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	   Abstract: Background: Nowadays investigations in the field of dental implants engineering are fo-
cused on bioactivity and osseointegration properties.  

Objective: In this study, the oxide-covered titanium was functionalized by vitamin D3 molecules via a 
simple self-assembly method with the aim to design more corrosion-resistant and at the same time 
more bioactive surface. 

Methods: Surface properties of the D3-coated titanium were examined by scanning electron micros-
copy, attenuated total reflectance Fourier transform infrared spectroscopy, and contact angle meas-
urements, while long-term corrosion stability during immersion in an artificial saliva solution was 
investigated in situ by electrochemical impedance spectroscopy. 

Results: Results of all techniques confirmed a successful formation of the vitamin D3 layer on the 
oxide-covered titanium. Besides very good corrosion resistivity (~5 MW cm2), the D3-modified tita-
nium surface induced spontaneous formation of biocompatible bone-like calcium phosphates (CaP). 

Conclusion: Observed in vitro CaP-forming ability as a result of D3-modified titanium/artificial sali-
va interactions could serve as a promising predictor of in vivo bioactivity of implant materials.	  
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1. INTRODUCTION 

 It is well-known that an implantation success depends on 
the process of osseointegration, which was first described by 
Swedish professor Brånemark, “father of modern dental im-
plantology” [1, 2]. This discovery, that bone can be effec-
tively fixed to the implant without its rejection, launched a 
new era of investigations and development of dental implant 
materials [3, 4]. From that time until the last decade, the re-
search focus shifted from the implant’s design and geometry 
to the osseoinductive properties of implant surfaces. 
 Current trends in dental implant research are based on 
surface properties modifications by biomimetic and bioactive 
coatings that mimic biochemical surroundings and architec-
ture of the human bone [3-5]. Calcium phosphate ceramics, 
like hydroxyapatite, with a mineral composition similar to 
natural bone, as a single compound coating or as a composite 
with collagen, bioglass, or silica are used to promote 
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osseointegration or overall implant system’s characteristics 
[6, 7]. Peptide RGD coatings that facilitate cell adhesion 
during osseointegration are also used to design novel implant 
surfaces [8]. Drug-based coatings with bisphosphonates like 
Zolendronate [9] or Alendronate [10, 11], drugs for bone 
diseases, promote mechanical fixation of implant and bone 
mineralization. 
 However, it must not be forgotten that a fundamental 
prerequisite for the success of osseointegration is the long-
term corrosion stability of implant materials. Human body 
fluids, especially oral cavity fluids, in which pH is constantly 
changing, represent very aggressive media with high concen-
trations of chloride ions that are among the most aggressive 
and corrosive to metals [12]. Although titanium is a gold 
standard in dental implantology due to its exceptional bio-
compatibility and corrosion resistivity [12, 13], there is in-
creasing data reported regarding complications caused by 
titanium dental implant fixation. It was shown that titanium 
ions, that originated as a product from corrosion reaction in 
body fluids, caused negative immune reactions or skin aller-
gies immediately or shortly after implant fixation [14-16]. 
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Therefore, it is crucial to design a coating which will make 
titanium surface more bioactive/osseoinductive and at the 
same time more corrosion resistant during long-term expo-
sure to oral cavity fluids. 
 In this study, the titanium surface was modified by vita-
min D3, molecules that are crucial for the normal function-
ing of the immune system [17] and maintaining bone mineral 
density [18]. The main goals were (i) to improve titanium 
corrosion resistivity during exposure to an artificial saliva 
solution; and simultaneously (ii) to induce in vitro processes 
of “new bone” formation. In our previously published paper, 
a D3 coating formation mechanism on the oxide-covered 
titanium dental implant was explained in detail by DFT 
method [19] whereas this research is a follow up to the pre-
vious study and herein long-term corrosion behavior of the 
vitamin D3-modified titanium surface in an artificial saliva 
solution was investigated in situ by electrochemical imped-
ance spectroscopy. To the best of our knowledge, surface 
characteristics of bioactive coatings on dental implants are in 
the focus of current research in this field, but their corrosion 
stability has not been sufficiently investigated. 

2. MATERIALS AND METHODS 

2.1. Chemicals, Materials, and Ti Surface Coating For-
mation 

The following chemicals were used as received: Vitamin D3 
drops (122 µmol dm-3 cholecalciferol in aqueous glycerol 
solution; ChildLife®, USA), acetone (p.a., Gram-Mol®, 
Croatia), and absolute ethanol (p.a., Gram-Mol®, Croatia). 
The titanium discs (Ti, 99.9%, Alfa Aesar®, Karlsruhe, Ger-
many) of 12 mm in diameter were used as substrates for bio-
active coating formation. 
The Ti surfaces were abraded with SiC emery papers of #240 
to #600 grit, ultrasonically cleaned with absolute ethanol and 
redistilled water, and dried in a stream of nitrogen (99.999%, 
Messer®, Germany). Prepared Ti discs were electrochemical-
ly treated in order to prepare an oxide-covered Ti surface 
needed for a successful vitamin D3 bonding [19]. The oxide 
layer on the Ti (Ti/oxide) was formed potentiostatically at 
the film formation potential, Ef = 2.5 V vs Ag|AgCl|3 mol 
dm-3 KCl during 24 hours in a phosphate buffer solution 
(0.075 mol dm-3 Na2HPO4⋅7H2O + 0.025 mol dm-3 
NaH2PO4⋅2H2O, pH 7.4). The Ti/oxide samples were rinsed 
with redistilled water and dried in a stream of nitrogen. The 
vitamin D3 layer onto the Ti surface was produced by im-
mersion of the Ti/oxide samples in vitamin D3 solution at 21 
± 1 °C for 24 hours. Thereafter, the modified samples were 
dried in a regular air-convection oven (Memmert®, Schwa-
bach, Germany) at 70 °C for 5 hours according to previously 
reported procedures [19,20]. Ti/oxide/D3 samples were addi-
tionally rinsed with absolute ethanol and redistilled water 
and dried in a stream of nitrogen. Thus, prepared Ti/oxide 
and Ti/oxide/D3 samples are denoted in the text as-prepared 
samples. 

2.2. Characterization Methods 

 The characterization of samples was performed by con-
tact angle measurements (CA), attenuated total reflectance 
Fourier transform infrared spectroscopy (ATR-FTIR), ther-
mal field emission Scanning Electron Microscopy (SEM), 

energy dispersive X-ray analysis (EDS) and electrochemical 
impedance spectroscopy (EIS). 
The contact angle measurements were carried out by a con-
tact angle system OCA 20 (Dataphysics Instruments GmbH, 
Germany) at 21 ± 2 °C using Milli-Q® water, formamide and 
diiodomethane at the dosing volume of 1 µl. Values were 
measured after a 10s-stabilization period at different surface 
positions. The surface free energy of investigated surfaces 
was calculated by the software SCA 20 ver. 2.01. 
 A Tensor II spectrometer (Bruker Optik GmbH, Et-
tlingen, Germany) was used for ATR-FTIR measurements in 
the wavenumber range between 4000 and 340 cm-1 at 4 cm−1 
scan step and total 16 scans per measurement. 
 The morphology of the samples was examined by a 
thermal field emission scanning electron microscope (model 
JSM-7000F, Jeol Ltd., Tokyo, Japan) connected to the Ox-
ford Instruments EDS/INCA 350 energy dispersive X-ray 
analyzer for elemental analysis. 
The corrosion properties of Ti samples in an artificial saliva 
solution electrolyte, pH 6.8 were explored by EIS at the open 
circuit potential, EOC during immersion period of 1 hour and 
1month. The measurements were performed with an ac volt-
age amplitude of ±5 mV in the frequency range from 105 to 
10-3 Hz by using Solartron 1287 potentiostat/galvanostat 
with Solartron FRA 1260 (Solartron Analytical, UK) con-
trolled by ZPlot® software v. 3.5e. The complex non-linear 
least squares (CNLS) fit analysis [21] ZView® software v. 
3.5e was employed to model experimental data with χ2 val-
ues less than 5×10–3 (errors in parameter values of 1–5%). 
The measurements were performed in a standard three-
electrode cell (Corrosion Cell K0047, Princeton Applied 
Research, USA) with a Pt electrode as a counter electrode 
and a reference electrode, Ag|AgCl|3.0 mol dm-3 KCl (E = 
0.210 V vs. standard hydrogen electrode, SHE) to which all 
potentials in the paper are referred. The Ti samples served as 
a working electrode (an area exposed to the electrolyte, A = 
0.98 cm2). The Fusayama artificial saliva (0.4 g dm-3 NaCl, 
0.4 g dm-3 KCl, 0.6 g dm-3 CaCl2⋅2H2O, 0.58 g dm-3 
Na2HPO4⋅2H2O, and 1 g dm-3 urea), pH 6.8 [22], prepared 
from p.a. grade chemicals and redistilled water, was an elec-
trolyte solution. 

3. RESULTS AND DISCUSSION 

3.1. Morphological and Chemical Properties of Ti Samples 

 Scanning electron microscopy (SEM) was used to char-
acterize surface features of investigated samples. The mor-
phologies of Ti/oxide and Ti/oxide/D3 samples before (as-
prepared samples) and after a 1-month immersion period in 
an artificial saliva solution are presented in Fig. (1). As can 
be seen, the oxide layer, prepared potentiostatically on the Ti 
surface, is characterized by a layered-structure and can be 
divided into two regions: (i) the outer region grown near the 
oxide layer/phosphate buffer solution interface - inhomoge-
neous with cracks; and (ii) the inner region grown near the 
Ti/oxide layer interface - more homogeneous and compact. 
The D3 layer, self-assembled on the Ti/oxide surface, did not 
change notably the surface morphology due to its low thick-
ness according to our DFT calculations [19]. Besides, it is 
known that self-assembled films, which are of a monolayer 
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thickness (up to 2 nm), do not influence significantly mor-
phological or other characteristics of the substrate [23]. 
 After a 1-month immersion period of both samples in an 
artificial saliva solution, the morphology was preserved, but 
white island features appeared that were also visible by the 
naked eyes, Figs. (1c, 1d). A deep insight into white islands, 
Fig. (2a) shows 3D architecture composed of flower-like 
agglomerates (up to 1 mm) self-assembled from needle-
shaped nanosized units. A process of 3D flower-architecture 
formation on both surfaces under experimental conditions (1 
month, room temperature, pH = 6.8, and ions present in arti-
ficial saliva) was self-induced. 

 The elemental analysis identified titanium and oxygen on 
the as-prepared Ti/oxide surface and titanium, oxygen, and 
carbon on the as-prepared Ti/oxide/D3 surface, Fig. (1a, b). 
On the samples immersed for 1 month in the artificial saliva 
solution Ca, P, Cl, Na, K, O, C, and Ti existed in the region 
of the white islands features, Fig. (2a, b), since in the grey 
region, Ti and O were mainly present. Hence, 3D-flower 
architectures are spontaneously formed due to the chemical 
composition of calcium phosphates, CaP. CaP is the main 
component of natural bone tissues along with other trace 
elements (Na, K, O, F, Mg, and Cl) and it can be found in the 
form of crystalline hydroxyapatite (HAp) or amorphous 
calcium phosphate (ACP) [24-26]. 

 According to the elemental analysis, Fig. (2b), Ca/P 
atomic ratio is equal to 1.42 and most probably points to an 
amorphous calcium phosphate, ACP; CaxHy(PO4)z·nH2O, n = 
3-4.5; 15-20% H2O (Ca/P = 1.2 – 2.2) [24-28]. Due to trace 
elements detected (Cl, Na, K, O, C), the CaP is biocompati-
ble bone-like CaP that is always nonstoichiometric with 
structural imperfections co-substituted in the crystal lattice. 
The presence of trace elements in the CaP formed is an ad-
vantage due to their important roles in biological processes, 
especially in bone metabolism and activation of osteoclasts 
[25]. Larger agglomerates in a higher amount appeared on 
the Ti/oxide/D3 surface in comparison to the Ti/oxide sur-
face, as shown in Fig. (1c, d). According to the elemental 
analysis, white islands deposits of very similar composition 
with the Ca/P = 1.40 were formed on the Ti/oxide surface. 
 The fabrication and properties of 3D architectures (po-
rous spheres, enamel-like structures, 3D flowers, etc.) of 
biological materials like hydroxyapatite and other CaP forms 
have attracted great interest due to their enhanced biological 
performances [25]. Their synthesis is usually carried out in 
the presence of surfactant, template supporting or structure-
directing reagents [25, 28,29], therefore spontaneous CaP 
formation closely resembling human bones, makes investi-
gated surfaces osseoinductive. Thus, it can be concluded that 
the organic D3 vitamin top layer acted as a CaP growth-
promotor that stimulated nanoneedles growth as well as their 
self-assembly in 3D architectures. In addition, it is well 

 
 

Fig. (1). SEM images of Ti/oxide and Ti/oxide/D3 samples: (a, b) before and (c, d) after 1 month-immersion period in the artificial saliva 
solution. (A higher resolution / colour version of this figure is available in the electronic copy of the article). 

Zeljac
Križanje
Hence, spontaneously formed 3D-flower architectures are by their chemical composition calcium phosphates, CaP. 



4    Innovations in Corrosion and Materials Science, 2020, Vol. 10, No. 1 Petrović et al.  

known that vitamin D3 is a key factor for the calcium home-
ostasis [30] and thus, the titanium surface covered with the 
D3 vitamin layer is indeed biocompatible since it could at-
tract more calcium and phosphorus than the titanium oxide 
itself. 
 Increased in vitro CaP-forming ability, as a consequence 
of biologically active D3 vitamin layer, could serve as a pre-
dictor of in vivo bioactivity of investigated surfaces. 
 The chemistry of Ti/oxide and Ti/oxide/D3 surfaces, be-
fore and after 1 month-immersion period, was examined by 
attenuated total reflection Fourier transform infrared spec-
troscopy (ATR-FTIR) and corresponding spectra are pre-
sented in Fig. (3). The spectra of as-prepared samples, rec-
orded after the final step of modification (Section 2.1), are 
shown in Fig. (3a). In the Ti/oxide spectrum, a band at 351 
cm-1 is related to the Ti-O stretching vibrations [31]. Upon 
the D3 layer formation on the Ti/oxide surface, a recorded 
response is more complex than a spectrum of the Ti/oxide 
sample. Bands characteristic for D3 vitamin can be observed 
in the spectra and are in accordance with literature data [19, 
32]. The presence of a band located at 1643 cm-1 that is as-
signed to the H-C=CH stretching vibration confirms the for-
mation of the D3 vitamin layer on the Ti/oxide surface. Fur-
thermore, the Ti-O band at 351 cm-1 is also visible due to 
relatively low D3 layer thickness [19]. 
 After 1 month-immersion in an artificial saliva solution, 
ATR-FTIR responses of both samples are different compared 
to responses of as-prepared samples, Fig. (3a, 3b). The as-
signation of bands was done according to published data 
[25,26,29,33]. Both samples show a broadband observed in 
the range from 3700 – 3000 cm-1 that corresponds to ad-
sorbed water molecule vibrations. A band around 1639 cm-1 
is also visible that can be assigned to water bending mode. In 
the case of the Ti/oxide/D3 sample, this band can be over-
lapped with band characteristic to H-C=CH stretching vibra-
tion of vitamin D3, Fig. (3a). The bands at 471 (ν2b), 480 
(ν2a), 560 (ν4c), 601 (ν4a), 961 (ν1), 1025 (ν3c), and 1082 cm-1 
(ν3a) correspond to  PO!!! vibrations and bands at 1456 
(ν4/ν3), 1417 (ν3) and 861 cm-1 (ν3) indicate the presence of 

carbonate ions, CO!!!. A weak band at 1539 cm-1 is assigned 
to n(O=C-NH) [34] and originates from urea, a component 
of the artificial saliva in which samples were immersed. 
Absorption bands and their locations in ATR-FTIR spectra 
point to the formation of CaP deposits on both samples, 
Ti/oxide and Ti/oxide/D3 during their 1 month-immersion in 
an artificial saliva solution which is in accordance with SEM 
and EDS results, Figs. (1, 2). The appearance of carbonate 
ions in the CaP structure is quite reasonable since atmospher-
ic CO2 could diffuse into the artificial saliva solution during 
1 month-immersion period. Additional confirmation of car-
bonate substitution in the CaP structure is the absence of a 
characteristic OH band at around 3570 cm-1 which can be an 
indication of non-well-crystallized CaP deposits [25, 29]. 
The carbonate content makes coatings more similar to the 
natural bone mineral composition [33]. It needs to be pointed 
out that band intensities of the Ti/oxide/D3 sample are higher 
compared to intensities of the Ti/oxide sample which indi-
cates a higher CaP amount on the Ti/oxide/D3 surface and it 
is in accordance with SEM results.  
 Based on ATR-FTIR, SEM and EDS results, it could be 
concluded that the vitamin D3 layer had a strong influence 
on the spontaneous CaP formation, which means that the 
surfaces thus prepared exhibited improved bioactivity and 
osseointegration. In other words, implants whose surface has 
a greater affinity for spontaneous CaP formation, a material 
of composition resembling human bone, will osseointegrate 
faster with natural bone compared to implants without bioac-
tive surface. These CaP deposits on the D3 vitamin-coated 
surfaces could act as possible graft materials for a new bone 
tissue formation. 

3.2. Wetting Properties of Ti Samples 

 The wetting properties of Ti surfaces before and after the 
1-month immersion period in an artificial saliva solution 
were investigated by measuring a static contact angle θ and 
the results are provided in Table 1. Wetting properties differ-
ences were clearly observed between as-prepared Ti/oxide 
and Ti/oxide/D3 surfaces. The water contact angle value of 

 
Fig. (2). (a) The morphology of white deposit features spontaneously formed on the Ti/oxide/D3 surface during 1 month-immersion period 
in the artificial saliva solution; and (b) corresponding EDS spectrum and chemical composition of the deposit. (A higher resolution / colour 
version of this figure is available in the electronic copy of the article). 
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the Ti/oxide surface was significantly lower (9.4°) compared 
to the value measured on the Ti/oxide/D3 surface (42.8°) and 
pointed to a high hydrophilic character, i.e. an increased wet-
tability of the Ti/oxide surface. Since the oxide film was 
anodically prepared in a phosphate buffer solution, hydroxyl 
groups (-OH) present in the outer part of the oxide film, in-
teracted with H2O drop. Upon a D3 vitamin modification of 
the Ti/oxide surface, a water contact angle value increased 
and pointed to a more hydrophobic nature of the surface. As 
confirmed by our previous DFT results [19], vitamin D3 
molecules are bonded to the oxide surface via the Ti-O bond 
and methyl group (-CH3) as the terminal functional group 
determines the coating’s surface properties. The obtained 
results confirmed a successful vitamin D3 layer formation on 
the Ti/oxide surface.  
 After a 1-month immersion period, contact angle values 
of both samples were changed due to the precipitation of 
CaP deposits as was confirmed by SEM, EDS, and ATR-
FTIR results, Figs. (1c, d-3). 

 In the field of biomedical applications, solid surface 
properties and interfacial interactions are of special interest 
and are determined by the surface free energy. Thus, 
knowledge of surface free energy values can predict behav-
ior of implant/bone and implant/surrounding body fluids 
interactions. Based on contact angle values, the total surface 
free energy, γs and its polar, !!

! and dispersive, !!! compo-
nents of Ti/oxide and Ti/oxide/D3 surfaces were calculated 
using the Wu's harmonic mean approach, which is an appro-
priate model for determining the surface free energy of non-
polar surfaces like organic liquids and solids [35]: 
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 where θ is the contact angle, !!" is the interfacial liquid-
vapor free energy, !!!, !!! are the dispersive components of 
the surface free energy of liquid and solid, respectively, and 
!!
!, !!

! are the polar components of the surface free energy of 
liquid and solid, respectively. The surface free energy com-
ponents of solid (!!

!, !!!) for investigated samples were cal-

culated using numerical values of experimentally determined 
contact angles and results are given in Table 1. 
 ccording to the total surface free energy value and its 
components for the as-prepared Ti/oxide sample, the polar 
component of the surface free energy dominates over the 
dispersion component. A polar nature of the anodically 
formed oxide film is a consequence of -OH groups (present 
in the outer part of the oxide film) interactions with water 
molecules via H-bonding. Upon a D3 vitamin modification 
of the oxide surface, the total surface free energy value de-
creased compared to the value measured on the Ti/oxide 
surface due to the presence of a non-polar low-energy com-
ponent D3 layer, which contains hydrophobic (-CH2 and -
CH3) groups. The dispersion component of the surface free 
energy prevails since surface interactions in the vitamin D3 
layer are characterized by van der Waals interactions. It is 
important to point out that a polar component of the surface 
free energy is not negligible due to the existence of C-H···O 
hydrogen bonds in the vitamin D3 layer as shown in our 
DFT study [19]. 
 After 1 month-immersion of the Ti/oxide sample, a de-
crease of the total surface free energy was induced by a sig-
nificant decrease of the polar component of the surface free 
energy (Table 1). Due to spontaneous deposition of the inor-
ganic material, CaP on the oxide surface, H-bonding be-
tween –OH groups and water drop were replaced by CaP - 
water interactions. 
 The total surface free energy of the Ti/oxide/D3 sample 
remained nearly unaltered after a prolonged immersion in an 
artificial saliva solution. Almost equal changes in polar and 
dispersion component values of the surface free energy be-
fore and after spontaneous CaP deposition can be observed 
in Table 1. The polar component of the surface free energy 
increased after a 1-month immersion period due to dipole-
dipole (adsorbed water - water drop) and/or ion-dipole 
(phosphate group – water drop and trace elements - water 
drop) interactions. The presence of water molecules, as well 
as trace elements (ions like Cl-), was confirmed by ATR-
FTIR Fig. (3) and EDS Fig. (2b) results. Additionally, the 
dispersion component of the surface free energy was present, 

 
 

Fig. (3). ATR-FTIR spectra of (a) as-prepared Ti/oxide and Ti/oxide/D3 samples; and (b) after their 1 month-immersion period in the artifi-
cial saliva solution. (A higher resolution / colour version of this figure is available in the electronic copy of the article). 
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Table 1. Values of contact angles, total surface free energy (!!) and its polar (!!

!) and dispersive (  !!!) components of the Ti  
samples. 

Samples q(CH2I2) / o q(HCONH2) / o q(H2O) / o !!
! / mJ m-2 !!! / mJ m-2 !!/ mJ m-2 

As-prepared samples 

Ti/oxide 54.9±1.0 17.5±2.7 9.40±0.4 41.2 25.5 66.7 

Ti/oxide/D3 44.4±1.9 41.7±1.3 42.8±1.1 23.9 30.3 54.2 

After 1-month immersion in artificial saliva 

Ti/oxide 54.9±1.2 51.1±2.0 56.5±3.0 20.4 28.7 49.1 

Ti/oxide/D3 66.2±2.2 54.2±2.2 36.0±1.9 34.7 22.4 57.1 

 

 
Fig. (4). The Bode plots of Ti, Ti/oxide, and Ti/oxide/D3 samples recorded at EOC in the artificial saliva solution, pH 6.8 after immersion 
period of (a) 1 hour and (b) 1 month. Symbols: the experimental data; solid lines: the modeled data. (A higher resolution / colour version of 
this figure is available in the electronic copy of the article). 
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since irregular CaP islands partially cover the surface and 
therefore, the water drop can simultaneously sense the D3 
coating on the surface as well. 

3.3. Corrosion Properties of Ti Samples in Artificial Sali-
va Solution 
 The corrosion properties of titanium, Ti/oxide, and 
Ti/oxide/D3 samples were examined by electrochemical im-
pedance spectroscopy (EIS), a reliable non-destructive tech-
nique for in situ examination of the corrosion behavior of 
(un)coated metallic materials. Investigations were performed 
in an artificial saliva solution electrolyte, pH 6.8, at the open 
circuit potential, EOC over the wide frequency range after an 
electrolyte-exposure period of 1 hour and 1 month and the 
results are presented in Fig. (4). For comparison to modified 
Ti samples, EIS results of the unmodified Ti sample (Ti) are 
also presented. 
 The EIS data obtained were modeled to the Electric 
Equivalent Circuit (EEC) consisting of two-time constants in 
a parallel combination connected in series with ohmic (elec-
trolyte) resistance, Rel – EEC was schematically given as 
Rel(CPE1(R1(CPE2R2))). The Constant Phase Element (CPE) 
was utilized instead of a capacitor in order to take into ac-
count various system's non-homogeneous behavior occur-
rences (e.g., electrode surface heterogeneity, inhomogeneous 
current flow, capacitance dispersion) [36, 37]. The CPE is 
characterized by CPE frequency-independent constant, Q 
and CPE power n as impedance parameters correlated in 
empirical impedance function ZCPE=[Q(jω)n]-1 where ω is the 
angular frequency [36]. The ideal capacitor is described by 
n=1, whilst upon surface heterogeneity, the existence of sur-
face films or continuously distributed time constants for 
charge-transfer reactions n≠1 [36]. For n values higher than 
0.8, the interface capacitance values were assessed employ-
ing Brug’s equation [37]: 
C = Q1/n [Rel

-1 + R-1](n-1)/n            (2) 
 The impedance parameter values obtained by described 
EEC model utilization are given in Table 2. 
 For the Ti sample (Ti) and Ti sample coated by potenti-
ostatically formed oxide film (Ti/oxide) provided impedance 
parameters can be correlated to the bi-layered oxide film 
structure formed on the titanium as a typical model for sur-
face oxide films formed on valve metals including titanium 
[19, 38-40]. It is known that the titanium surface is always 
covered by a very thin, spontaneously formed protective 
passive film. Therefore, the first time constant (CPE1-R1), 
high/middle frequency region, is attributed to the outer part 
of the oxide layer spontaneously or potentiostatically formed 
on the Ti surface with R1 as the resistance and Q1 as the in-
terfacial capacitance of the oxide outer part. The second time 
constant (CPE2-R2), low-frequency region, is ascribed to the 
inner part of the oxide layer mostly composed of titanium 
(IV) oxide [12, 41] with CPE2 and R2 corresponding to the 
capacitance and the resistance of the oxide inner layer. As 
can be seen from Table 2, structural sensitive parameter, 
CPE power n indicates a porous nature of the outer part (n1) 
and a more compact inner part (n2) of both samples. Howev-
er, the potentiostatically formed oxide film exhibits higher R2 
value attributed to the formation of more compact and corro-
sion-resistant oxide film. 

 On the other hand, for the (Ti/oxide/D3) sample, the two-
time constants are related to the outer and inner part of the 
surface coating – vitamin D3 layer over the oxide layer 
formed. The phase angle as structural sensitive value reflects 
changes inside the interfacial layer upon (Ti/oxide) surface 
functionalization by the vitamin D3 layer, Fig. (4a). Induced 
changes are also reflected in CPE power n1 value that signif-
icantly increased compared to n1 values of Ti and Ti/oxide 
samples (Table 2). The result indicates that vitamin D3 mol-
ecules covered / filled in imperfections of the oxide film and 
the resulting coating (oxide + D3 layer) acted as an effective 
barrier between the electrolyte and the underlying titanium 
as can be noticed from significantly increased R2 values (in 
order of 107 Ω cm2). Since overall corrosion resistance of 
investigated samples in an artificial saliva solution is defined 
by the sum of both R1 and R2 resistance values equal to the 
corrosion (polarization) resistance, Rp [42], the subsequent 
formation of vitamin D3 layer over the oxide layer signifi-
cantly improved overall corrosion resistance of the underly-
ing Ti sample. 
 In order to predict a long-term electrochemical/chemical 
stability of dental implant materials in an aggressive medium 
such as oral cavity fluids, corrosion behavior of investigated 
samples in an artificial saliva solution after 1-month immer-
sion period was examined by EIS and results are presented in 
Fig. (4b) and Table 2. As can be seen from Table 2, the pro-
longed immersion period affected the outer part of the sur-
face films what is reflected in the R1 values. In more detail, 
the Ti sample, covered by the spontaneously formed oxide 
film, exhibited alike impedance parameters during 1 month 
immersion period, whilst Ti/oxide and Ti/oxide/D3 samples 
exhibited higher R1 values related to the spontaneous for-
mation of calcium phosphate (CaP) agglomerates on the 
modified Ti surfaces compared to the Ti sample. The spon-
taneous CaP formation is corroborated by SEM/EDS, ATR-
FTIR, and contact angle measurement results, Figs. (1-3). 

 The overall corrosion resistance of the Ti/oxide and 
Ti/oxide/D3 samples, determined by both resistance contri-
butions, decreased during exposure to an artificial saliva 
solution, which is particularly reflected in R2 values. As it is 
evident from Figs. (4a, 4b) (phase angle >-90°) and CPE 
power n values, n < 1, all investigated samples do not behave 
as ionic insulators due to microstructural imperfections in the 
coatings' structure, which most likely originate from coating 
formation procedure. These imperfections allowed ion/water 
penetration through the coating to the underlying titanium. 
Since the artificial saliva solution represents an aggressive 
medium, a high amount of chloride ions affects the surface 
film properties and accelerates the titanium corrosion process 
during a prolonged immersion period [19,40]. The spontane-
ously formed fluffy 3D CaP clusters, which partially cover 
Ti/oxide and Ti/oxide/D3 surfaces, do not provide additional 
corrosion protection to the titanium, but make its surface 
osseoinductive which is of great importance in dental im-
plantology application. 
 The corrosion protection effectiveness, η, of the coated Ti 
surface can be calculated using the relation: η = (Rp(modified) - 
Rp(unmodified))/ Rp(modified)) where Rp(unmodified) and Rp(modified) are 
the polarization resistances of unmodified (Ti) and modified 
Ti (Ti/oxide and Ti/oxide/D3) samples. Despite the de-
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creased resistance values, the overall corrosion resistance 
(protection effectiveness) after 1-month immersion is 92.0 % 
and 95.1 % for Ti/oxide and Ti/oxide/D3 interfaces, respec-
tively. Thus, surface films formed impart good corrosion 
protection level to the underlying Ti material. 
 In conclusion, titanium material’s surface functionaliza-
tion by vitamin D3 coating resulted in improved corrosion 
resistance in aggressive cavity fluids (artificial saliva solu-
tion), under real dental implant application conditions. At the 
same time, the spontaneously induced formation of bone-like 
calcium phosphates on the D3 vitamin modified Ti surface 
during prolonged exposure to artificial saliva solution con-
firmed enhanced titanium’s bioactivity level. 

CONCLUSION 

 The titanium surface was modified by the potentiostati-
cally formed oxide and the vitamin D3 coating over the ox-
ide. The influence of prepared coatings on titanium surface 
characteristics was examined by SEM/EDS, ATR-FTIR, 
contact angle, and EIS measurements. Results of all tech-
niques confirmed a successful formation of both coatings on 
the titanium surface.  
 The long-term electrochemical/chemical stability of coat-
ed titanium samples during exposure to the artificial saliva 
solution was investigated in situ by using EIS and results 
were modeled employing an electrical equivalent circuit. 
Results point to decreased overall corrosion resistivity of the 
Ti/oxide/D3 as well as Ti/oxide samples after a 1-month 
immersion period compared to values measured after a 1-
hour immersion period. Ion/water penetration into coatings' 
structure to the underlying titanium was enabled through 
structural imperfections which caused the titanium corrosion 
process. However, surface coatings imparted good corrosion 
protection level to the titanium, since overall protection ef-
fectiveness, after 1-month immersion, amounts 95.1 % and 
92.0 % for Ti/oxide/D3 and Ti/oxide, respectively.  

 The spontaneous formation of biocompatible bone-like 
calcium phosphates (CaP) during prolonged immersion in 
the artificial saliva solution was observed on Ti/oxide/D3 
and Ti/oxide surfaces by SEM/EDS, ATR-FTIR, and contact 
angle measurements. ATR-FTIR and SEM results point out a 
higher CaP amount on the Ti/oxide/D3 surface compared to 
the amount on the Ti/oxide surface. 
 The results presented could be useful for designing dental 
implant surfaces of good anti-corrosion properties and at the 
same time of improved bioactivity. Formed CaP layer can 
impact interplay of osseointegration and bone growth and in 
turn result in successful implantation and longer life-time of 
implants. 
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