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Abstract: In recent years, extensive studies have been continuously undertaken on the design of
bioactive and biomimetic dental implant surfaces due to the need for improvement of the implant-bone
interface properties. In this paper, the titanium dental implant surface was modified by bioactive
vitamin D3 molecules by a self-assembly process in order to form an improved anticorrosion coating.
Surface characterization of the modified implant was performed by field emission scanning electron
microscopy (FE-SEM), attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR),
and contact angle measurements (CA). The implant’s electrochemical stability during exposure to an
artificial saliva solution was monitored in situ by electrochemical impedance spectroscopy (EIS). The
experimental results obtained were corroborated by means of quantum chemical calculations at the
density functional theory level (DFT). The formation mechanism of the coating onto the titanium
implant surface was proposed. During a prolonged immersion period, the bioactive coating effectively
prevented a corrosive attack on the underlying titanium (polarization resistance in order of 107 Q)
cm?) with ~95% protection effectiveness.

Keywords: titanium dental implant; vitamin D3; bioactive coating; anticorrosion protection;
electrochemical impedance spectroscopy (EIS); density functional theory level (DFT)

1. Introduction

Titanium and its alloys are the most commonly used implant materials, which represent gold
standards for dental implant fabrication due to their exceptional combination of high corrosion
resistivity, favourable mechanical properties, and biocompatibility [1-3]. Although the implantation
success of titanium dental implants is high, complications still occur. There is an increasing number
of papers regarding titanium hypersensitivity, skin allergies such as contact dermatitis, eczema, and
immune reactions appearing after implant fixation [4-7]. It is also known that osseointegration
problems in patients suffering from osteoporosis or other bone-related problems are one of reasons for
unsuccessful implantation of dental implants [8]. Therefore, there is a need for continuous improvement
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of dental implant material characteristics as well as their design to ensure long-term integration of
implants into the jaw.

Surface modification, which in recent years has been in the focus of extensive research, is
one of strategies for improving corrosion resistivity, biocompatibility, and bioactivity of dental
implants [3,8-10]. It has been reported that the presence of inorganic coatings such as calcium
phosphates [11] or hydroxyapatite [12,13] promotes and accelerates bone formation in implant
surroundings. Nano-hydroxyapatite is used as a single coating or in a combination with collagen, bio
glass, or titanium dioxide in a composite coating to imitate the bio-environment of native bones [14].
Functionalization of the implant surfaces with organic or bioactive molecules promotes the adhesion
of various cells [3]. Coatings based on bisphoshonates—drugs for bone disease treatments—act
osseoinductively and improve bone-implant connections [8,15,16].

According to currently available data, there is a great interest among dental surgeons and
implantologists in analyzing relationships between vitamin D3 and the osseointegration process [17,18].
Besides a known role of vitamin D3 in bone metabolism, D3 is also very relevant for the normal
functioning of the immune system, which is of particular importance for a successful integration of a
dental implant in surrounding bone tissue [17]. Therefore, in this study, the titanium dental implant
surface was modified by a bioactive vitamin D3 coating prepared by a self-assembly process. The
main goal was (i) to make the dental implant surface more osseoinductive and simultaneously (ii)
more corrosion resistant during exposure to aggressive media (oral cavity fluids). Based on the results
of a combined electrochemical-theoretical study, the bioactive coating formation mechanism was
clarified as well as the coating’s influence on electrochemical behavior of the titanium implant during
immersion in an artificial saliva solution. To the best of our knowledge, the present study shows
for the first time the results of an integrated theoretical-experimental approach, which contribute
to a fundamental understanding of bioactive and protective coating formation and predict overall
electrochemical stability of modified dental implants in oral cavity fluids.

2. Materials and Methods

2.1. Material and Chemicals

The Ankylos® C/X training implant A11 (length: 11 mm, diameter: 3.5 mm, Dentsply Friadent
GmbH, Mannheim, Germany), denoted as Ti-implant, was the object of the study and it was used
as-received. According to manufacturer’s data, the implant is made of pure titanium grade 2, ISO
5832-2:2018 [19], and its chemical composition is presented in Table 1 [20].

Table 1. Chemical composition (wt %) of titanium c.p. grade 2 [20].

Element N C (@) Fe H Ti Other
wt % 0.03 0.10 0.25 0.30 0.0155 Balance 0.4

Vitamin D3 drops (ChildLife®, Los Angeles, CA, USA) were used as-received. 122 pmol dm™3
cholecalciferol (vitamin D3) in aqueous glycerol solution was used for modification of the Ti-implant
surface. The chemical structure of the vitamin D3, C;;Hy40, is presented in Figure 1.
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Figure 1. The chemical structure of the vitamin D3.

2.2. Formation of Bioactive Coating

Before modification, the surface of as-received Ti-implant was ultrasonically cleaned with acetone
(p.a., Gram-Mol, Zagreb, Croatia) and redistilled water, degreased in absolute ethanol (p.a., Gram-Mol,
Croatia), and dried in a stream of nitrogen (99.999%, Messer, Bad Soden, Germany). The D3 vitamin
layer onto the Ti-implant surface was prepared by a self-assembly method. The Ti-implant was
immersed in an aqueous glycerol solution of vitamin D3 at 24 + 2 °C during 24 h. Afterwards, the
coated Ti-implant was dried in a regular air-convection oven (Instrumentaria, Sesvete, Croatia) at 70 °C
for 5 h. That well-known procedure [21,22] enhanced the adhesion and stability of the coating due to
the conversion of the hydrogen-bonded intermediate into the stable coating with a chemical Ti-O bond
by an acid-base condensation mechanism. The formation mechanism as well as the type of interactions
were accurately corroborated by DFT (Section 3.3). Finally, the modified sample was rinsed with
absolute ethanol, redistilled water, and dried in a stream of nitrogen. The prepared modified sample,
denoted in the text as the Ti-implant/bioactive coating, was used for further characterization.

2.3. Characterisation Methods

The morphology characteristics of unmodified and modified Ti-implant surfaces were examined
by a thermal field emission scanning electron microscope (model JSM-7000F, Jeol Ltd., Tokyo, Japan) at
15 kV.

The contact angles on investigated Ti-implant surfaces were measured with a drop of 1 pL
Milli-Q® water (Milli-Q® Direct 8 Water Purification System, Merck, Darmstadt, Germany) at ambient
atmospheric conditions using a contact angle system OCA 20 (Dataphysics Instruments GmbH,
Filderstadt, Germany). Values reported are the average of three measurements taken at smooth upper
part of the implant (without threads) after initial period of 10 s stabilization.

The ATR-FTIR measurements were performed by a Tensor II spectrometer (Bruker Optik GmbH,
Ettlingen, Germany) over the range of 4000-340 at 4 cm~! scan step and total 16 scans per measurement.

Electrochemical characterization of unmodified and modified Ti-implant samples was assessed
by electrochemical impedance spectroscopy (EIS). A standard three-electrode cell (Corrosion Cell
6.1415.250, volume 50-150 mL, Metrohm Autolab B.V., Utrecht, Netherlands) was utilized with the
Ti-implant material as a working electrode (an area of 0.98 cm? exposed to the electrolyte solution). A
large-area Pt electrode served as a counter electrode and a reference electrode, to which all potentials
in the paper are referred, was an Ag|AgCl, 3.0 mol dm=3 KCl (E = 0.210 V vs. standard hydrogen
electrode, SHE). Barrier properties of unmodified and modified Ti-implants were evaluated in solution
based on Fusayama artificial saliva (0.4 g dm~2 NaCl, 0.4 g dm~2 KCl, 0.6 g dm™> CaCl,-2H,0, 0.58
g dm~3 Na,HPO,-2H,0, and 1 g dm~3 urea), pH 6.8 [23], prepared from p.a. grade chemicals and
redistilled water. Prior to EIS measurements, the Ti-implant electrode was stabilized for 1 h, 1, and 7
days at the open circuit potential, Eoc, in the electrolyte solution.

EIS measurements were performed subsequently in the frequency range from 10° to 107> Hz at
Eoc with an ac voltage amplitude of +5 mV using Solartron 1287 potentiostat/galvanostat with Solartron
FRA 1260 (Solartron Analytical, Farnborough, UK) controlled by ZPlot® software (v. 3.5, Southern
Pines, Moore, NC, USA). The complex non-linear least squares (CNLS) fit analysis software [24] was
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employed to model the experimental data obtained. The values of the elements of the proposed electric
equivalent circuit (EEC) were derived with x2 values less than 5 x 1073 (errors in parameter values of
1-3%) using ZView® software (v. 3.5¢, Southern Pines, USA).

2.4. Computational Details

All calculations were performed by means of quantum chemical calculations at the density
functional theory (DFT) level using the Gaussian 09 program (revision D1) [25]. The small (TiO5)19
nanocluster served as a credible model for all possible molecular surface/bioactive molecule interaction
predictions [26,27]. The M06 functional designed by Truhlar’s group was selected [28-30]. For the
geometry optimization the 6-31+G(d,p) + LANL2DZ basis set was utilized, which means that the
Pople’s 6-31+G(d,p) double-¢ basis set was chosen for O, H, C atoms and the LANL2DZ basis for the
transition-metal (Ti) atoms [31]. Frequency calculations were done under the harmonic approximation
on all the optimized structures at the same level of theory, with no scaling in order to confirm
the true minima of the structures. The final single point energies were obtained using a highly
flexible 6-311++G(2df,2pd) basis set for the O, H, C atoms, while the same LANL2DZ ECP type
basis set for titanium atoms was employed. To evaluate the bulk solvent effects (1,2-ethandiol as a
glycerol approximation, € = 40.245), the implicit SMD polarizable continuum solvation model [32]
was employed.

The Gibbs free energy interactions, AG NT Were computed as the difference between the total free
energy (G ap) of the resulting (AB) structure and the sum of the total free energies (G s + G p) of the
associating units A and B (Tables S1-54 in Supplementary Materials).

The topological analysis of the charge density distribution was performed by employing AIMALL
software package [33] using Bader’s quantum theory of atoms in molecules (QTAIM) [34] with
SMD/M06/6-31+G(d,p) + LANL2DZ wave function derived from the optimization. A detailed
description of the computational modelling is given in the Supplementary Material.

3. Results and Discussion

3.1. Surface Characterization of the Unmodified and Modified Ti-Implant Samples

The surface morphology of both unmodified (as-received Ti-implant) and modified
(Ti-implant/bioactive coating) samples was investigated by using FE-SEM and is presented in Figure 2.
SEM images of the Ti-implant surface present a inhomogeneous microstructured surface layer exhibiting
different size cavities and defects and is characterized by overall microroughness (Figure 2a,b).
According to the manufacturer’s data, the implant surface was grit-blasted and high-temperature
etched and this microstructure is commercially known as Friadent® plus microstructure. The resulting
surface favors the highly rapid apposition of bone-inducing cells on the implant [19]. Observed
morphology is in accordance with SEM results reported by R. Smeets et al. [8], F. Rupp et al. [35], and
T.J. Webster et al. [36]. The surface morphology did not change significantly upon the bioactive coating
on the Ti-implant surface preparation. Since the D3 layer thickness was about 0.6 nm, according to the
DFT results, the level of possible morphology differentiation by SEM was very low.
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Figure 2. SEM images of the unmodified Ti-implant surface at: (a) 50x; (b) 3000x and (c) of the
Ti-implant/bioactive coating surface at 3000x magnification.

The surface chemistry of the unmodified (Ti-implant) and modified (Ti-implant/bioactive coating)
samples was examined by ATR-FTIR and recorded spectra are presented in Figure 3a. The spectrum of
the Ti-implant/bioactive coating sample was recorded immediately after the final step of the coating
formation (see Section 2.2). A confirmation of a successful formation of the bioactive coating on
the Ti-implant surface was deduced based on the presence of vitamin D3 functional group bands in
investigated samples spectra, which indicates chemisorption on the Ti-implant surface, as will be
given below.
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Figure 3. Attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) spectra of (a)
the unmodified and modified Ti-implant surfaces and (b) D3 drops and glycerol.

In the Ti-implant sample ATR-FTIR spectrum, a broad band observed at 3305 cm™! is characteristic
to the stretching vibration of adsorbed water on the Ti-implant surface. A vibration band characteristic
for the Ti-OH appeared at 1029 cm~!. A band at 1421 cm™! arising from TiO, lattice vibration and the
bands located in the range from 350-1000 cm™~! were related to the Ti-O stretching vibrations [37,38].
According to the described bands, the Ti-implant surface is covered by a TiO, layer.

In Figure 3a a spectrum of the Ti-implant/bioactive coating sample is presented. ATR-FTIR spectra
of vitamin D3 and glycerol were also recorded since vitamin D3 drops used for the bioactive coating
formation contained glycerol as a solvent (Figure 3b). As can be seen, spectra of both compounds
are very similar and are in accordance with the literature data [39]. A clear difference is a peak at
1643 cm™! that is assigned to the H-C=CH stretching vibrations characteristic to vitamin D3.
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A spectrum of the Ti-implant/bioactive coating (Figure 3a) contains observed distinctive bands
for vitamin D3 and glycerol. A presence of broader band at 1627 cm™!, characteristic for vitamin D3
molecule, confirms a successful formation of the vitamin D3 layer on the Ti-implant surface. Shifts of
all bands to lower wavenumbers also indicate an attachment (chemisorption) of vitamin D3 molecules
to the Ti-implant surface. A peak at 351 cm~! of TiO; is visible due to relatively low D3 layer thickness,
according to the DFT results.

Since the ATR-FTIR spectra of D3 and glycerol molecules exhibited high degree of resemblance and
intermolecular interactions exist between both molecules (DFT results, Section 3.3), there is a possibility
that both compounds are simultaneously bonded to the implant surface as a two layer-structured
coating, as will be discussed later (Section 3.3). Therefore, it is impossible to accurately determine the
interaction nature and type between vitamin D3 molecules and Ti-implant substrates only from the
observed band shifts. Further experimental characterization as well as theoretical DFT calculations
were carried out to accurately determine the structure of the bioactive coating formed onto the
Ti-implant surface.

A study of the wetting properties of implant surfaces is very important for the understanding of a
complex reaction series occurring during the initial contact between implant and body fluids [8,35]. In
this study, wettability measurements were conducted in order to evaluate level of a bioactive coating
formation success. A static contact angle of water, 8, was measured on the unmodified (Ti-implant)
and modified Ti-implant (Ti-implant/bioactive coating) surfaces. Measurements were carried out at
upper smooth part of the implant body and corresponding micrographs are presented in Figure 4.

a) b)

Ti-implant/H,0 Ti-implant/coating/H,0

Figure 4. Optical micrographs of a water drop on (a) the Ti-implant surface and (b) the
Ti-implant/bioactive coating surface.

The higher value of contact angle, 8 = 87.5 + 2.2°, was obtained on the Ti-implant surface in
comparison to the value obtained on the Ti-implant/bioactive coating surface, 6 = 60.4 + 1.5°. Wetting
properties of the Ti-implant surface were changed by a presence of a coating and these results were
confirmation of a successful formation of the bioactive coating on the implant surface. The surface
modification induced a change from a hydrophobic (Ti-implant) to hydrophilic surface character
(Ti-implant/bioactive coating). Therefore, the wetting properties of the modified Ti-implant surface are
predominantly affected by the hydrophilic -OH functional groups oriented in the upper part of the
coating, possibly originating from glycerol molecules, as will be discussed on the basis of DFT results
(see Section 3.3).

3.2. Electrochemical Characterization of the Unmodified and Modified Ti-Implant Samples

The electrochemical behavior of the unmodified and D3 vitamin modified Ti-implant surfaces, as
one of prerequisite factors for dental implant biocompatibility in contact with aggressive oral cavity
fluids and hence successful implantation process, was studied under in vitro conditions of real dental
implant application. Employing a non-destructive method of electrochemical impedance spectroscopy
(EIS), electrochemical stability of investigated samples during different immersion times (shown in
Figure 5) was monitored in situ in an artificial saliva electrolyte solution at Eoc over the wide frequency
range and the obtained impedance spectra are given in the form of Bode magnitude and phase angle
plots in Figure 5a,b. The impedance data were analyzed in terms of the electric equivalent circuits
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(EECs) that are presented in Figure 5¢,d and the impedance parameter values are provided in Tables 2
and 3.
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Figure 5. The Bode plots of (a) the unmodified Ti-implant and (b) the modified Ti-implant recorded
at Egc in the artificial saliva electrolyte solution, pH 6.8 after various immersion times denoted.
Symbols—the experimental data; solid lines—the modeled data. The schematic presentation of the
electric equivalent circuits (EECs) used to fit the spectra of (c) the unmodified Ti-implant and (d) the

modified Ti-implant.

Table 2. Impedance parameters calculated for electrochemical impedance spectroscopy (EIS) data of
the Ti-implant/oxide film/artificial saliva interface (Figure 5a) recorded at Eqc after various exposure

times denoted.

100 x 100 x
Exposure Rq/Q) Q1/01 " C1/uF R1/Q Q,/01 " Ca/uF Ro/MQ)
Time cm? 1 1 cm—2 cm? 2 2 cm—2 cm?
cm—2 s” cm—2 s”
1h 111 9.98 0.853 3.02 760 5.16 0.850 1.38 9.90
1 day 123 2.88 0.997 2.88 174 12.1 0.788 2.10 0.79
7 days 123 3.26 0.978 2.71 307 9.21 0.810 1.88 0.44

Table 3. Impedance parameters and protection effectiveness values calculated for EIS data of the
Ti-implant/oxide film/D3 layer/artificial saliva interface (Figure 5b) recorded at Eqoc after various

exposure times denoted.

106 x
E"%’."S“re R/ em? Q/O1 n Ce/uF em=2  R/MQ em? n/%
ime 2 .on
cm S
1h 157 7.97 0.851 252 51.7 80.9
1day 157 6.95 0.862 254 17.4 95.5
7 days 157 8.14 0.846 247 17.6 97.5

In the EECs employed, the constant-phase element, CPE, was used to describe a non-ideal
capacitance behavior in order to compensate non-homogeneity in the system (inhomogeneous current
flow, capacitance dispersion, etc.) [40-42]. The impedance of CPE can be expressed as Zcpg = [Q(jw)”]_1
where Q and # are parameters associated with CPE. For CPE exponent n = 1, the frequency—independent
CPE parameter Q represents the capacity of the interface. For n # 1, the system shows behavior that has
been attributed to surface heterogeneity, the presence of surface films, or to continuously distributed
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time constants for charge-transfer reactions [40]. The corresponding interface capacitance values were
calculated according to Brug’s relation [41]:

Q=C"Ro ' +RH " 1)

The EIS data of the unmodified Ti-implant (Ti-implant/oxide film/artificial saliva interface) were
fitted to the EEC with two time constants (Figure 5c) and the parameter values are presented in Table 2.
The EEC used is commonly applied to analyze impedance results of Ti and Ti-alloys covered with
a bi-layer structure of oxide film [22,43—48]. The high/middle frequency time constant (R;-CPE;)
describes the characteristics of the outer porous layer of the oxide film. R; represents the resistance
and CPE; the capacitance of the outer layer. The low frequency time constant (R,-CPE,) is related to
the inner barrier layer of the oxide film, predominately containing titanium(IV) oxide [1,44,49]. R,
represents the resistance and CPE, the capacitance of the barrier layer. Rq is the ohmic (electrolyte)
resistance. The polarization (corrosion) resistance, Ry, is the sum of Ry and R; resistance contributions
and determines the overall corrosion resistance of the oxide-covered Ti-implant [50].

As can be seen from Figure 5a and Table 2, the electrochemical stability of the Ti-implant sample
was significantly decreased during an exposure to an artificial saliva solution, which was particularly
reflected in Ry and R; values. During the initial short immersion period, an oxide film on the Ti-implant
surface possessed high protective properties (high Ry value). Since the artificial saliva solution
represents an aggressive medium, a high amount of chloride ions affects the oxide film properties and
accelerates the titanium corrosion (degradation) process during a prolonged immersion period [51].
Calculated parameters, especially R; values, indicate that the contribution of the outer layer of the
oxide film to the electrochemical behaviour is rather imperceptible, and the overall EIS response is
dominated by the inner barrier layer of the oxide film, which is in accordance with previously reported
results [43,44].

The Bode plots of the Ti-implant/bioactive coating sample measured after specified artificial saliva
exposure times are presented in Figure 5b. The brief inspection of the spectra points to the different
impedance behavior of vitamin D3 modified Ti-implant surface in comparison to the unmodified
Ti-implant surface. Hence, EEC with only one time constant was employed to analyze the EIS data
(Figure 5d), with R. and C, attributing as the resistance and capacitance of the bioactive coating
formed. The bioactive coating structure is very compact and well-ordered due to the presence of
vitamin D3 layer over the oxide covered Ti-implant surface, as was confirmed by the DFT calculation
results (Section 3.3) and both of layers contribute to the overall corrosion resistance of the underlying
Ti-implant. The resistance R, represents the polarization resistance, Ry, of the investigated system. The
fitted values are presented in Table 3.

As can be seen, the dependence of phase angle versus log f points to a capacitive behavior of the
coated Ti-implant sample over the wider frequency range in comparison to the unmodified Ti-implant
sample. Besides, higher low frequency magnitude values that remain almost unchanged during the
investigated period of 7 days indicate improved electrochemical stability and corrosion protection of
the Ti-implant upon bioactive coating formation.

However, deep insight into phase angle versus log f dependence, as a structural sensitive parameter,
reflects possible structural changes inside the bioactive coating during first day of sample immersion
into the artificial saliva solution. This rearrangement/reorganization inside the bioactive coating
induced a slight deterioration of protective properties, as can be seen from R, values (Table 3). After a
prolonged immersion period (from 1st to 7th day), EIS responses did not change significantly. Obviously,
observed coating rearrangement/reorganization was induced by an initial contact between modified
Ti-implant surface and electrolyte solution. According to the literature, structural reorganization that
modulates electrical properties is known for self-assembled surface layers and can be stimulated by
potential or by polarity and wettability of the terminal functional group of the layer molecules [52,53].
On the basis of DFT calculations (Section 3.3), weak intermolecular interactions between glycerol and
D3 molecules are present and they result in glycerol molecules orientation in the outer part of the
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bioactive coating. Thus, glycerol-OH terminal functional groups affect the polarity and wettability of
the coating formed on the Ti-implant surface, which was observed in the contact angle value (Figure 4).
Probably, there is a possibility of stronger interaction between the glycerol -OH group and electrolyte
components that caused a glycerol withdrawal from the Ti-implant surface and simultaneous structural
changes inside the bioactive coating, as was confirmed by DFT (Section 3.3). The coated Ti-implant
surface was perturbed and small defects in the coating’s structure probably occurred. Consequently,
ions/water molecules could penetrate into the coating, hence causing a decrease in R values after
a one-day immersion. During this first day, the coating structure again achieved the most stable
conformation resulting in unchanged R. values. It should be stressed that, albeit the R, value decrease
was observed due to the structural organization occurrence, the overall coating resistance (the sum of
oxide film + D3 layer resistances) inversely proportional to the corrosion rate, remained in order of 107
Q) cm? and imparted sufficient corrosion protection to the underlying Ti-implant material.

The corrosion protection effectiveness, 1, of the bioactive coating formed on the Ti-implant surface
was calculated using the relation:

n= (Rp (modified) — Rp (umodified))/ Rp (modified) (2)

where Ry, unmodified) and Rp (modified) are the polarization resistances of unmodified and modified
Ti-implants. The protection effectiveness values are presented in Table 3.

According to EIS results, protective properties of the unmodified, as-received Ti-implant
(Ti-implant/oxide film) were significantly deteriorated during its immersion into an artificial saliva
solution. On the other hand, the D3 layer, prepared by self-assembly process on the oxide-covered
Ti-implant surface (Ti-implant/bioactive coating), behaved as an excellent barrier to the transport
of corrosive ions/molecules from the bulk electrolyte to the Ti-implant surface during a prolonged
exposure. Additionally, vitamin D3 molecules are bioactive molecules that can promote and accelerate
an osseointegration process. Thus this bioactive, and at the same time, highly protective coating can
serve as a good candidate for biocompatible Ti dental implants, enabling a pivotal role in the successful
implantation process.

3.3. Formation Mechanism of Bioactive Implant Coating

Notwithstanding the part of the formation mechanism that has been discussed above in considering
experimental results, a more detailed theoretical study of Ti-implant surface/bioactive molecule
interactions is still needed to fully clarify the coating formation mechanism. The experimental findings
were corroborated by means of DFT calculations based on effects of cholecalciferol (D3 vitamin)
as well as glycerol as its alcoholic solvent in pharmaceutical composition of vitamin D3 solution.
The small (TiO,)19 nanocluster served as a credible model for all possible molecular Ti-implant
surface/bioactive molecule interaction predictions [26,27]. There is a possibility that the presence of
other kinds of Ti-implant surface/molecule interactions (due to the presence of glycerol solvent) except
the (TiO,)jp—cholecalciferol interaction could be responsible for influencing the coating formation
mechanism. Hence, the implant surface/bioactive molecule interactions were investigated considering
the results obtained from a computational study of Gibbs free energies of (TiO,)g—cholecalciferol,
(TiOy)19—cholecalciferol-glycerol, as well as (TiO;)19—glycerol molecular interactions (AG inT)- One
should mention that only the most thermodynamically stable structures are discussed here.

Different binding interactions were established, involving the processes of the
(TiOy)19—cholecalciferol interaction. The interactions, which involve Ti-O bonding and C-H:-O
hydrogen bonding, are shown in Figure 6. When Ti-O and hydrogen bonds are formed, the free
energies of (TiO,)1g—cholecalciferol molecular interactions are released (AG [T = —6.64 kcal mol™).
The (TiO,);9—cholecalciferol interaction has been found to be a spontaneous exergonic process. The
formation of such a completely enclosed structure of (TiO;);p—cholecalciferol, with a high coverage
level of the (TiOy)q¢ surface, is likely a consequence of the synergistic effect of all the interactions
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mentioned above. Namely, the most stable structure of (TiO,);9—cholecalciferol possesses a Ti-O bond
(drio = 2.252 A, Eti_o = —14.68 kcal mol ™) which is stabilized by eleven weaker C-H:--O hydrogen
bonds (Eo.. ranges from —0.61 to —2.99 kcal molY; do..g ranges from 3.295 to 2.358 A). The Ti-O
bond is attributed to an ionic (polar coordinate) type of interacting, according to A%p (r.) > 0 and H(rc)
> 0.

Figure 6. The most stable structure of the (TiO;) p—cholecalciferol (vitamin D3) predicted by DFT;
selected values of bond distances in A and bond energies in kcal mol L.

The possible formation of the (TiO;)i9—cholecalciferol-glycerol structure involves different
binding interactions in relation to the (TiO,)1p—cholecalciferol formation mechanism. That difference
is probably a consequence of higher steric as well as energetic requirements needed for the
(TiOy)19—cholecalciferol-glycerol molecular interactions. These interactions require an additional
step of releasing a few C-H:--O hydrogen bonds in stable (TiO,);p—cholecalciferol structure (Figure 6)
due of the access of one or more glycerol molecules. Namely, when the (TiO,)o—cholecalciferol-glycerol
was formed, the cholecalciferol could have be attached to the (TiO;);¢ cluster in different way related
to (TiOy)1p—cholecalciferol structure, as shown in Figures 6 and 7. It is important to note the large
capacity of the cholecalciferol in the (TiO;)1g—cholecalciferol structure to attract glycerol molecules due
to stronger O-H:---O hydrogen and weaker C-H:--O hydrogen bonds (Eg.. ranges from —0.82 kcal to
-1.86 kcal mol™; do..;g ranges from 2.963 to 2.524 A), as shown in Figure 7. However, the formation
of the (TiO,);p-cholecalciferol-glycerol structure is slightly endergonic process (AG T = 5.51 kcal
mol™!) indicating that it could act only as a “coating intermediate”, which is in a good agreement with
FT-IR spectroscopy and contact angle measurement results (Figures 3 and 4). The most probably, as
can be seen from the EIS response after one-day immersion of the modified Ti-implant (Figure 5b),
this “coating intermediate” was responsible for temporal coating structural rearrangement that was
reflected in the coating resistance value (R, value, Table 3).

Figure 7. The most stable structure of the (TiO,);9—cholecalciferol (vitamin D3)-glycerol, predicted by
DFT; selected values of bond distances in A and bond energies in kcal mol 1.
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Based on experimental findings and DFT calculations, it seems that is not possible to predict
the mechanism responsible for bioactive coating formation in the presence of solvent molecules
solely based on the aspect of thermodynamic stability of the coating intermediate. For a more
detailed/accurate coating formation mechanism, additional species present in the artificial saliva
solution (simulated oral cavity physiological solution) should be taken into consideration due to
their possible stronger coordination ability, which could replace the weaker hydrogen bonds between
cholecalciferol and glycerol.

Taking into account the calculated energy values of common bonding (Ti-O) and eleven weaker
C-H:---O hydrogen bonds, as well as AG InT, it can be concluded that cholecalciferol (D3 vitamin)
molecules bond to the oxide-covered Ti implant surface displaying a high coverage level. Consequently,
the bioactive coating on the Ti dental implant surface is very stable and resistant to the aggressive
environment of artificial saliva, according to the EIS findings. Because of well-known bioactivity and,
in this study, the proven protective effectiveness of D3 vitamin as a coating, a described strategy can be
applied for a design of real dental implants of improved biocompatibility and osseointegrity.

4. Conclusions

In this study, the titanium dental implant was functionalized with bioactive molecules of vitamin
D3 (cholecalciferol) to make its surface more corrosion resistant to aggressive oral cavity fluids and at
the same time more attractive for bone cell adhesion. An integrated experimental-theoretical approach
for the characterization of the Ti dental implant/bioactive coating interface was applied.

ATR-FTIR spectroscopy and contact angle measurement results confirmed the presence of the D3
layer onto the oxide covered Ti-implant surface.

Coating’s formation mechanism was proposed, considering the DFT calculation results. D3
molecules possess an affinity to the titanium surface covered by the TiO, layer and are bonded to the
surface through a Ti-O bond (Eti_o = —14.68 kcal mol 1), which is stabilized by eleven weaker C-H---O
hydrogen bonds (Eo..p ranges from —0.61 to —2.99 kcal mol~!). This type of interactions resulted in a
formation of the enclosed Ti-implant surface-vitamin D3 structure with high surface coverage level.

The bioactive coating influence on protective properties of the Ti-implant was investigated in situ
by using EIS during different exposure times to an artificial saliva solution. The presence of the D3
layer on the oxide covered Ti-implant surface significantly changed the structure of the electrified
Ti-implant surface/bioactive coating/artificial saliva interface compared to the Ti-implant surface/oxide
film/artificial saliva interface.

During a prolonged immersion period, the stable bioactive coating effectively prevented the
Ti-implant surface from contacting aggressive ions present in the artificial saliva solution. After a 7 day
immersion period, the protection effectiveness amounted 97.5%.

Dental implant design that simultaneously stimulates an implant-bone connection creation
(osseointegration) and enables good anticorrosion protection during an exposure to oral cavity fluids
is desirable from a real application point of view.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6412/9/10/
612/s1, Computational modelling, Table S1: Formation of the most stable (TiO5)19—cholecalciferol®,
(TiO,)10—cholecalciferol—glycerol ®) and (TiOy)19—glycerol species(c). Standard state (1M) free energies of
interaction A.G NT computed by using the SMD solvation model at the M06/6-311++G(2df,2pd) + LANL2DZ//
MO06/6-31+G(d,p) + LANL2DZ level of theory, Table S2: Bond lengths (d), energies (E) and QTAIM properties of the
selected bonds in the most stable (TiO;)1p—cholecalciferol, (TiO;)19—cholecalciferol—glycerol and (TiO;);g—glycerol

structures, Table S3: Total electronic energy, ETOtsoln, obtained at the SMD/MO06/6-311++G(2df,2pd) +
LANL2DZ//SMD/MO06/6-31+G(d,p) + LANL2DZ level of theory, thermal correction to the Gibbs free energy,

AG*VRT,soln, obtained at the SMD/MO06/6-31+G(d,p) + LANL2DZ level of theory, and total free energy, G'x, (G'x

= E™t o+ AG*VRT,SOm) in 1,2-ethandiol media of the investigated species (all energies in hartree), Table S4:
Optimized Cartesian coordinates of the calculated systems (given as XYZ format).
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