C (Equation (15)), octacalcium phosphate (OCP) (Equation (16)), or hydroxyap-
atite (HA) (Equation (17)).
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Ca? + HPOs* + 2H20 — CaHPO4+2H-0 (14)

3Ca* + 2P0+ — Cas3(POs)2 (15)

8Ca? + 2HPO42 + 4PO+ + 5H20 — Cas(HPO4)2(POs4)+-5H20 (16)
10Ca2* 4+ 6PO#- + 20H- — Caio(PO4)s(OH):2 17)

The application of alkaline treatment (NaOH) can cause the conversion of other
forms of calcium phosphate to HA and an increase in crystallinity (e,g,. Equation (18))
[75-80].

10CaHPO: + 20H— Caio(POs)s(OH)2 + 4POs> + 10H* (18)

The higher adhesion of hydroxyapatite (HA) to the TiO2 nanocoatings (IL) than to
the titanium alloy may be due to the high surface area and physical locking between the
HA layer and the intermediate layer [81,82].

3.3. Apatite-Forming Ability

During immersion in the SBF solution, the T5/HA, T-5/HA, and TNF6C/HA systems
promoted apatite deposition within a few days. Figure 4 shows the SEM images of the
surface morphology changes of specimens after different periods of immersion in SBF (1-
4 weeks). Once the samples were removed from the SBF solution and dried, they were
weighed and the percentage weight gain was calculated (Figure 5). On the surface of the
T5 and TNF6C control specimens, no apatite formation was observed, while apatite for-
mation was reported on the alkali-sodium-modified T-S surfaces, as described in our ear-
lier publication [43]. It was noted that the hydroxyapatite layer produced by the cathodic
electrode process, which was deposited on the surface of the intermediates coatings (T5,
T-S, and TNF6C) after immersion in the SBF solution, grew at a very fast rate. The thick-
ness of the apatite layer increased with a longer immersion time of the T5/HA, T-S/HA,
and TNF6C/HA double layer in SBF solution.
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Figure 5. Weight gain for the samples with hydroxyapatite layer after immersing in SBF for 1-4
weeks.

Figure 6 shows the X-ray diffraction patterns (XRD) of the T5/HA, T-S/HA, and
TNF6C/HA samples after immersion in SBF for four weeks. The analysis of these data
confirmed that the HA-deposited samples exhibited apatite-forming ability in SBF
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solution. The positions of the HA peaks marked on the spectra are in accordance with the
specifications in JCPDS no. 285 09-0432.
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Figure 6. XRD patterns of T-5/HA, T5/HA and TNF6C/HA samples after immersing in SBF for four
weeks. (hkl) for CaTiOs are marked in violet. S is assigned to the sodium titanate. Ti is assigned to
the Ti6Al4V substrate (TiO2 anatase phase (A)).

The evaluation of the Ca/P molar ratio of the samples was carried out by EDS analysis
(Table 1). During the first week of immersion of the samples in the SBF solution, we noted
slight changes in the Ca/P molar ratio compared to the ratio before immersion for the
samples T5/HA, T-S/HA, and TNF6C/HA. During the second and third weeks of immer-
sion in SBF solution, the Ca/P ratio was close (for T5/HA, and TNF6C/HA samples) or
higher (T-S/HA) than stoichiometric. After four weeks of sample immersion in SBF solu-
tion, the Ca/P molar ratios of 1.83 for T-S/HA and TNF6C/HA and 1.87 for T5/HA were
detected.

Table 1. Ca/P ratios obtained from EDS measurements for the samples with hydroxyapatite layer
before and after immersing in SBF for 1-4 weeks.

Ca/P (Mole Ratio) of HA Layer

Time: Time: Time: Time: Time:

Sample 0 1 week 2 weeks 3 weeks 4 weeks
T5/HA 1.58 1.54 1.63 1.68 1.87
T-S/HA 1.69 1.56 1.61 1.80 1.83
TNF6C/HA 1.76 1.66 1.57 1.56 1.83

3.4. The Viability of Cells Cultured on the Scaffolds

The effect of the hydroxyapatite layer (HA) present on the surface of three different
nanocoatings (T5/HA, T-S/HA and TNF6C/HA) on L929, MG-63 and ADSC cell viability
was assessed after one, five and seven days using the MTT assay. The results were com-
pared with the cell viability estimated for the cells cultured on the specimens without an
HA layer (Figure 7). It was observed that with an increase in culture time, a higher or
comparable number of both L929 and MG-63 cells grew on the scaffolds with or without
HA. This increase in viable cell number was especially observed between one and five
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days of culture (Figure 7A and Figure 7B, respectively). In the case of ADSCs, the in-
creased cell proliferation rate over time was also noticed for almost all the samples, except
for the TNF6C/HA scaffolds, where the number of viable cells after five and seven days
was lower compared with one-day incubation. Similarly, on T-S/HA samples the meas-
ured values of absorbance did not change over time (Figure 7C). Generally, the nanocoat-
ings with the HA layer induced a higher or comparable level of 1929 fibroblast viability
in comparison with the samples without HA. A similar effect was also noticed for the MG-
63 osteoblasts cultured on the T5 and T5/HA scaffolds. In contrast, the covering of the T-
S and TNF6C nanocoatings with HA provoked a decrease in MG-63 cell viability com-
pared with the samples without HA, especially after five and seven days. This effect was
also noticed for ADSCs cultivated on the surface of the T5/HA and TNF6C/HA scaffolds.
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Figure 7. The viability of L929 fibroblasts (A), MG-63 osteoblasts (B) and adipose-derived stem cells
(C) cultured on the scaffolds (nanoporous TiOz (T5), titanate (T-S) and nanofibrous TiO2 (TNF6C))
coated or not with a hydroxyapatite layer (HA) evaluated using MTT assays after one, five and
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seven days. The presented data are from four independent experiments. Asterisks and hash marks
show statistical differences between the scaffolds coated with HA and the samples without HA at
the appropriate time. Asterisks show differences when cell viability measured for the samples with
HA was greater compared with the specimens without HA (*** p <0.001, ** p <0.01, * p <0.05). Hash
marks denote differences when absorbance values noticed for the scaffolds with HA was lower than
the samples not covered with HA (# # # p <0.001, # # p < 0.01, # p <0.05).

3.5. Cell Proliferation Rate Observed by Scanning Electron Microscopy

Scanning electron microscopy (SEM) imaging was harnessed to evaluate the cell mor-
phology and the level of cell proliferation after one and five days. Comparative SEM mi-
crographs of L929 fibroblasts (Figure 8), MG-63 osteoblasts (Figure 9) and ADSCs (Figure
10) were presented for the specimens coated with HA that induced the best and the worst
cell viability, taking into consideration all three tested cell lines. These data supported the
MTT results and indicated the increase in the cell proliferation level over time observed
for L929 cells (Figures 8A,B) and MG-63 cells (Figures 9A,B) growing on the T5/HA spec-
imens. In the case of ADSC cells, many of the cells attached to the surface of the TS/HA
samples were already noticed after one day of incubation (Figure 10A). Moreover, the
ADSCs grown on these specimens that were integrated with the support produced a huge
amount of extracellular matrix that coated almost the entire surface of the samples after
five days (Figure 10 B).

It must be mentioned that the analysis of SEM micrographs was difficult because of
the surface morphology, mainly in the case of the TNF6C/HA scaffolds. Nevertheless, a
number of L929 and MG-63 cells grown on these specimens increased over time (Figures
8C,D and Figures 9C,D, respectively). On the contrary, this effect was not noticed for AD-
SCs (Figures 10C,D).

(A) T5/HA - 1929 cells 1 day | MRS (B) T5/HA —1929 cells 5 days i

PR (v ~
= - A S AT

e
)
:

(D) TNF6C/HA — L1929 cells 5 days [

Figure 8. SEM images of 1.929 fibroblasts growing on the scaffolds coated with hydroxyapatite layer
(HA) (nanoporous (T5/HA) and nanofibrous TiO2 (TNF6C/HA) for one and five days. The type of
specimens and culture time are indicated in the figures.
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(A) T5/HA — MG-63 cells 1 day (B) T5/HA — MG-63 cells 5 days

(C) TNF6C/HA — MG-63 cells 1 day (D) TNF6C/HA — MG-63 cells 5 days

'.E'C' ey

Figure 9. Micrographs from SEM presenting MG-63 osteoblasts cultured on the nanoporous and
nanofibrous TiO:z scaffolds coated with hydroxyapatite layer (T5/HA and TNF6C/HA, respectively).
The type of samples and culture time are described in the figures.

HA - ADSC cells 1 day . 15)) T5/HA ADQC cells 5 LEVE

Figure 10. SEM micrographs that present adipose-derived mesenchymal stem cells (ADSCs) grow-
ing on the surface of the nanoporous and nanofibrous TiOzspecimens coated with hydroxyapatite
layer (T5/HA and TNF6C/HA, respectively). The type of specimens and culture time are indicated
in the figures.
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3.6. Osteogenic Potential of Cells Cultured on Different Specimens

The relatively low cell proliferation rate on the nanofibrous scaffold with a hydroxy-
apatite coating (TNF6C/HA) could be explained by the osteogenic-differentiation-sup-
portive properties of this specimen. Therefore, we compared the two parameters of effec-
tive osteogenesis/calcium deposit formation (Figure 11) and alkaline phosphatase activity
(Figure 12).
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Figure 11. Determination of calcium deposit formation in the extracellular matrix of MG-63 osteo-
blasts (A) and human adipose-derived mesenchymal stem cells (B) evaluated after one, five and
seven days using Alizarin Red S staining. Asterisks denote differences between Alizarin staining
determined for the samples with HA and without HA (*** p <0.001, ** p <0.01; * p < 0.05).

The extracellular calcium seemed to be deposited in similar quantities in the case of
both MG-63 osteoblasts and ADSCs in a time-dependent manner. Additionally, not sur-
prisingly, all the HA-coated specimens were considerably beneficial for the mineralization
process.

Some differences in the osteogenic potential of cultured cells can be concluded from
the alkaline phosphatase activity determination (Figure 12).
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Figure 12. Determination of ALP activity in MG-63 osteoblasts (A) and adipose-derived mesenchy-
mal stem cells (B) evaluated after one, five and seven days of culture on selected scaffolds. Asterisks
and hash marks show statistical differences between the scaffolds with HA and without HA at the
appropriate culture time. Asterisks present differences when ALP activity measured for the samples
with HA was higher compared with the specimens without HA (* p < 0.05). Hash marks indicate
differences when ALP activity noticed for the scaffolds with HA was lower than the samples with-
out HA (# # # p <0.001).

The influence of the hydroxyapatite layer (HA) on endogenous ALP activity in MG-
63 cells led to increased activity only in the case of the T-S/HA surface. Nevertheless, the
difference between the T-S specimens with and without HA was considerable after 24h in
culture and then decreased. In contrast, human adipose-derived mesenchymal stem cells
(ADSCs) exhibited increased ALP activity when grown on the surface of the nanoporous
T5/HA layer. These differences indicate that both the chemical nature and nanostructural
properties can influence the osteogenic differentiation process.
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3.7. Antimicrobial Activity

Biocidal activity against the tested strains was not observed for analyzed specimens
with HA layers when compared to the untreated microbial inocula (Table 2).

Table 2. Antimicrobial activity of selected specimens.

Microorganisms
Material E. coli ATCC E. coli S. aureus S. aureus C. albicans
8739 ATCC 25922 ATCC6538 ATCC 25923 ATCC 10231
Reduction index (R)

T5/HA 0.34% 0.38 * 0.04 1.73 0.08
T-S/HA 0.14% 0.25*% 1.28 1.90 0.25
TNF6C/HA 0.43 * 0.37* 0.06 0.18 * 0.05

Biocidal activity of specimen is observed when R > 2 (>99%). R = Ut — At, where Ut is the common
logarithm of the number of bacteria in the untreated microbial suspension and At is the common
logarithm of the number of bacteria in the treated microbial suspension. * no significant increase in
microbial growth (<10%).

4. Discussion

The main direction in which our research tends is the production of a highly biocom-
patible system with mechanical properties like cortical bone, which can be applied to the
design and fabrication of implants. In the course of previous work, we proved that the
morphology and structure of interlayers (ILs) have a significant impact on the morphol-
ogy and mechanical properties of the deposited hydroxyapatite (HA) layers [30]. In this
paper, we show that differences in biological activity also depend on the type of
Ti6Al4V/IL/HA systems.

The physicochemical properties of the biomaterial surface significantly impact the
ability to spontaneously form apatite through the substrate in simulated body fluid (SBF)
[43,83]. Our study successfully deposited apatite on the surface of all the Ti6Al4V/IL/HA
systems after SBF incubation for 1-4 weeks. The XRD spectra clearly showed the presence
of the peaks indicative of hydroxyapatite (HA) constituents. The SEM analysis showed
that the HA-layered samples (TS5/HA, T-S/HA, TNF6C/HA) were completely covered by
the newly formed apatite layers after the first week of immersion in SBF solution. There
were a few cracks on the surface of the formed apatite layers, which were most probably
due to the release of internal stresses during the drying process [84].

All the chemical and structural properties of the studied materials were reflected in
their ability to create a biocompatible surface supporting cell growth. The T5/HA, which
is nanoporous, with the highest content of Ca and P in the HA layer, seemed to be most
promising in bone tissue regeneration. It is non-toxic and supports cell adhesion and pro-
liferation. This surface allowed for the highest proliferation rates of L929 fibroblasts, MG-
63 osteoblasts and mesenchymal stem cells when compared with all the HA-modified
samples. The T5/HA also induced the effective deposition of calcium in both osteoblast-
like MG-63 cells and adipose-derived mesenchymal stem cells. This process suggests the
initiation of osteogenic differentiation in ADSCs and continued osteogenic properties in
MG-63. The issue of ALP activity is slightly different; the enzyme activity decreased in
MG-63 but increased in ADSCs grown on the T5/HA substrate. These differences reflect
the cell properties: MG-63 cells are differentiated cells expressing different markers of os-
teoblasts [85], while ADSCs are undifferentiated, multipotent cells that require specific
extracellular signals to start the differentiation process [86]. As ALP activity is considered
the early marker of osteogenic commitment [87], it can be concluded that its increase in
ADSCs allows for efficient osteogenesis together with satisfactory cell survival and pro-
liferative potential.

TNF6C/HA with its nanofibrous structure was also biocompatible for L929 and MG-
63 cells but decreased the ADSC proliferation. On the other hand, it allowed for the
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formation of calcium deposits like the other tested specimens, decreased the ALP activity
in MG-63 cells, and did not influence the enzymatic activity in ADSCs cells. One can con-
clude that this surface supports the growth of adjacent cells and stops the proliferation of
ADSCs but maintains the osteogenic differentiation efficiency at a similar level to the other
HA-modified surfaces. These properties were reported to improve the osseointegration of
implanted materials and promote regeneration processes [88].

Developments in the design of bioactive materials, which can provide physical and
chemical signals for different cells and regulate their fate, require extensive studies on the
relationship between the properties of materials and the fate of cells [89]. Improving both
the osseointegration ability and mechanical properties of titanium implants continues to
be a challenge in implantology. As a result, there is significant interest in developing tech-
nologies that modify the titanium surface. Nevertheless, the implant surface is also sus-
ceptible to infection. Infections can be the cause of implant removal or prolonged patient
recovery. The important point is that systems with an antimicrobial coating do not impede
tissue integration into the implant [90-93]. In our study, the produced systems with a hy-
droxyapatite layer (T5/HA, T-S/HA, TNF6C/HA) did not show antimicrobial properties.
This result is in line with previously published ones [94-97] which showed that hydroxy-
apatite alone or as a layer on titanium specimens did not reveal antimicrobial activity. It
in particular showed high biointegration properties [98-103]. However, the modifications
of Ti/HA layers with antibacterial compounds, e.g., chitosan silver nanoparticles, manga-
nese, strontium or yttrium, may significantly improve such properties [31,94,95,104-108].
Nevertheless, antibacterial coatings are still not well understood in vivo. It should be
noted that the antibacterial ability of coatings will gradually weaken over time, and the
release of metal ions from their surface may affect the osseointegration efficiency of tita-
nium implants and have a significant impact on their cytotoxicity. So far, the problem of
emerging infections is solved with appropriately selected antibiotics [92,93,109].

5. Conclusions

Among the previously tested systems, the Ti6Al4V/T5/HA shows the most signifi-
cant potential for application in the construction of a new generation of implants. The
fabricated system (Ti6Al4V/T5/HA) with a nanoporous interlayer, connecting the tita-
nium alloy substrate to the hydroxyapatite layer, shows excellent mechanical properties
(adhesion force = 103.11 + 10.07 mN, hardness = 0.30 + 0.10 GPa and Young’'s Modulus =
35.58 +7.41 GPa) [30] and promising bioactivity. It mimics the physiological environment
of bone tissue, enhances biointegration, and supports the osteogenic potential of MG-63
cells and ADSCs. Thus, it deserves further investigations focused on acquiring good anti-
microbial properties in such a way that the desired balance between the implant’s immune
capacity, biointegration, and mechanical properties is still maintained.
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Jako autor przedtozonej rozprawy doktorskiej o§wiadczam, ze:

W artykule P1:

Ehlert, M.; Roszek, K.; Jedrzejewski, T.; Bartmanski, M.; Radtke, A.; Titania Nanofiber
Scaffolds with Enhanced Biointegration Activity—Preliminary In Vitro Studies. International
Journal of Molecular Sciences 2019, 20, 5642,

bytam odpowiedzialna za zaplanowanie i przeprowadzenie syntezy nanowloknistych ukladéw
TiO2 (TNF) z uzyciem metody chemicznego utleniania nadtlenkiem wodoru powierzchni stopu
Ti6Al4V. Wykonatam pomiary zwilzalnosci i energii powierzchniowej oraz zinterpretowatam
otrzymane wyniki. Dokonatam charakterystyki strukturalnej i morfologicznej uzyskanych
uktadow. Wykonatam badania aktywno$ci metabolicznej (a) mezenchymalnych komoérek
macierzystych (ADSCs) oraz (b) kokultur komérkowych: fibroblastow 1.929/ADSCs oraz
osteoblastow MG-63/ADSCs hodowanych na nanowtoknistych warstwach TiO.
Przygotowalam materiat biologiczny do obrazowania za pomoca skaningowego mikroskopu
elektronowego. Przeprowadzitam procedur¢ autoklawowania wytworzonych uktadéw.
Ponadto, bratam udzial w okresleniu celu i zakresu pracy oraz wniostam przewazajacy wklad
w tres¢ manuskryptu (wstepu, czesci fizykochemicznej, dyskusji i wnioskéw), a takze
w pozyskanie srodkéw na badania.

W artykule P2:

Ehlert, M.; Radtke, A.; Jedrzejewski, T.; Roszek, K.; Bartmanski, M.; Piszczek, P. In Vitro
Studies on Nanoporous, Nanotubular and Nanosponge-Like Titania Coatings, with the Use of
Adipose-Derived Stem Cells. Materials 2020, 13, E1574,

bytam odpowiedzialna za przeprowadzenie syntezy nanoporowatych, nanorurkowych
i nanoggbczastych ukladéw TiO, (TNT) z uzyciem metody elektrochemicznego utleniania
powierzchni stopu Ti6Al4V. Wykonatam pomiary zwilzalnosci i energii powierzchniowej oraz
zinterpretowalam otrzymane wyniki. Przeprowadzilam pomiary spektroskopii Ramana.
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Dokonatam charakterystyki strukturalnej, spektroskopowej imorfologicznej uzyskanych
uktadéw. Wykonatam badania aktywnosci metabolicznej oraz aktywnosci alkalicznej fosfatazy
(a) mezenchymalnych komorek macierzystych (ADSCs) oraz kokultur komérkowych:
fibroblastéow L1929/ADSCs oraz (b) osteoblastow MG-63/ADSCs hodowanych na
nanowarstwach TiOz. Przygotowatam material biologiczny do obrazowania za pomoca
skaningowego mikroskopu elektronowego. Przeprowadzilam procedure autoklawowania
wytworzonych ukiadéw. Ponadto, bralam udzial w okre$leniu celu i zakresu pracy oraz
wniostam przewazajacy wklad w tres¢ manuskryptu (wstepu, czesci fizykochemicznej,
dyskusji i wnioskow), a takze w pozyskanie srodkéw na badania.

W artykule P3:

Ehlert, M.; Radtke, A.; Roszek, K.; Jedrzejewski, T.; Piszczek, P. Assessment of Titanate
Nanolayers in Terms of Their Physicochemical and Biological Properties. Materials 2021, 14,
806, |

bylam odpowiedzialna za zaplanowanie i przeprowadzenie syntezy nanowarstw tytanianowych
z uzyciem metody chemicznego utleniania alkaliczno-sodowym roztworem powierzchni stopu
Ti6Al4V. Wykonatam pomiary zwilzalnosci i energii powierzchniowej oraz zinterpretowatam
otrzymane wyniki. Przeprowadzilam pomiary spektroskopii Ramana, jak i spektroskopii
rozproszonego odbicia w zakresie podczerwieni z transformata Fouriera. Dokonalam
charakterystyki strukturalnej, spektroskopowej i morfologicznej uzyskanych uktadow.
Wykonatam i opisalam badania bioaktywnosci ukladéw zanurzonych w $rodowisku
symulowanego plynu ustrojowego. Wykonalam badania aktywnosci metabolicznej
mezenchymalnych komérek macierzystych (ADSCs) hodowanych na nanowarstwach
tytanianowych oraz warstwach wzbogaconych apatytem. Przygotowalam materiat biologiczny
do obrazowania za pomoca skaningowego mikroskopu elektronowego. Przeprowadzitam
procedure autoklawowania wytworzonych uktadéw. Ponadto, bratam udzial w okresleniu celu
i zakresu pracy oraz wniostam przewazajacy wklad w tre$§¢ manuskryptu (wstepu, czesci
fizykochemicznej, dyskusji i wnioskéw), odpowiedzi na recenzje, a takze w pozyskanie
$rodkéw na badania.

W artykule P4:

Ehlert*, M.; Radtke, A.; Bartmanski, M.; Piszczek*, P. Evaluation of the Cathodic
Electrodeposition Effectiveness of the Hydroxyapatite Layer Used in Surface Modification of
Ti6Al4V-Based Biomaterials. Materials 2022, 15,6925,

bylam odpowiedzialna za zaplanowanie syntezy hydroksyapatytu z uzyciem metody
katodowego elektroosadzania na powierzchni: (a) stopu Ti6Al4V oraz (b) nanowarstw ditlenku
tytanu lub tytanianu. Opracowalam zestaw aparaturowy do syntezy HA. Przeprowadzitam
syntezy zwigzane z: (a) wytworzeniem nanowarstw TiOz i nanowarstw tytanianowych oraz
(b) osadzeniem powloki HA na ich powierzchni. Wykonatam pomiary zwilzalnosci
i zinterpretowalam otrzymane wyniki. Przeprowadzitam pomiary spektroskopii rozproszonego
odbicia w zakresie podczerwieni z transformatg Fouriera. Dokonatam charakterystyki
strukturalnej, spektroskopowej i morfologicznej uzyskanych ukladéw. Przeprowadzitam
procedure autoklawowania wytworzonych uktadéw. Ponadto, bratam udziat w okresleniu celu
i zakresu pracy oraz wniostam przewazajacy wkiad w tre$é manuskryptu (wstepu, czeci

opl)



fizykochemicznej wraz z dyskusja, dyskusji badan mechanicznych oraz wnioskéw),
odpowiedzi na recenzje, a takze w pozyskanie srodkéw na badania.

W artykule P5:

Ehlert*, M.; Radtke*, A.; Forbot, N.; Jedrzejewski, T.; Roszek, K.; Golinska, P.; Trykowski,
G.; Piszczek, P. TiO2/HA and Titanate/HA Double Layer Coatings on Ti6Al4V Surface and
Their Influence on In Vitro Cell Growth and Osteogenic Potential. Journal of Functional
Biomaterials 2022, 13, 271,

bytam odpowiedzialna za zaplanowanie i przeprowadzenie syntezy hydroksyapatytu z uzyciem
metody katodowego elektroosadzania na powierzchni nanowarstw ditlenku tytanu lub tytanianu
zintegrowanych z podlozem ze stopu Ti6Al4V. Dokonatam charakterystyki strukturalnej
i morfologicznej uzyskanych uktadéw. Wykonatam i opisatam badania bioaktywnosci uktadéw
zanurzonych w $rodowisku symulowanego plynu ustrojowego. Mdj udzial polegal takze na
wspdlpracy podczas wykonywania: (a) badan aktywnosci metabolicznej mezenchymalnych
komoérek macierzystych (ADSCs), (b) badan aktywnos$ci alkalicznej fosfatazy komorek
osteoblastow linii MG-63 oraz ADSCs, (c) testu z uzyciem czerwieni alizarynowej majgcego
na celu wykrycie ztogéw wapniowych w komdrkach osteoblastow linii MG-63 oraz ADSCs,
hodowanych na powierzchni wytworzonych biomateriatdéw. Przygotowalam materiat
biologiczny do obrazowania za pomoca skaningowego mikroskopu elektronowego. Ponadto,
bratam udzial w okresleniu celu i zakresu pracy oraz wniostam przewazajagcy wkiad w tresé
manuskryptu (wstepu, czesci fizykochemicznej wraz z dyskusjg, dyskusji badan
przeciwdrobnoustrojowych oraz wnioskéw), odpowiedzi na recenzje, a takze w pozyskanie
$rodkéw na badania.
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1. Oswiadczam, ze mdj udzial w artykule P2 dotyczyl prac zwigzanych opracowaniem
celu pracy, metodologii badan. Bralem udzial w analizie otrzymanych wynikéw,
koordynacji prac zwiazanych z publikacja otrzymanych wynikéw oraz bylem
odpowiedzialny za pozyskanie srodkéw na sfinansowanie APC.

2. Oswiadczam, ze mdj udzial w artykule P3 dotyczyl prac zwigzanych opracowaniem
celu pracy, przechowywaniem danych pomiarowych, koordynacji prac zwiazanych
z publikacja otrzymanych wynikdow.




3. Os$wiadczam, ze mdj udziat w artykule P4 dotyczyt prac zwigzanych opracowaniem
celu pracy i metodologii badan. Bratem udziat w analizie otrzymanych wynikow,
koordynacji prac zwigzanych z publikacja otrzymanych wynikéw.

4. O$wiadczam, ze moj udziat w artykule PS5 dotyczyt prac zwigzanych opracowaniem
celu pracy. Bralem udzial w analizie otrzymanych wynikéw, koordynacji prac
zwigzanych z publikacjg otrzymanych wynikow.
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Nanofiber Scaffolds with Enhanced Biointegration Activity—Preliminary In Vitro
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Ehlert, M.; Radtke, A.; Jedrzejewski, T.; Roszek, K.; Bartmanski, M.; Piszczek, P. In
Vitro Studies on Nanoporous, Nanotubular and Nanosponge-Like Titania Coatings,
with the Use of Adipose-Derived Stem Cells. Materials 2020, 13, E1574.

Ehlert, M.; Radtke, A.; Roszek, K.; Jedrzejewski, T.; Piszczek, P. Assessment of
Titanate Nanolayers in Terms of Their Physicochemical and Biological Properties.
Materials 2021, 14, 806.

Ehlert*, M.; Radtke, A.; Bartmanski, M.; Piszczek*, P. Evaluation of the Cathodic
Electrodeposition Effectiveness of the Hydroxyapatite Layer Used in Surface
Modification of Ti6Al4V-Based Biomaterials. Materials 2022, 15, 6925.

Ehlert*, M.; Radtke*, A.; Forbot, N.; Jedrzejewski, T.; Roszek, K.; Golinska, P.;
Trykowski, G.; Piszczek, P. TiO2/HA and Titanate/HA Double Layer Coatings on
Ti6Al4V Surface and Their Influence on In Vitro Cell Growth and Osteogenic Potential.
Journal of Functional Biomaterials 2022, 13, 271.

. Oswiadczam, ze moj udzial w artykule P1 dotyczyt prac zwigzanych z opracowaniem

celu pracy oraz metodologii badan. Bratam udziat w analizie otrzymanych wynikow,
koordynacji prac zwiagzanych z publikacjg otrzymanych wynikow. oraz odpowiadatam
za pozyskanie srodkéw na sfinansowanie APC.

Oswiadczam, ze moj udzial w artykule P2 dotyczyt prac zwigzanych z opracowaniem
celu pracy, metodologii badan. Bralam udzial w analizie otrzymanych wynikdw,
koordynacji prac zwigzanych z publikacja otrzymanych wynikéw oraz odpowiadatam
za pozyskaniem srodkéw na sfinansowanie APC.




3. Os$wiadczam, ze mdj udziat w artykule P3 dotyczyt prac zwigzanych z opracowaniem
celu pracy i metodologii badan. Bratam udziatl w analizie otrzymanych wynikow oraz
koordynacji prac zwigzanych z publikacjg otrzymanych wynikow.

4. Oswiadczam, ze mdj udziat w artykule P4 dotyczyt prac zwigzanych z opracowaniem
celu pracy i metodologii badan. Bratam udziatl w analizie otrzymanych wynikéw oraz
koordynacji prac zwigzanych z publikacjg otrzymanych wynikow.

5. Oéwiadczam, ze mdj udziat w artykule P5 dotyczyl prac zwigzanych z opracowaniem
celu pracy. Bralam udzial w analizie otrzymanych wynikoéw oraz koordynacji prac
zwigzanych z publikacja otrzymanych wynikow.
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Trykowski, G.; Piszczek, P. TiO2/HA and Titanate/HA Double Layer Coatings on
Ti6A14V Surface and Their Influence on In Vitro Cell Growth and Osteogenic Potential.
Journal of Functional Biomaterials 2022, 13, 271.

1. Oswiadczam, ze moj udzial w artykule P5 dotyczyl prac zwigzanych z obrazowaniem
materialu biologicznego naniesionego na uklady typu Ti6Al4V/warstwa posrednia/HA,

za pomocg skaningowego mikroskopu elektronowego.
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Studies, International Journal of Molecular Sciences 2019, 20, 5642.

P2. Ehlert, M.; Radtke, A.; Jedrzejewski, T.; Roszek, K.; Bartmanski, M.; Piszczek, P. In
Vitro Studies on Nanoporous, Nanotubular and Nanosponge-Like Titania Coatings,
with the Use of Adipose-Derived Stem Cells. Materials 2020, 13, E1574.

P3. Ehlert, M.; Radtke, A.; Roszek, K.; Jedrzejewski, T.; Piszczek, P. Assessment of
Titanate Nanolayers in Terms of Their Physicochemical and Biological Properties.
Materials 2021, 14, 806.

P5. Ehlert*, M.; Radtke*, A.; Forbot, N.; Jedrzejewski, T.; Roszek, K.; Golifiska, P.;
Trykowski, G.; Piszczek, P. TiO2/HA and Titanate/HA Double Layer Coatings on
Ti6Al14V Surface and Their Influence on In Vitro Cell Growth and Osteogenic Potential.
Journal of Functional Biomaterials 2022, 13, 271.

1. Oswiadczam, ze moj udziat w artykule P1 dotyczy!t prac zwigzanych z zaplanowaniem
i nadzorze naukowym nad wykonywanymi badaniami aktywnosci metabolicznej (a)
mezenchymalnych komorek macierzystych (ADSCs) oraz (b) kokultur komoérkowych:
fibroblastéw L929/ADSCs oraz osteoblastow MG-63/ADSCs hodowanych na
nanowioknistych warstwach TiO, (TNF). Ponadto bratam udzial w dyskusji wynikéw
biologicznych oraz analizie obrazéw, ze skaningowego mikroskopu elektronowego,
komorek rosngcych na wytworzonych nanowarstwach ditlenku tytanu. Moj wkiad
polegal takze na wspdtpracy przy redagowaniu czgsci biologicznej manuskryptu.




2. Oswiadczam, ze mdj udziat w artykule P2 dotyczylt prac zwigzanych z zaplanowaniem
i nadzorze naukowym nad wykonywanymi badaniami aktywnosci metabolicznej (a)
mezenchymalnych komoérek macierzystych (ADSCs) oraz (b) kokultur komérkowych:
fibroblastow 1.929/ADSCs oraz osteoblastow MG-63/ADSCs hodowanych na
nanoporowatych, nanorurkowych i nanogabczastych warstwach TiO2 (TNT). Ponadto
bralam udzial w dyskusji wynikéw biologicznych oraz analizie obrazéw, ze
skaningowego mikroskopu elektronowego, komorek rosnacych na wytworzonych
nanowarstwach ditlenku tytanu. Mdj wkiad polegat takze na wspdipracy przy
redagowaniu czesci biologicznej manuskryptu.

3. Oswiadczam, ze mdj udziat w artykule P3 dotyczyt prac zwigzanych z zaplanowaniem
i nadzorze naukowym nad wykonywanymi badaniami aktywnosci metabolicznej
mezenchymalnych komdrek macierzystych (ADSCs) hodowanych na nanowarstwach
tytanianowych. Ponadto bratam udziat w dyskusji wynikéw biologicznych oraz analizie
obrazéw, ze skaningowego mikroskopu elektronowego, komoérek rosngcych na
wytworzonych nanowarstwach ditlenku tytanu. Moj wklad polegatl takze na
wspolpracy przy redagowaniu czgéci biologicznej manuskryptu.

4. Oswiadczam, ze mdj udziat w artykule PS5 dotyczyt prac zwigzanych z zaplanowaniem
i nadzorze naukowym nad wykonywanymi (a) badaniami aktywnos$ci metabolicznej
mezenchymalnych komérek macierzystych (ADSCs), (b) badaniami aktywnosci
alkalicznej fosfatazy komoérek ADSCs, (c) oraz nad testem z uzyciem czerwieni
alizarynowej majgcego na celu wykrycie ztogdw wapniowych w komérkach ADSCs,
hodowanych na powierzchni wytworzonych biomaterialéw typu Ti6Al4V/warstwa
posrednia/HA. Ponadto bratam udziat w dyskusji wynikéw biologicznych oraz analizie
obrazéw, ze skaningowego mikroskopu elektronowego, komorek rosngcych na
wytworzonych nanowarstwach ditlenku tytanu. Moj wkiad polegat takze na
wspdipracy przy redagowaniu czgsci biologicznej manuskryptu.
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Nanofiber Scaffolds with Enhanced Biointegration Activity—Preliminary In Vitro
Studies, International Journal of Molecular Sciences 2019, 20, 5642.

Ehlert, M.; Radtke, A.; Jedrzejewski, T.; Roszek, K.; Bartmanski, M.; Piszczek, P. In
Vitro Studies on Nanoporous, Nanotubular and Nanosponge-Like Titania Coatings,
with the Use of Adipose-Derived Stem Cells. Materials 2020, 13, E1574.

Ehlert, M.; Radtke, A.; Roszek, K.; Jedrzejewski, T.; Piszczek, P. Assessment of
Titanate Nanolayers in Terms of Their Physicochemical and Biological Properties.
Materials 2021, 14, 806.

Ehlert*, M.; Radtke*, A.; Forbot, N.; Jedrzejewski, T.; Roszek, K.; Golinska, P.;
Trykowski, G.; Piszczek, P. TiO2/HA and Titanate/HA Double Layer Coatings on
Ti6Al4V Surface and Their Influence on In Vitro Cell Growth and Osteogenic Potential.
Journal of Functional Biomaterials 2022, 13, 271.

. Oswiadczam, ze m¢j udziat w artykule P1 dotyczyt prac zwigzanych zaplanowaniem

i wykonaniem badan aktywnosci metabolicznej komorek fibroblastéw linii 1L929 oraz
osteoblastow linii MG-63 hodowanych na nanowtdknistych warstwach TiO (TNF).
Ponadto bratem udziat w dyskusji wynikéw biologicznych oraz analizie obrazéw, ze
skaningowego mikroskopu elektronowego, komoérek rosngcych na wytworzonych
nanowarstwach ditlenku tytanu. Moj wkiad polegatl takze na wspotpracy przy
redagowaniu czgsci biologicznej rekopisu.

Oswiadczam, ze méj udziat w artykule P2 dotyczyt prac zwigzanych zaplanowaniem
i wykonaniem badan aktywnosci metabolicznej komoérek fibroblastéw linii 1929 oraz
osteoblastow linii MG-63 hodowanych na nanoporowatych, nanorurkowych



i nanoggbczastych warstwach TiO2 (TNT). Ponadto bratem udziat w dyskusji wynikow
biologicznych oraz analizie obrazéw, ze skaningowego mikroskopu elektronowego,
komoérek rosngcych na wytworzonych nanowarstwach ditlenku tytanu. Méj wklad
polegat takze na wspolpracy przy redagowaniu czgsci biologicznej rekopisu.

. Oswiadczam, ze moj udziat w artykule P3 dotyczyt prac zwigzanych zaplanowaniem
i wykonaniem badan aktywnosci metabolicznej komérek fibroblastéw linii L929 oraz
osteoblastow linii MG-63 hodowanych na nanowarstwach tytanianowych. Ponadto
bratem udziat w dyskusji wynikéw biologicznych oraz analizie obrazow, ze
skaningowego mikroskopu elektronowego, komorek rosnacych na wytworzonych
nanowarstwach tytanianowych. Moj wkiad polegat takze na wspdlpracy przy
redagowaniu cze¢sci biologicznej rekopisu.

. Oswiadczam, ze moj udziat w artykule P5 dotyczyt prac zwigzanych zaplanowaniem
i wykonaniem badan aktywnosci metabolicznej komérek fibroblastow linii L929 oraz
osteoblastow linii MG-63 hodowanych na powierzchni wytworzonych uktadéw typu
Ti6Al4V/warstwa posrednia/HA. Nadzorowatem prace nad wykonywaniem (a) badania
aktywnosci alkalicznej fosfatazy komorek osteoblastow linii MG-63 oraz, (b) testu
z uzyciem czerwieni alizarynowej majacego na celu wykrycie ztogéw wapniowych
w komorkach osteoblastéw linii MG-63, hodowanych na powierzchni wytworzonych
biomateriatéw. Ponadto bratem udziat w dyskusji wynikéw biologicznych oraz analizie
obrazéw, ze skaningowego mikroskopu elektronowego, komdrek rosnacych na
wytworzonych uktadach. M4j wkiad polegat takze na wspétpracy przy redagowaniu
czesci biologicznej manuskryptu.
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1. Os$wiadczam, ze mdj udziat w artykule P5 dotyczyl wspotpracy podczas wykonywania:
(a) badan aktywnosci metabolicznej mezenchymalnych komérek macierzystych
(ADSCs), (b) badan aktywnosci alkalicznej fosfatazy komorek osteoblastow linii MG-
63 oraz ADSCs, (c) testu z uzyciem czerwieni alizarynowej majacego na celu wykrycie
ztogbw wapniowych w komoérkach osteoblastow linii MG-63 oraz ADSCs,
hodowanych na powierzchni wytworzonych uktadéw typu Ti6Al4V/warstwa
posrednia/HA.
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Dotyczy publikacji:

P5. Ehlert*, M.; Radtke*, A.; Forbot, N.; Jedrzejewski, T.; Roszek, K.; Golinska, P.;
Trykowski, G.; Piszczek, P. TiO2/HA and Titanate/HA Double Layer Coatings on
Ti6Al4V Surface and Their Influence on In Vitro Cell Growth and Osteogenic Potential.
Journal of Functional Biomaterials 2022, 13, 271.

1. Oswiadczam, ze mdj udzial w artykule P5 dotyczyt prac zwigzanych z wykonaniem
badan przeciwdrobnoustrojowych uktadow typu Ti6Al4V/warstwa posrednia/HA, oraz
udziale w analizie otrzymanych danych.
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Nanofiber Scaffolds with Enhanced Biointegration Activity—Preliminary In Vitro
Studies, International Journal of Molecular Sciences 2019, 20, 5642.

P2. Ehlert, M.; Radtke, A.; Jedrzejewski, T.; Roszek, K.; Bartmanski, M.; Piszczek, P. In

Vitro Studies on Nanoporous, Nanotubular and Nanosponge-Like Titania Coatings,
with the Use of Adipose-Derived Stem Cells. Materials 2020, 13, E1574.

P4. Ehlert*, M.; Radtke, A.; Bartmanski, M.; Piszczek*, P. Evaluation of the Cathodic

Electrodeposition Effectiveness of the Hydroxyapatite Layer Used in Surface
Modification of Ti6Al4V-Based. Biomaterials. Materials 2022, 15, 6925.

Os$wiadczam, ze moj udziat w artykule P1 dotyczyt prac zwiazanych z zaplanowaniem
i wykonaniem badan nanomechanicznych, tzn. pomiaru twardosci, modulu Younga
oraz maksymalnej glebokosci penetracji wglebnika podczas nanoindentacji,
nanowloknistych warstw (TNF) zintegrowanych z powierzchnig stopu Ti6Al4V.
Odpowiadatem réwniez za przeprowadzenie badan nanozarysowania (nanoscratch test)
wytworzonych ukladéow. Bylem odpowiedzialny za obrazowanie topografii
powierzchni badanych préb za pomoca mikroskopu sit atomowych oraz wyznaczenie
parametru chropowatosci powierzchniowej Sa. Ponadto bralem udziat w dyskusji
danych mechanicznych.

Oswiadczam, ze moj udziat w artykule P2 dotyczyt prac zwigzanych z zaplanowaniem
i wykonaniem badan nanomechanicznych, tzn. pomiaru twardosci oraz modutu Younga
nanoporowatych, nanorurkowych i nanogabczastych warstw TiO2 (TNT)
zintegrowanych z powierzchnig stopu Ti6Al4V. Odpowiadalem réwniez za
przeprowadzenie badan nanozarysowania (nanoscratch test) wytworzonych uktadéw.




Bylem odpowiedzialny za obrazowanie topografii powierzchni badanych préb za
pomoca mikroskopu sil atomowych oraz wyznaczenie parametru chropowatosci
powierzchniowej Sa. Ponadto bralem udzial w dyskusji danych mechanicznych.

. Oswiadczam, ze méj udziat w artykule P4 dotyczyt prac zwiazanych z zaplanowaniem
i wykonaniem badan nanomechanicznych, tzn. pomiaru twardo$ci oraz modutu Younga
(a) nanowarstw tytanianowych zintegrowanych z powierzchnia stopu Ti6Al4V oraz (b)
uktadéw typu: Ti6Al4V/warstwa posrednia/HA. Odpowiadalem réwniez za

'przeprowadzenie badan nanozarysowania (nanoscratch test) wytworzonych uktadéw.
Przygotowalem opisy wykonanych badan i wykresy do zamieszczenia w publikacji.
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