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Title: Titanium beta alloys in dental implantology. Material properties, biocompatibility
and osseointegration

Current state of knowledge

The presented habilitation thesis deals with titanium and titanium alloys in relation to their
application in dentistry. The theoretical part of the thesis presents a summary of current
knowledge about material properties, depending on their chemical composition and
manufacturing technique. Attention is also paid to the biocompatibility of these alloys Special
attention is given to the effects of alloying elements (Ta, Fe, Nb, V, Mo) on the material
properties of titanium alloys and surface treatment methods to facilitate osseointegration.
Factors influencing the osseointegration of titanium and its alloys are presented and
described, especially the process of TiO, formation on the alloy surface and coating of the
surface with materials to promote osseointegration. Attention is also paid to current trends in
the research of titanium and titanium alloys for future use in dental implantology and clinical
trials.

Objectives of the work

The experimental part of the work summarizes the long-term research of the above-specified
topics carried out in the period of 2005-2011 within the Stomatological Center of the Medical
Faculty of the Masaryk University and in the following years within the framework of partial
projects. The aim of the research work was to characterize the properties of titanium alloys
with addition of niobium and tantalum (Ti-38Nb, Ti-35Nb-6Ta and Ti-33.5Nb-5.7Ta) in terms
of material properties, ion release from the alloy, corrosivity and biocompatibility evaluated by
biotests. The aim was to quantify the influence of alloying elements of titanium B alloys on
their cytotoxicity. Another aim of the work was to test the growth rate of osteoblasts and
osteoclasts on the surface of hydroxyapatite-coated alloy using cell adherence and
proliferation tests, and specific markers (amount of DNA and alkaline phosphatase activity).
Last but not least, the aim was to apply mathematical modeling procedures to calculate
stress distribution in dental implants of various types, in the implant-bone tissue system and
in the jaw.

Methods

The following methods and procedures were used for the experimental and clinical part of
the habilitation thesis: biocompatibility tests consisting of cytotoxicity tests, cell adherence
tests, and quantification of osteoblast growth. Simulated body fluid and determination of
released ions was done by X-ray photoelectron spectroscopy and used to quantify the
corrosivity of titanium alloys. The adsorption of fibrinogen and deoxyoligonucleotides was
monitored using a laser diffraction sensor. Cell adherence and proliferation were monitored
by DAPI staining and microscopy. /n vivo implant osseointegration assays (done on Ti38-
Nb6-Ta alloy) were performed on minipigs using the relative percentage of bone-to-implant
contact and implant stability (ISQ). Analysis of the surface microstructure of titanium alloys
was performed by microfiling using digital 3-D microscopy methods. The ANSYS version 3.5
software environment and the ADPL (Ansys Parameter Design Language) programming tool
were used to model stresses in implants of various types, stress distribution in the implant-
bone system and to model periodontal properties.



Results

The main results obtained using the methods specified above, which are the subject of
published professional work, can be summarized as follows:

Tests of the cytocompatibility of titanium alloys and alloying elements have shown
that the suitability of ialloying elements decreases in the order of Ta Ni Va Mo.

In the experiment using simulated body fluids to assess the corrosivity of the Ti-Nb-Ta
alloy, low corrosivity was demonstrated and stinaTi-33.5N1-5.7Ta was characterized
as biocompatible and suitable for the production of dental implants.

Tests of cell adherence to the surface of titanium alloys and various alloying elements
(Ta, Fe, Nb, V, Mo) have shown that Fe and V ions reduce the rate of adherence and
the surface coverage of the tested material.

Tests have shown that the surface treatment method significantly affects the growth
of human osteoblasts on the Ti surface. The growth of osteoblasts was supported on
the polished and etched surface compared to only the polished surface. Fibrinogen
adsorption was promoted by surface treatment: titanium-enriched hydrocarbon
coatings.

The microroughness of the material positively influences the adsorption of
deoxynucleotides on the titanium surface. A suitable micro- and nano-structure can
be monitored using a diffractive optical sensor.

An in vitro study demonstrated the suitability of coating the titanium surface with
hydroxyapatite (sputtered HA) by evaluating cell adherence, density and growth
(stromal cells of laboratory rats), selected markers (amount of DNA and alkaline
phosphatase).

Tests of VP dental implants performed in vivo in the tibia of minipigs (in collaboration
with Tokyo Medical and Dental University) showed very good osseointegration and
stability in bone (ISQ - implant stability qoutient).

The micro- and nano-structure of the surface is important for the biointegration of the
dental implant. Using AFM (Atomic force Microscopy) and 3-D digital microscopy
techniques, the suitability of the surface structure created after the end of the
technological phase, i.e. after individual types of surface treatment, can be effectively
checked.

Mathematical modeling in the ANSYS software environment can be used to
determine deformation analysis of parts of dental implants (blade, cylindrical, disc
implants are presented in the habilitation thesis), which show critically high stress
values after insertion into bone tissue. Thus, potential fractures of dental implants can
be indicated

Mathematical modeling of the implant-bone system and simulation of variously large
masticatory forces acting on the implant can be used to simulate and predict the
occurrence of critical stress in the periodontium and surrounding bone. These sites
pose arisk of potential bone resorption.

The author's share in the preparation of published professional publications excerpted in the
WOS database was in the range of 10-40% for publications with foreign co-authors. In the
case of publications with national co-authors the share achieved 20-70%.



Conclusion

Based on the results presented in the habilitation thesis, it can be concluded that most
titanium alloys are fully biocompatible or biotolerant. The issue of titanium and its alloys is
developing dynamically in the field of medical research and clinical practice and, thanks to
the rapid development of technologies, is promising for a wide application of these materials
in dentistry.

Date: 19.6. 2020

Signature:  MUDr. Sonia Bartakova, Ph.D.



KOMENTAR K HABILITACNI PRACI

Nazev: Titanové beta slitiny v dentalni implantologii. Materialové viastnosti,
biokompatibilita a oseointegrace.

Stav problematiky Pfedkladana habilitaéni prace se zabyva problematikou titanu a zejmena
slitin titanu ve vztahu k jejich vyuziti v zubnim lékarstvi. Teoreticka ¢ast prace uvadi souhrn
souéasnych poznatki o jejich materidlovych vlastnostech, a to v zavislosti na jejich
chemickém sloZeni a technice vyroby. Pozormnost je rovnéz vénovana biokompatibilité téchto
slitin, zejména vlivu legujicich prvku (Ta, Fe, Nb, V, Mo) na materialové vlastnosti slitin titanu
a metodam povrchové upravy pro usnadnéni oseointegrace. Prehledné jsou uvedeny faktory
ovliviiujici oseointegraci titanu a jeho slitin, a to zejména proces vytvareni TiO, na povrchu
slitiny a povlakovani povrchu materialy pro podporu oseointegrace. Pozornost je vénovana i
souéasnym trendim ve vyzkumu titanu a titanovych slitin pro budouci uplatnéni v zubni
implantologii a klinickym testam.

Cile prace Experimentaini ¢ast prace shmuje dlouholety vyzkum této problematiky
uskuteciovany v letech 2005-2011 vramci Stomatologického centra LF MU a v dalSich
letech v ramci dil¢ich projektd. Cilem vyzkumné prace bylo zejména charakterizovat
vlastnosti slitin s pfimési niobu a tantalu (Ti-38Nb, Ti-35Nb-6Ta a Ti-33.5Nb-5.7Ta), a to
z hlediska materialovych vlastnosti, uvolfiovani iontu ze slitiny, korozivity a biokompatibility
sledované na zakladé biotestt. Cilem bylo kvantifikovat viiv pfimésovych (legujicich) prvku
titanovych B slitin na jejich cytotoxicitu. DalSim cilem prace bylo testovat rychlost rustu
osteoblasti a osteoklasti na povrchu slitiny poviakované hydroxyapatitem pomoci testl
adherence a proliferace bunék a specifickych markerd (mnozstvi DNA a aktivita alkalické
fosfatazy). V neposledni fadé bylo cilem aplikovat postupy matematického modelovani pro
vypocet napéti v zubnich implantatech rizného typu, v systému implantat-kostni tkan a
v Celisti.

Metodika Pro experimentalni a klinickou €ast habilitacni prace byly vyuzity nasledujici
metody a postupy: testy biokompatibility sestavajici se z testu cytotoxicity, adherence bunék,
a kvantifikace rustu osteoblastl. Pro kvantifikaci korozivity slitin titanu byla vyuzita
simulovana télni tekutina a stanoveni ionti prvkii pomoci rentgenové fotoelektronova
spektroskopie. Adsobce fibrinogenu a deoxyoligonukleotidi byla sledovana pomoci
laserového difrakéniho sensoru. Adherence a proliferace bunék byla sledovana pomoci
barveni DAPI a mikroskopie. Testy oseointegrace in vivo implantatu (Ti38-Nb6-Ta) byly
uskuténény na miniprasatcich pomoci pomérného procenta kontaktu kosti s télem implantatu
a stabilitou implantatu (ISQ). Analyza mikrostruktury povrchu slitin titanu byla uskute¢néna
pomoci mikrofilovani za vyuziti metod digitalni 3-D mikroskopie. Pro modelovani napéti
vimplantatech ruzného typu, pfenosu napéti v systému implantat-kost a modelovani
viastnosti parodontu bylo vyuZito programové prostiedi ANSYS verze 3.5 a programovaci
prostifedek ADPL (Ansys Parameter Design Language).

Vysledky Hiavni vysledky ziskané pomoci vySe specifikovanych metod, které jsou
pfedmétem publikovanych odbornych praci Ize shrmout takto:

e Testy cytokompatibility slitin titanu a zuslechtujicich (legujicich) prvka prokazaly,
Ze vhodnost pfimési klesa v poradi Ta Ni Va Mo.



e Vexperimentu vyuZivajim simulované téini tekutiny pro posouzeni korozivity
slitiny Ti-Nb-Ta byla prokazana mala korozivita. Slitina Ti-33.5NI-5.7Ta byla
charakterizovana jako biokompatibilni a vhodna pro vyrobu zubnich implantatu.

e Testy adherence bunék na povrch slitin titanu a riznych legujicich prvku (Ta, Fe,
Nb, V, Mo) prokazaly, Ze ionty Fe a V snizuji rychlost adherence a plochu pokryti
povrchu testovaného materialu.

e Vtestech bylo prokazano, Zze metoda Upravy povrchu vyrazné ovliviuje rust
lidskych osteoblastii na povrchu Ti. Rust osteoblast byl podpofen na lesténém a
leptaném povrhu oproti pouze lesténému povrchu. Adsorpci fibrinogenu podporila
uprava povrchu: uhlovodikové poviaky obohacené titanem.

e Mikroreliéf povrchu materialu (microroughness) pozitivné ovliviiuje adsorpci
deoxynukleotidii na povrch titanu. Vhodnou mikro- a nano- strukturu Ize sledovat
pomoci difrakéniho optického sensoru.

e In vitro studie prokazala vhodnost povlakovani povrchu titanu hydroxyapatitem
(naprasovany HA), a to pomoci hodnoceni adherence, hustoty a rustu bunék
(stromalni bunky laboratornich krys), vybranych markeri (mnoZstvi DNA a
alkalické fosfatazy).

e Testy dentalnich implantata VP uskute¢néné in vivo v holenni kosti miniprasatek
(ve spolupraci s Tokijskou lékarskou a dentalni univerzitou) prokazaly dobrou
oseointegraci a stabilitu v kosti (ISQ — implant stability qoutient).

e Pro biointegraci zubniho implantatu je dulezita mikro- a nano- struktura povrchu.
Pomoci mikroskopickych technik AFM (Atomic force Microscopy) a 3 D Digitalni
mikroskopie (3-D digital microscopy) lze ucinné kontrolovat vhodnost struktury
povrchu vzniklou po ukonéeni technologické faze, tedy po jednotlivych typech
opracovani (Upravy) povrchu.

e Matematickym modelovanim v programovém prostiedi ANSYS Ize pomoci
deformaéni analyzy urcit €asti zubnich implantati (v habilitaéni praci jsou
uvedeny Cepelkoveé, valcové, diskové implantaty), které po zavedeni do kostni
tkané vykazuji kriticky vysoké hodnoty napéti. Lze tak indikovat potencialni zlomy
zubnich implantata

e Matematickym modelovanim systému implantat-kost a simulaci rizné velikych
2vykacich sil pusobicich na implantat Ize simulovat a predikovat vznik kritického
napéti v parodontu a okolni kosti. Tato mista jsou rizikova z hlediska vzniku
resorpce kosti.

Podil autorky na pfipravé publikovanych odbornych publikaci excerpovanych v databazi
WOS byl v rozmezi 10-40 % u publikaci se zahraniénimi spoluautory. V pfipadé publikaci
s narodnimu spoluautory 20-70 %.

Zavér Na zakladé vysledku prezentovanych v habilitaéni praci Ize shrnout, Ze vétSina
testovanych slitin titanu je piné biokompatibilnich, popfipadé biotolerantnich. Problematika
titanu a jeho slitin se v oblasti medicinského vyzkumu a klinické praxe dynamicky vyviji a
diky rychlému rozvoji technologii je prislibem pro $iroké uplatnéni t&chto materialt v zubni
mediciné.

V Bng+19. 6.2020 .,

MUDr. Sonia Bartakova, Ph.D. '





