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Abstract 15 

This study investigates the influence of two collagen-coating formation approaches, self-16 

assembly and electrochemical formation by cyclic voltammetry, on the surface properties 17 

and electrochemical behavior of titanium (Ti). Collagen-modified Ti surfaces were char-18 

acterized before and after 7 days of immersion in Fusayama artificial saliva using attenu-19 

ated total reflectance Fourier-transform infrared spectroscopy, field-emission scanning 20 

electron microscopy coupled with energy-dispersive X-ray spectroscopy, X-ray diffrac-21 

tion, and electrochemical impedance spectroscopy. Self-assembly produced a continuous 22 

collagen layer, whereas cyclic voltammetry generated a fibrillar coating. During immer-23 

sion, calcium-deficient hydroxyapatite (HAp) formed on both collagen-modified surfaces, 24 

but with distinctly different spatial organization. The self-assembled coating underwent 25 

reorganization, whereas the electrochemically formed coating retained its fibrillar frame-26 

work closely associated with the HAp phase. This organic–inorganic architecture was ac-27 

companied by enhanced barrier properties after 7 days compared with the self-assembled 28 

coating. Density functional theory calculations further showed that one-electron oxidation 29 

of an adsorbed collagen-model tripeptide induces pronounced structural rearrangement, 30 

providing molecular-level insight into the redox response of collagen-derived species at 31 

the TiO₂ interface. In addition, prolonged exposure of Ti surfaces to cell culture media 32 

resulted in negligible Ti release, while the resulting conditioned media showed no signif-33 

icant impairment of HGF-1 or MG-63 cell viability, supporting favorable indirect in vitro 34 

cytocompatibility under the investigated conditions. 35 

Keywords: titanium; collagen; cyclic voltammetry; self-assembly; DFT; cytocompatibility 36 

 37 

1. Introduction 38 

The surface properties of implant materials play a critical role in the initial interac-39 

tions with the surrounding biological environment. For titanium (Ti), widely used in den-40 

tal implantology, physicochemical surface characteristics strongly influence cell–material 41 

interactions and subsequent tissue responses. Early studies demonstrated that Ti surface 42 

Academic Editor: Firstname Last-

name 

Received: date 

Revised: date 

Accepted: date 

Published: date 

Copyright: © 2026 by the authors. 

Submitted for possible open access 

publication under the terms and 

conditions of the Creative Commons 

Attribution (CC BY) license. 

file:///G:/hodaljmarin@gmail.com
mailto:jkatic@fkit.unizg.hr
mailto:Ines.Despotovic@irb.hr
mailto:azandona@imi.hr
mailto:mkatalinic@imi.hr
mailto:Maja.Ivanic@irb.hr
mailto:Zeljka.Petrovic@irb.hr
mailto:Ines.Despotovic@irb.hr
mailto:Zeljka.Petrovic@irb.hr
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


Materials 2026, 19, x FOR PEER REVIEW 2 of 25 
 

https://doi.org/10.3390/xxxxx 

roughness can alter the response of osteoblast-like cells [1] and influence bone–implant 43 

contact in vivo [2]. These findings have motivated the development of various surface 44 

modification and functionalization strategies aimed at tailoring the implant–tissue inter-45 

face and enhancing its biological performance [3]. 46 

Surface modification techniques are broadly categorized into physical, chemical, and 47 

biological approaches, each providing different means of tailoring the implant surface and 48 

its interaction with the surrounding tissue [3,4]. Physical and chemical treatments, such 49 

as sandblasting, acid etching, and micro-arc oxidation, are used to modify the surface to-50 

pography, morphology, and physicochemical properties of Ti [5,6]. In addition to these 51 

treatments, functional coatings provide an alternative approach to tailoring the implant–52 

tissue interface by introducing bioactive components that can influence cellular responses 53 

[4]. Such coatings include inorganic materials, particularly calcium phosphates [7], as well 54 

as bioactive organic components, including growth factors such as bone morphogenetic 55 

proteins [8] and extracellular matrix (ECM) proteins such as collagen [9]. 56 

Among biomolecules used for surface functionalization, collagen, a major structural 57 

component of the extracellular matrix, is of particular interest for the biofunctionalization 58 

of Ti surfaces. Collagen-based coatings have shown potential to promote osseointegration 59 

[10]. In vivo studies have shown that type I collagen-functionalized Ti surfaces can en-60 

hance early bone formation and osteogenic differentiation [11], improve osseointegration 61 

[12], and promote bone maturation and mineralization at the implant–bone interface [13]. 62 

The method used to form collagen coatings on Ti surfaces can influence coating´s 63 

stability and interfacial properties [14]. Different strategies have been developed, includ-64 

ing physical adsorption, self-assembly, covalent immobilization, and electrically assisted 65 

approaches [14–17]. Physical adsorption represents a relatively simple approach, whereas 66 

covalent immobilization generally requires prior surface activation and chemical func-67 

tionalization. Marín-Pareja et al. compared physical adsorption of type I collagen on acti-68 

vated Ti surfaces with covalent immobilization through organosilane chemistry and 69 

showed that the amount and stability of immobilized collagen depended on both the im-70 

mobilization method and the surface activation treatment [14]. Gregurec et al. prepared 71 

collagen–alginate films on titania by layer-by-layer self-assembly followed by chemical 72 

crosslinking, resulting in stable coatings with a fibrillar morphology [15]. In our previous 73 

study, hydrolyzed collagen alone was self-assembled on Ti from an aqueous solution fol-74 

lowed by post-thermal treatment, and the resulting coating exhibited high electrochemical 75 

barrier properties in artificial saliva [16]. 76 

Electrically assisted deposition has also been explored for collagen coating formation 77 

on Ti. Wang et al. employed electrophoretic deposition (EPD) to form a type I collagen 78 

coating on Ti, which was subsequently subjected to biomimetic mineralization [17]. Po-79 

tential-controlled electrodeposition has also been employed for collagen immobilization 80 

on Ti. Kamata et al. investigated collagen electrodeposition under different pH, potential, 81 

and deposition-time conditions and found that alternating-potential deposition between 82 

−1 and +1 V vs the saturated calomel electrode (SCE) produced a durable and relatively 83 

uniform collagen layer compared with conventional immersion [18]. More recently, elec-84 

trochemical deposition of collagen fibrils on Ti was shown to provide high electrochemi-85 

cal barrier properties and to promote calcium phosphate nucleation in artificial saliva [19]. 86 

Although electrochemical methods have been used for collagen coating formation, 87 

cyclic voltammetry, to the best of our knowledge, has not previously been explored for 88 

this purpose on Ti surfaces. At the same time, molecular-level understanding of electro-89 

chemically assisted collagen coating formation remains limited, despite recent efforts to 90 

correlate experimental observations with theoretical calculations [19]. Moreover, although 91 

immersion-based and electrochemically assisted approaches to collagen immobilization 92 

have been reported, a direct comparison of collagen coatings formed by self-assembly and 93 
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cyclic voltammetry, including their structural differences, mineralization and electro-94 

chemical behavior in artificial saliva, is still lacking. 95 

Therefore, this study compares collagen coatings formed on Ti by self-assembly and 96 

cyclic voltammetry, examining how the formation route influences coating architecture 97 

and how the resulting coatings subsequently evolve during exposure to artificial saliva. 98 

Surface, structural, and electrochemical characterization was complemented by density 99 

functional theory (DFT) calculations examining the redox behavior and oxidation-in-100 

duced structural changes of an adsorbed collagen-model tripeptide at the TiO₂ interface. 101 

Ti release during prolonged exposure to cell culture media and indirect cytocompatibility 102 

were additionally evaluated on human gingival fibroblasts and osteoblast-like cells to pro-103 

vide an initial assessment of the biological response under the investigated conditions. 104 

2. Materials and Methods 105 

2.1. Materials, chemicals and solutions 106 

Titanium (Ti) rod, cut into discs (⌀ = 12 mm; 99.9%; Alfa Aesar®, Karlsruhe, Ger-107 

many), served as substrates for the collagen coating. Before coating formation, the Ti sur-108 

face was mechanically abraded with SiC emery papers of grit sizes #180, #240, #500, and 109 

#600, ultrasonically cleaned for 5 min with absolute ethanol (p.a.; Gram-Mol®, Zagreb, 110 

Croatia), acetone (p.a.; Gram-Mol®, Zagreb, Croatia), and MilliQ water (Hydrolab, 111 

Wesoła, Straszyn, Poland, 0.05 S/cm). The Ti substrates were then dried in a nitrogen 112 

stream (99.999%, Messer, Germany) and exposed to air for 10 min before coating for-113 

mation. 114 

An aqueous solution of animal-derived hydrolyzed collagen (HC; approximately 45 115 

mg mL⁻¹, corresponding to a nominal concentration of 10⁻² mol dm⁻³ based on an esti-116 

mated average molar mass of 4.5 kDa; Medex d.o.o., Ljubljana, Slovenia) was used for 117 

coating´s preparation. The pH of the solution was 4.4. 118 

Fusayama artificial saliva was prepared from the following chemicals without fur-119 

ther purification: NaCl (p.a.; Kemika®, Zagreb, Croatia), KCl (p.a.; Kemika®, Zagreb, Cro-120 

atia), CaCl2·2H2O (p.a.; Kemika®, Zagreb, Croatia), Na2HPO4·2H2O (p.a.; Kemika®, Zagreb, 121 

Croatia), and urea (p.a.; Kemika®, Zagreb, Croatia). The pH was 6.8 [20]. 122 

 123 

2.2. The preparation of collagen coatings on Ti substrates 124 

The collagen coating was formed in two ways: (i) chemically by self-assembly and 125 

(ii) electrochemically by cyclic voltammetry at 25 ± 3 °C. 126 

Chemical formation by self-assembly. For the coating prepared by self-assembly, the Ti 127 

discs were immersed in the hydrolyzed collagen solution for 24 hours. The Ti samples 128 

modified by self-assembly are labeled Ti/collagen SAM. 129 

Electrochemical formation by cyclic voltammetry. The electrochemical formation of the 130 

collagen coating was carried out in a three-electrode cell, with the Ti sample (an exposed 131 

area of 1 cm2) as the working electrode, Ag/AgCl/3 M KCl as the reference electrode with 132 

a potential of 0.210 V versus the standard hydrogen electrode, and a graphite rod as the 133 

counter electrode. The potential range for coating formation was selected based on the 134 

cyclic voltammogram of Ti recorded in the HC solution. The initial cyclic voltammogram 135 

was recorded over the potential range from −0.3 to 0.5 V at 50 mV s⁻¹, and the potential 136 

range from −0.3 to 0.1 V was selected for coating formation. The collagen coating was 137 

formed by cycling the Ti electrode between −0.3 and 0.1 V, starting and ending at the open 138 

circuit potential (OCP), at a scan rate of 10 mV s⁻¹ for 20 cycles. The measurements were 139 

performed using an Autolab 128 N potentiostat/galvanostat (Metrohm Autolab B.V., 140 

Utrecht, The Netherlands) controlled by Nova® 2.1.8 software (Metrohm Autolab B.V., 141 
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Utrecht, The Netherlands). The samples are labeled Ti/collagen CV. After coating for-142 

mation, the samples were briefly rinsed by immersion in water and then allowed to dry 143 

in air. 144 

 145 

2.3. Characterization of the unmodified and collagen-modified Ti substrates 146 

The morphological characteristics of unmodified and modified Ti substrates were in-147 

vestigated using field emission scanning electron microscopy (FE-SEM, model JSM-7000F, 148 

JEOL Ltd., Tokyo, Japan) in conjunction with an EDS/INCA 350 energy dispersive X-ray 149 

analyzer (Oxford Instruments, High Wycombe, UK) to determine the elemental composi-150 

tion of the Ti surfaces. Since the energies of the N K (0.392 keV) and Ti L (0.452 keV) 151 

[21] lines are close to each other, an accelerating voltage of 5 kV was used to reduce the 152 

contribution of the Ti substrate and enhance the relative contribution of the near-surface 153 

collagen layer. 154 

The chemical characteristics of the unmodified and modified Ti surfaces were moni-155 

tored using attenuated total reflection Fourier transform infrared spectroscopy (ATR-156 

FTIR). Spectra were recorded with the Frontier spectrometer (PerkinElmer, Waltham, MA, 157 

USA) from 4000 to 400 cm⁻¹ at a resolution of 4 cm⁻¹ and 20 scans per measurement. 158 

The phase composition of the deposits on unmodified and modified Ti surfaces after 159 

7 days of exposure to artificial saliva was analyzed using the Empyrean X-ray diffractom-160 

eter, model 3 (XRD, Malvern Panalytical B.V., Almelo, The Netherlands), in the 2 range 161 

between 10° and 90°, at 45 kV and 40 mA, with CuK radiation (λ = 0.1542 nm). 162 

The influence of collagen coating on the electrochemical behavior of Ti in Fusayama 163 

artificial saliva was investigated by electrochemical impedance spectroscopy (EIS) at the 164 

OCP. Before EIS measurements, the samples were allowed to stabilize at OCP for 1 h. The 165 

measurements were performed in the same three-electrode cell configuration used for 166 

electrochemical coating formation, with the Ti sample (an exposed area of 1 cm²) as the 167 

working electrode, Ag/AgCl/3 M KCl as the reference electrode, and a graphite rod as the 168 

counter electrode. EIS spectra were recorded in the frequency range from 105 to 10−3 Hz 169 

using an AC amplitude of 10 mV with a PalmSens4 potentiostat/galvanostat/frequency 170 

analyzer and PSTrace 5.13 software (PalmSens BV, Netherlands). The EIS data were fitted 171 

using the same software. 172 

 173 

2.4. The Quantum-chemical DFT calculations 174 

To model a hydrolyzed collagen molecule, a functional tripeptide fragment, Gly–175 

Pro–Hyp was used, following our previously established computational approach [19]. 176 

Based on the charge characteristics of hydrolyzed collagen at the experimental solution 177 

pH and its previously observed anodic deposition behavior [19], the tripeptide was mod-178 

elled in its anionic form, NH₂–Gly–Pro–Hyp–COO⁻. As in our previous computational 179 

study [19], a (TiO₂)₁₀ nanocluster, originally employed by Qu and Kroes [22], was used to 180 

model the native titanium oxide surface. 181 

The molecular-level insight into the electrochemical oxidation of the collagen-de-182 

rived tripeptide on the titanium surface, its redox properties and structural changes upon 183 

oxidation was obtained by utilizing the quantum chemical DFT calculations [23,24]. The 184 

relevant TiO2/tripeptide configurations were optimized by employing the M06 functional 185 

developed by Truhlar's group [25-27] with 6-31+G(d,p) + LANL2DZ basis set. Pople’s 6-186 

31+G(d,p) double-ξ basis set was chosen for the H, C, O and N atoms, and the LANL2DZ 187 

basis set was chosen for the transition metal (Ti) atoms [28]. The configuration of the TiO₂ 188 

cluster was kept fixed during the geometry optimizations of both the anionic and radical 189 

species. All the calculated structures were verified to be true minima on the potential en-190 
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ergy surface via vibrational frequency analysis under the harmonic oscillator approxima-191 

tion, and the thermal correction to the Gibbs free energy was derived from the same vi-192 

brational analysis. The final energy calculations were performed by utilizing a highly flex-193 

ible 6-311++G(2df,2pd) basis set for the H, C, O and N atoms, whereas the same LANL2DZ 194 

ECP type basis set was used for the titanium atoms. The solvation effects were taken into 195 

account by employing the polarizable continuum solvation model SMD (Solvation model 196 

based on density) [29]. The water solvent is represented by a dielectric constant of ε = 197 

78.3553. All calculations were carried out using the program package Gaussian 16 (revi-198 

sion C.01) [30]. 199 

The topological analysis of the charge density distribution was accomplished by 200 

means of Bader’s quantum theory of atoms in molecules (QTAIM) [31] using the program 201 

package AIMALL [32] and the SMD/M06/6-31+G(d,p) + LANL2DZ wave function ob-202 

tained from the optimization. 203 

The reaction Gibbs free energy, ∆rG*, was calculated via the equation ∆rG* = G*AB - 204 

G*A - G*B, where G*AB is the total free energy of the resulting AB structure and G*A and 205 

G*B are the total free energies of the interacting units A and B, respectively.  206 

The equilibrium redox potential was calculated according to equation: E = -∆rG*/nF 207 

where ∆rG* is the Gibbs free-energy change, n is the number of transferred electrons, and 208 

F is the Faraday constant (96.485 C/mol). Following the reduction convention for reporting 209 

electrode potentials [33] the (TiO2)10─tripeptide●/(TiO2)10─tripeptide─  redox couple was 210 

represented by the reduction half-reaction defined as: (TiO2)10─tripeptide●  + e- →  211 

(TiO2)10─tripeptide─ . The calculated potential was referenced to the Ag/AgCl/3 M KCl 212 

reference electrode using the absolute potential of the standard hydrogen electrode (4.44 213 

V) [34] and the standard potential of the Ag/AgCl/3 M KCl electrode +0.210 V vs. SHE 214 

[35]. 215 

 216 

2.5. Chemical stability and cytocompatibility assessment 217 

Based on a literature report in which collagen-coated Ti surfaces were subjected to 218 

gamma irradiation at 12 kGy before in vitro experiments [36], the effect of gamma irradi-219 

ation on the collagen SAM and CV coatings was evaluated at doses of 8, 10, and 15 kGy 220 

using a Cobalt-60 gamma source located at the Radiation Chemistry and Dosimetry La-221 

boratory of the Ruđer Bošković Institute. The surface morphology was examined by SEM 222 

before and after irradiation, and no evident morphological changes in the coatings were 223 

observed at any of the investigated doses. Therefore, the highest tested dose, 15 kGy, was 224 

selected for sterilization of the samples used in the subsequent cell-based experiments.  225 

The samples were then incubated in two cell culture media (Dulbecco’s Modified 226 

Eagle’s Medium (DMEM) and Eagle's Minimum Essential Medium (EMEM), Sigma-Al-227 

drich, Steinheim, Germany) either supplemented with fetal bovine serum (FBS, Sigma-228 

Aldrich, Steinheim, Germany) or under serum-free conditions for 90 days. Aliquots of the 229 

conditioned media were collected after 1, 7, 14, 28, 60, and 90 days of incubation and sub-230 

sequently analyzed by inductively coupled plasma mass spectrometry (8900 ICP-QQQ, 231 

Agilent, USA) to assess Ti release into the culture medium and for the assessment of cell 232 

viability. For ICP-QQQ analysis, samples were acidified with HNO₃ (65%, Suprapur, 233 

Merck, Darmstadt, Germany) and left overnight before being diluted to a final volume of 234 

10 mL with Milli-Q water. Indium (50 μg L⁻¹) was used as an internal standard. 235 

Human gingival fibroblasts (HGF-1, CRL-2014™, ATCC, Manassas, VA, USA) and 236 

human osteoblast-like cells (MG-63, CRL-1427™, ATCC, Manassas, VA, USA) were cul-237 

tured in Dulbecco’s Modified Eagle’s Medium (DMEM) or Eagle's Minimum Essential 238 

Medium (EMEM) supplemented with 10% (v/v) fetal bovine serum (FBS), and 1% (v/v) 239 

penicillin/streptomycin (PenStrep solution), respectively. The mentioned culture reagents 240 
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were obtained from Sigma-Aldrich, Steinheim, Germany. Cell cultures were grown at 37 241 

°C in a 5% CO2 atmosphere. The growth medium was replaced every two days. The pas-242 

sage of cells was performed in line with the manufacturer’s recommendations. Cells were 243 

detached with 0.25% trypsin/EDTA solution (Sigma-Aldrich, Steinheim, Germany), resus-244 

pended, and seeded 24 h before experiments. The viability assay (CellTiter-Glo® Lumi-245 

nescent Cell Viability Assay, Promega, Madison, WI, USA) followed the procedure pre-246 

sented previously [37]. Briefly, 10,000 cells per well were seeded in 96-well opaque plates 247 

and exposed for 24 h to conditioned media, either serum-free or FBS-supplemented, col-248 

lected at defined time points of incubation period from unmodified and collagen-modi-249 

fied titanium samples as described in the previous paragraph. After 24 h exposure of cells, 250 

the reagent was added, and luminescence was recorded using a microplate reader (Spec-251 

traMax® iD3, Molecular Devices, San Jose, CA, USA). Data were taken from at least two 252 

experiments and plotted as a percentage of viable cells relative to untreated control cells. 253 

 254 

2.6. Use of Generative Artificial Intelligence 255 

During the preparation of this manuscript, the authors used OpenAI ChatGPT (GPT-256 

5.6 Sol) for the visual composition and design of the Graphical Abstract based on the orig-257 

inal concept and scientific content provided by the authors. All experimental data pre-258 

sented in the Graphical Abstract, including SEM micrographs and electrochemical imped-259 

ance spectroscopy results, were generated by the authors and incorporated without alter-260 

ation. The authors reviewed and edited the output and take full responsibility for the con-261 

tent of this publication. 262 

3. Results and discussion 263 

3.1. Electrochemical formation of the collagen coating (Ti/collagen CV) 264 

The potential range for collagen CV coating formation was selected based on a cyclic 265 

voltammogram of Ti recorded in the HC solution over a wider potential window (−0.3 to 266 

+0.5 V) at a scan rate of 50 mV s⁻¹ (Figure 1a). Within this voltammogram, the potential 267 

range from −0.3 to +0.1 V was characterized by relatively low current densities and the 268 

absence of the pronounced anodic current increase observed at more positive potentials. 269 

This range was therefore selected for subsequent collagen coating formation by cyclic volt-270 

ammetry, using 20 cycles at a scan rate of 10 mV s⁻¹ (Figure 1b). 271 
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 272 

Figure 1. Cyclic voltammetric responses of Ti in the HC solution: (a) cyclic voltammogram recorded 273 

over a wider potential range at a scan rate of 50 mV s⁻¹; (b) evolution of the cyclic voltammetric 274 

response during 20 cycles within the selected coating-formation potential range at a scan rate of 10 275 

mV s⁻¹. 276 

3.2. Molecular-level insight into the redox behavior and structural response of the adsorbed 277 

collagen model 278 

To gain molecular-level insight into the redox behavior and oxidation-induced struc-279 

tural changes of hydrolyzed collagen-derived species adsorbed on the TiO₂ surface, DFT 280 

calculations were performed. The electrochemical oxidation of the modelled anionic 281 

tripeptide (NH2-Gly-Pro-Hyp-COO‒) adsorbed on a TiO₂ cluster may represent not only 282 

an electron-transfer process but also a chemical activation step facilitating intermolecular 283 

coupling. After conversion to the Ag/AgCl/3M KCl reference scale, the corresponding cal-284 

culated oxidation potential was +0.458 V. This potential lies within the more positive re-285 

gion of the wide-range cyclic voltammogram in which a pronounced increase in anodic 286 

current was observed (Figure 1a). However, this current increase cannot be assigned spe-287 

cifically to collagen oxidation because electrochemical processes associated with the 288 

Ti/TiO₂ surface may also contribute to the anodic response. Moreover, the calculated oxi-289 

dation potential is more positive than the upper vertex potential (+0.1 V) used for collagen 290 

coating formation in the present study. Therefore, the calculated oxidation process should 291 

not be regarded as direct evidence for the mechanism of collagen coating formation under 292 

the applied CV conditions. Upon one-electron oxidation, the anionic tripeptide formally 293 

gives rise to a neutral radical species that exhibits pronounced changes in molecular ge-294 

ometry. 295 

 296 

 297 
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(a) (b) 

 

 

(TiO2)10─tripeptide─ (TiO2)10─tripeptide● 

Figure 2. Optimized structures of the (a) anionic tripeptide adsorbed on the (TiO₂)₁₀ cluster, 298 

(TiO2)10─tripeptide─, and the (b) corresponding neutral radical, (TiO2)10─tripeptide●, formed upon 299 

one-electron oxidation. Selected bond lengths are indicated in Å. Color code: Ti - light gray; O – red; 300 

C – gray; N – blue; H – white. 301 

A particularly relevant structural change is the substantial elongation of the C–C 302 

bond linking the hydroxyproline ring to its carboxylate carbon, from 1.534 Å in the anionic 303 

state to 2.988 Å in the radical state (Figure 2). This elongation, accompanied by a rear-304 

rangement of the COO⁻ group, i.e. its substantial linearization, may increase the accessi-305 

bility of the carboxylate moiety and facilitate its interaction with the nucleophilic nitrogen 306 

atom of the terminal amino group of a neighboring tripeptide. Importantly, AIM analysis 307 

indicates that the C–C interaction persists in the radical state, suggesting substantial bond 308 

elongation rather than complete dissociation of the carboxylate-containing moiety. The 309 

calculated oxidation-induced structural rearrangement may create a more favorable ge-310 

ometry for intermolecular C–N bond formation. Since the carboxylate group remains 311 

within the molecular structure, such a rearrangement could facilitate intermolecular cou-312 

pling and the formation of longer peptide-like chains. However, such coupling should 313 

therefore be regarded as a possible consequence of the predicted structural rearrangement 314 

rather than an established reaction pathway. 315 

 This hypothesis may help explain the distinct coating morphologies obtained by elec-316 

trochemical deposition and self-assembly (Section 3.3). Whereas self-assembly primarily 317 

promotes molecular organization at the surface, electrochemical polarization may addi-318 

tionally induce electronic and structural changes in the adsorbed tripeptide that favor in-319 

termolecular coupling. The TiO₂ surface may further contribute by providing a template 320 

for molecular orientation and accumulation. The calculated oxidation potential (+0.458 V 321 

vs Ag/AgCl/3 M KCl) lies above the upper vertex potential (+0.1 V) applied during CV 322 

coating formation, therefore the present calculations provide molecular-level insight into 323 

the oxidation-induced structural response of the adsorbed tripeptide but do not establish 324 
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this oxidation pathway as the mechanism responsible for the fibrillar coating morphology 325 

observed experimentally. 326 

 Overall, the DFT results suggest that electrochemical oxidation can induce substan-327 

tial structural reorganization of the adsorbed tripeptide, potentially facilitating intermo-328 

lecular coupling and subsequent chain growth. These molecular changes may contribute 329 

to the formation of different coating´s morphologies observed experimentally for Ti/col-330 

lagen CV compared with Ti/collagen SAM. 331 

 332 

3.3. Chemical characterization and morphology of Ti/collagen SAM and Ti/collagen CV coatings 333 

ATR-FTIR analysis. To verify the presence of collagen on the Ti surface, the surfaces 334 

were analyzed by ATR-FTIR spectroscopy, and the results are shown in Figure 3. In addi-335 

tion to the modified Ti surfaces, Ti/collagen SAM and Ti/collagen CV, a bare Ti surface 336 

was also analyzed as a reference sample. Compared with bare Ti, both collagen-modified 337 

surfaces show a complex, very similar response, with characteristic absorption bands as-338 

signed to the collagen structure. The observed bands correspond to the characteristic am-339 

ide bands AA, AI, AII, AIII, AIV, and AV, as previously described [19,38,39].  340 

Briefly, the amide AA, AI, AII, AIII, AIV, and AV bands were observed at approximately 341 

3298, 1646, 1549, 1240, 551, and 622 cm-1, respectively. The AI band position corresponds 342 

well to that observed for the hydrolyzed collagen powder used for coating preparation 343 

[19]. The bands marked with * in the 1400–1200 cm⁻¹ region can be assigned to CH₂ wag-344 

ging vibrations of glycine and proline [19]. The presence of these characteristic bands on 345 

both Ti/collagen SAM and Ti/collagen CV surfaces confirms the presence of collagen on 346 

the Ti surface by both preparation methods. 347 

 348 

Figure 3. ATR-FTIR spectra of bare Ti and Ti modified with collagen prepared by self-assembly 349 

(Ti/collagen SAM) and cyclic voltammetry (Ti/collagen CV). 350 

FE-SEM analysis. Having confirmed the presence of collagen coatings on the Ti sur-351 

face, the influence of the formation method on the morphology of the resulting coatings 352 

was subsequently investigated by FE-SEM. Figs. 4a-c show the morphology of the unmod-353 

ified Ti surface as well as surfaces modified with collagen coatings, Ti/collagen SAM and 354 

Ti/collagen CV. 355 

The images clearly show that the collagen coating, regardless of the formation 356 

method, alters the morphology of the Ti surface characterized by marks resulting from 357 
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mechanical surface treatment (Fig. 4a). Self-assembly produces a continuous layer with 358 

large island-like structures and pronounced cracks (Fig. 4b). The formation of a continu-359 

ous layer may be attributed to the prolonged exposure of the Ti surface to the HC solution 360 

for 24 h, which enables gradual adsorption and organization of collagen molecules on the 361 

surface. The cracks observed in the SAM coating may be associated with drying-induced 362 

contraction of the collagen layer after removal from the solution. 363 

In contrast to the SAM coating, the electrochemical method produces a distinctly dif-364 

ferent morphology dominated by a fibrous collagen structure, with visible fiber overlap-365 

ping and the formation of a network-like structure (Fig. 4c). The fibers are elongated and, 366 

in some areas, appear to coalesce into thicker structures. The resulting morphology may 367 

be related to the applied potential and repetitive cycling, which may affect not only the 368 

transport of collagen molecules to the surface and their organization into a fibrous struc-369 

ture but also the subsequent association and reorganization of the fibers into network-like 370 

and thicker structures [40]. 371 

 Recent studies have shown that fibrous collagen architecture on metallic substrates 372 

is difficult to achieve without cross-linking agents or additional chemical or processing 373 

steps [41,42]. Therefore, the results obtained are of particular significance, as a fibrous 374 

collagen coating was formed by a relatively simple electrochemical process from an aque-375 

ous solution of hydrolyzed collagen, without the use of additional chemicals or complex 376 

processing steps. 377 

.  378 
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Figure 4. FE-SEM images of (a) the bare Ti surface and Ti surfaces modified with collagen prepared 379 

by (b) self-assembly (Ti/collagen SAM) and (c) cyclic voltammetry (Ti/collagen CV). The micro-380 

graphs were recorded at an accelerating voltage of 5 kV and a magnification of 500×. 381 

EDS analysis. Complementary evidence for the presence of collagen was obtained by 382 

EDS analysis, and the results are shown in Figure 5. The EDS spectrum of bare Ti was 383 

dominated by the Ti signal, as expected. For the collagen-modified surfaces, measure-384 

ments were performed at 5 kV specifically to enhance surface sensitivity. Both Ti/collagen 385 

SAM and Ti/collagen CV showed detectable carbon, nitrogen, and oxygen signals, con-386 

sistent with the presence of the collagen coating. 387 

 388 

Figure 5. EDS spectra of (a) bare Ti, (b) (Ti/collagen SAM), and (c) (Ti/collagen CV) surfaces. 389 
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3.4. Characterization of collagen-modified Ti samples after immersion in Fusayama artificial 390 

saliva 391 

To investigate the behavior of collagen-modified Ti samples in a simulated physio-392 

logical environment, the samples were immersed in Fusayama artificial saliva at room 393 

temperature for 7 days. After this period, the samples were removed, air-dried, and sub-394 

jected to chemical, morphological, phase, and electrochemical characterization using 395 

ATR-FTIR, EDS, FE-SEM, XRD, and EIS. To determine the influence of the collagen coat-396 

ing, the same characterization was performed under identical conditions on bare Ti. 397 

 398 

ATR-FTIR analysis. The results of the chemical characterization performed by ATR-399 

FTIR are shown in Figure 6. 400 

As shown in Figure 6, after 7 days of immersion in Fusayama artificial saliva, colla-401 

gen-related bands remained detectable on both modified surfaces. In particular, the char-402 

acteristic AI band at approximately 1630 cm⁻¹ and the band associated with CH₂ vibrations 403 

of glycine and proline, marked with *, at approximately 1460 cm⁻¹ were observed (see 404 

Figure 3). At the same time, new bands appeared in the spectra of all three samples, indi-405 

cating the formation of new surface species during immersion. The observed bands can 406 

be associated with calcium phosphate (CaP) phases, consistent with the formation of CaP-407 

containing surface deposits on all investigated Ti surfaces [43]. In addition, the broad band 408 

at approximately 3353 cm⁻¹ for the Ti/collagen CV and 3372 cm⁻¹ for the Ti/collagen SAM 409 

can be associated with O–H stretching vibrations of hydrogen-bonded water, while the 410 

band around 1660 cm⁻¹ can be attributed to the bending vibration of adsorbed water mol-411 

ecules [39]. 412 

The ATR-FTIR results indicate that the collagen material remained present after 7 413 

days of immersion, regardless of the formation method, and simultaneously indicate the 414 

formation of a CaP layer on both unmodified and collagen-modified Ti. Notably, the CaP-415 

related bands are more pronounced for the collagen-modified surfaces than for bare Ti, 416 

suggesting that collagen may favor CaP formation under the investigated immersion con-417 

ditions. 418 

 419 

Figure 6. ATR-FTIR spectra of bare Ti and Ti modified with collagen prepared by self-assembly 420 

(Ti/collagen SAM) and cyclic voltammetry (Ti/collagen CV), recorded after immersion in Fusayama 421 

artificial saliva. Collagen-related bands are highlighted in red, CaP-related bands in blue, and water-422 

related bands in black. 423 
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FE-SEM analysis. The microstructural features of the CaP-containing surface layers 424 

formed on all investigated samples after 7 days of immersion in Fusayama artificial saliva 425 

were investigated by FE-SEM, and the corresponding images are shown in Figure 7. 426 

The FE-SEM images reveal differences in the morphology and distribution of the CaP 427 

layers formed after 7 days of immersion. On bare Ti, CaP deposits appear as localized 428 

irregular structures distributed over the mechanically treated Ti surface. In contrast, the 429 

collagen-modified surfaces show more extensive coverage by CaP deposits, which is con-430 

sistent with the more pronounced bands visible in the ATR-FTIR spectra (Figure 6). For 431 

Ti/collagen SAM, the initially continuous collagen layer (Figure 4b) undergoes pro-432 

nounced morphological reorganization during immersion. The collagen-related material 433 

appears to accumulate locally into thicker structures (Figure 7d, inset; supported by EDS, 434 

Figure 8d), while areas of the underlying Ti surface remain exposed between these SAM- 435 

and CaP-structures. The CaP deposits are predominantly observed on the exposed Ti sur-436 

face areas. 437 

A distinct morphology is observed for Ti/collagen CV. The fibrillar collagen structure 438 

remains clearly recognizable after 7 days of immersion, while CaP-containing deposits 439 

appear to preferentially form along the fibrillar structure and partially cover the collagen 440 

fibers (Figures 7e, f). This association of the mineral deposits with the collagen fibrillar 441 

structure is consistent with the previously reported role of collagen functional groups in 442 

promoting the adsorption of calcium and phosphate species and facilitating subsequent 443 

mineral formation [19]. The rod-like/needle-like morphology of the CaP deposits can be 444 

observed on both collagen-modified surfaces, although the overall organization and dis-445 

tribution of the deposits differ between the Ti/collagen SAM and Ti/collagen CV surfaces. 446 

The inset in Figure 7f shows a cluster of needle-like particles forming the CaP-containing 447 

deposit. Based on the literature, this morphology can be related to hydroxyapatite for-448 

mation, while hydroxyapatite with hexagonal symmetry preferentially grows along the c-449 

axis and may exhibit plate-like or needle-like morphologies when precipitated without a 450 

template [44]. 451 

Overall, the SEM results indicate that the collagen coatings do not remain unchanged 452 

during immersion. Instead, both coatings undergo morphological reorganization accom-453 

panied by CaP formation. While the SAM coating undergoes local reorganization and par-454 

tial detachment from the Ti surface during immersion, the electrochemically prepared 455 

coating partially retains its initial fibrillar morphology, which becomes embedded within 456 

the newly formed CaP layer. This behavior may be advantageous from a biomaterials per-457 

spective, as the coexistence of a retained collagen fibrillar framework and an inorganic 458 

CaP phase resembles aspects of the organic–inorganic organization characteristic of bone 459 

tissue. 460 

EDS analysis. Detailed elemental analysis of the CaP deposits formed on bare and 461 

collagen-modified Ti surfaces was performed by EDS analysis (Figure 8). 462 

The CaP deposits identified on all investigated surfaces contain Ca, P and O, together 463 

with Na, K and Cl in varying proportions. These results are consistent with the ATR-FTIR 464 

and FE-SEM data, supporting the presence of CaP deposits on all surfaces. In addition, 465 

nitrogen was detected on both collagen-modified surfaces, providing further evidence of 466 

detectable collagen elements after 7 days of immersion. The average Ca/P atomic ratios 467 

obtained from three measurements were 1.01 for bare Ti, 1.44 for Ti/collagen SAM and 468 

1.39 for Ti/collagen CV. Thus, both collagen-modified surfaces exhibited higher Ca/P ra-469 

tios than bare Ti, with comparable values for the two coating formation methods. 470 

For the Ti/collagen SAM surface, two representative EDS spectra were recorded from 471 

distinct surface regions (Figure 8c,d). The spectrum obtained from the CaP-covered region 472 

(Figure 7c) shows the presence of Ca and P, whereas the spectrum recorded from the de-473 

tached, collagen-rich structure shown in the SEM inset (Figure 7d) is dominated by C and 474 
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O, with a detectable N signal (~5 at.%) and no detectable Ca or P. The elemental composi-475 

tion of this structure further supports its assignment as a collagen-containing residue re-476 

maining on the Ti surface after immersion. Thus, the EDS results indicate that a fraction 477 

of the collagen-rich material on the SAM surface remained spatially separated from the 478 

CaP deposit. 479 

In contrast, the fibrillar structure of the Ti/collagen CV coating remained closely as-480 

sociated with the CaP deposits after immersion, as observed by FE-SEM (Figures 7e,f) and 481 

supported by the corresponding EDS results (Figure 8b). Thus, the electrochemically 482 

formed coating appears to provide a closer spatial association between the retained colla-483 

gen fibrillar framework and the newly formed inorganic CaP phase. 484 

 485 

 486 

Figure 7. FE-SEM images recorded after 7 days of immersion in Fusayama artificial saliva of (a,b) 487 

bare Ti, (c,d) Ti/collagen SAM, and (e,f) Ti/collagen CV. The inset in (d) shows a detached portion 488 

of the collagen coating on the Ti/collagen SAM surface, while the inset in (f) shows a representative 489 

cluster of needle-like CaP deposits. 490 
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 491 

Figure 8. EDS spectra of the investigated samples after 7 days of immersion in Fusayama artificial 492 

saliva: (a) bare Ti, (b) Ti/collagen CV, and (c,d) Ti/collagen SAM surfaces. The spectrum shown in 493 

(c) represents the CaP deposits, whereas the spectrum shown in (d) represents a detached portion 494 

of the collagen coating shown as inset in Figure 7d. 495 

XRD analysis. The phases of the CaP deposits formed on the investigated samples 496 

after 7 days of immersion in Fusayama artificial saliva were identified by XRD, and the 497 

results are shown in Figure 9. 498 

All diffraction patterns are dominated by the reflections of the Ti substrate (ICDD 499 

PDF 00-044-1294) [45], which is expected given the low thickness of the surface deposits. 500 

Nevertheless, additional reflections associated with the newly formed CaP phases can be 501 

identified in the enlarged 20–36° 2θ region. 502 

For bare Ti, additional reflections at approximately 28.8° and 32.1° 2θ were observed 503 

and can be assigned to β-calcium pyrophosphate (β-Ca₂P₂O₇; ICDD PDF 00-009-0346) [45]. 504 

In contrast, the collagen-modified surfaces exhibited reflections characteristic of hydrox-505 

yapatite (HAp; ICDD PDF 00-009-0432) [45]. For Ti/collagen SAM, reflections were ob-506 

served at approximately 26.1°, 31.9°, and 32.5° 2θ, while the Ti/collagen CV surface 507 

showed reflections at approximately 25.8°, 26.2°, 32.0°, 32.4°, and 33.0° 2θ. 508 

The XRD results identified an HAp-related phase which, together with the sub-stoi-509 

chiometric Ca/P ratios obtained by EDS, is consistent with the formation of calcium-defi-510 

cient (Ca-deficient) non-stoichiometric apatite relative to stoichiometric HAp (Ca/P = 1.67 511 

[43]). The relatively broad diffraction features may further indicate low crystallinity of the 512 

deposited Ca-deficient HAp, potentially associated with structural disorder/ionic substi-513 

tutions within the apatite crystal lattice [46]. Furthermore, the presence of ions such as Na, 514 

K and Cl originating from the artificial saliva was detected by EDS analysis (Figure 8). 515 
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Their presence at the surface may contribute to the observed deviation from the stoichio-516 

metric Ca/P ratio, but this is acceptable given the non-stoichiometric nature of bone-like 517 

calcium phosphates. 518 

 519 

Figure 9. Diffractograms recorded in the 2 range from 10 to 90° for (a) bare Ti, (b) Ti/collagen SAM, 520 

and (c) Ti/collagen CV. In each panel, the diffractogram of the corresponding sample recorded in 521 

the narrower 2 range from 20 to 36° is shown as an inset. Phases are marked with symbols on the 522 

diffractograms: * – Ti (ICDD PDF 00-044-1294); + – hydroxyapatite, HAp (ICDD PDF 00-009-0432); 523 

and # – β-Ca₂P₂O₇ (ICDD PDF 00-009-0346). 524 

EIS analysis. Because the processes occurring at the Ti–electrolyte interface are elec-525 

trochemical in nature, it was important to investigate the electrochemical behavior of col-526 

lagen-modified Ti samples during immersion in a model electrolyte of artificial saliva. 527 
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Specifically, the aim was to determine how the collagen coating changed the interface be-528 

tween Ti and saliva and whether its presence provided additional barrier properties to the 529 

titanium. The electrochemical behavior was investigated by EIS over a wide frequency 530 

range at the OCP at room temperature during continuous immersion in Fusayama artifi-531 

cial saliva for 7 days. Two immersion times were selected for detailed analysis: after 1 h 532 

and after 7 days of immersion. Before the first EIS measurement, the system was allowed 533 

to stabilize at OCP for 1 h. The EIS spectra, in the form of Bode plots, are presented in 534 

Figure 10. 535 

 Electrical equivalent circuits (EECs) were used to describe the structure of the Ti/ar-536 

tificial saliva and Ti/collagen/artificial saliva interfaces, and the corresponding modelling 537 

results are given in Table 1. Due to the microscopic inhomogeneities of the systems, a 538 

constant phase element (CPE) was used instead of an ideal capacitor (C) [47]. For most 539 

conditions investigated, the spectra were adequately described by an Rs(Q1R1) circuit, 540 

whereas the Ti/collagen CV surface after 1 h required an additional R2C2 relaxation, giving 541 

an Rs(Q1[R1(Q2R2)]) response [48]. Rs represents the electrolyte resistance. 542 

The EIS responses reveal changes in the interfacial response depending on increasing 543 

immersion time for all samples investigated. For bare Ti, after just 1 h of immersion, the 544 

surface already exhibits relatively good barrier properties, as indicated by the relatively 545 

high ∣Z∣ values, which can be attributed to the presence of the spontaneously formed TiO₂-546 

rich passive oxide layer [49]. After 7 days of immersion, the barrier properties further im-547 

prove, as indicated by the increase in ∣Z∣ and broadening of the medium-frequency phase-548 

angle response. This behavior can be associated with further development of the passive 549 

layer and the simultaneous formation of a CaP phase on the surface, as confirmed by FE-550 

SEM, EDS, XRD and ATR-FTIR. The resulting surface film, consisting of the passive oxide 551 

layer and newly formed CaP phase, contributes to the enhanced barrier properties of the 552 

surface. In this model, R₁ represents the effective polarization resistance associated with 553 

the Ti/passive layer/Fusayama saliva interface after 1 h and with the Ti/(passive layer+ 554 

CaP)/saliva interface after 7 days, while Q₁ describes its non-ideal capacitive behavior. 555 

In the case of the Ti/collagen SAM sample, the polarization resistance also increases 556 

substantially over the 7-day immersion period, as shown in Figure 10b. During the initial 557 

immersion period (after 1 h), the collagen coating may undergo hydration and reorgani-558 

zation in contact with the saliva, resulting, after 7 days, in local accumulation of collagen-559 

rich material, as seen in the SEM results (inset in Figure 7d). With prolonged immersion 560 

(after 7 days), a new Ca-deficient HAp phase is formed on the surface, as demonstrated 561 

by XRD, ATR-FTIR, and EDS. The presence of this new phase is also reflected in the EIS 562 

response by the marked increase in ∣Z∣, corresponding to an increase in R1 (Table 1), and 563 

the broadening of the phase-angle response. 564 

As for bare Ti, the EIS spectra of the Ti/collagen SAM surface were adequately de-565 

scribed by a simple EEC. In this model, R₁ represents the effective polarization resistance 566 

associated with the Ti/collagen/Fusayama saliva interface after 1 h and the Ti/(collagen + 567 

CaP)/Fusayama saliva interface after 7 days, while Q₁ describes its non-ideal capacitive 568 

behavior. The marked increase in the resistance component of the Ti/collagen SAM sur-569 

face during prolonged immersion from 0.43 M cm2 (1 h) to 1.99 M cm2 (7 days) can be 570 

associated with the formation and growth of the new Ca-deficient HAp phase. As shown 571 

by the FE-SEM and EDS results, a substantial fraction of the collagen-rich material be-572 

comes spatially separated from the CaP deposits after immersion. Thus, the contribution 573 

of the remaining collagen to the overall barrier properties appears to be less pronounced 574 

than that of the newly formed CaP phase. 575 

The EIS results clearly show that the change in electrochemical response with immer-576 

sion time in Fusayama artificial saliva is most pronounced for the Ti/collagen CV sample 577 

(Figure 10c). As shown by the SEM results, the starting surface of this sample is covered 578 
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with a porous network of collagen fibers. Therefore, the EIS data obtained after 1 h im-579 

mersion were described using an EEC with two time constants. The higher-frequency time 580 

constant (Q₁R₁) can be associated with the electrochemical response of the outer fibrillar 581 

collagen framework and its interaction with the electrolyte, whereas the lower-frequency 582 

response (Q₂R₂) can be associated with electrochemical processes in the inner Ti/passive 583 

layer/collagen interfacial region. After 7 days of exposure to artificial saliva, the collagen 584 

fibers remained associated with the surface and provided a framework along which the 585 

newly formed Ca-deficient HAp phase developed, as shown SEM, XRD, EDS, and FTIR 586 

results. According to the EIS response, this formation of a new phase along/over the col-587 

lagen fibers was reflected in a pronounced broadening of the phase-angle response and a 588 

marked increase in the barrier properties of this sample. The EIS response is then ade-589 

quately described by an EEC with one time constant, representing the effective polariza-590 

tion resistance at the Ti/(collagen+CaP)/saliva interface and its non-ideal capacitive behav-591 

ior. The total resistance (R₁ + R₂) of the interfacial system increased from 0.54 MΩ cm² after 592 

1 h to 6.20 MΩ cm² after 7 days of immersion, corresponding to an increase of more than 593 

one order of magnitude (Table 1). This pronounced increase in barrier resistance can be 594 

related to the combined contribution of the retained collagen fibers and the newly formed 595 

Ca-deficient HAp phase. Thus, unlike the SAM coating, where the increase in resistance 596 

appears to be predominantly associated with Ca-deficient HAp formation, the electro-597 

chemically formed coating retained an organic–inorganic interfacial architecture in which 598 

both collagen and the Ca-deficient phase contribute to the enhanced barrier properties. 599 

Overall, the results of the comprehensive multi-technique characterization clearly 600 

demonstrate that the formation method significantly influences the architecture of the col-601 

lagen coating, which in turn determines its interfacial behavior during immersion in arti-602 

ficial saliva. The EIS results demonstrate that the investigated surfaces follow different 603 

interfacial evolution pathways during immersion. Bare Ti exhibits a relatively stable pas-604 

sive response, with an increase in barrier resistance associated with the development of 605 

the CaP surface layer. The Ti/collagen SAM surface also shows an increase in resistance 606 

during prolonged immersion, which appears to be mainly associated with the develop-607 

ment of the CaP surface layer. In contrast, the Ti/collagen CV surface exhibits the highest 608 

barrier resistance after 7 days, consistent with the retention of the collagen fibers and their 609 

close association with the newly formed CaP phase. The resulting organic–inorganic sur-610 

face architecture is associated with enhanced electrochemical barrier properties compared 611 

with unmodified Ti. 612 

 613 

Table 1. EIS fitting parameters obtained for bare Ti, Ti/collagen SAM and Ti/collagen CV after 1 h 614 

and 7 days of immersion in Fusayama artificial saliva. 615 

 616 

 617 

 618 

 619 

 620 

 621 

 622 

Samples 
Rs / 

cm2 

Q1∙106 / 

1 cm-2 sn1 
n1 

R1 / 

cm2 

Q2∙106 / 

1 cm-2 sn2 
n2 

R2 / 

Mcm2 
χ2*10-3 

bare Ti  

1h 197 44.2 0.888 0.35    2.0 

7 days 196 36.1 0.908 1.98 /   2.8 

Ti/collagen SAM  

1h 205 40.4 0.912 0.43 / / / 1.5 

7 days 196 36.1 0.908 1.99 / / / 2.8 

Ti/collagen CV  

1h 113 36.4 0.897 0.33 136 0.909 0.21 1.1 

7 days 260 35.7 0.924 6.20 / / / 1.7 
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 623 

Figure 10. Bode plots showing the impedance modulus and phase angle of (a) bare Ti, (b) Ti/collagen 624 

SAM, and (c) Ti/collagen CV during immersion in Fusayama artificial saliva. Experimental data 625 

(symbols) recorded after 1 h and 7 days of immersion are shown together with the corresponding 626 

fits (lines). 627 

 628 

 629 
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3.6. Time-dependent Ti release and cell viability 630 

Titanium concentrations remained low throughout the 90-day incubation period in 631 

cell media (Figures 11a,b), with no pronounced time-dependent increase in Ti release for 632 

most samples. Comparably low levels of titanium release have previously been reported 633 

for titanium dental materials under simulated physiological conditions [50]. A higher Ti 634 

concentration of 12.96 µg L⁻1 was detected only in one aliquot of FBS-supplemented me-635 

dium after 90 days. However, this value was substantially lower than the 20 ppm Ti con-636 

centration reported in another in vitro model to significantly reduce cell viability after 24 637 

h exposure [51]. To assess possible biological effects, HGF-1 and MG-63 cells were exposed 638 

for 24 h to the corresponding conditioned media (Figures 11c,d). No reduction in cell via-639 

bility was observed for either cell line, irrespective of incubation time, serum supplemen-640 

tation, or collagen modification. This is consistent with previous reports showing that ad-641 

verse cellular effects of titanium are mainly observed at substantially higher Ti concentra-642 

tions than those detected here [51]. Moreover, collagen modification did not affect cyto-643 

compatibility, in agreement with previous studies on collagen-coated titanium surfaces 644 

[52]. 645 

 646 

Figure 11. Ti release concentration over 90 days in cell culture medium (a) without and (b) supple-647 

mented with fetal bovine serum (FBS), and cell viability of (c) HGF-1 and (d) MG-63 cells after 24 h 648 

exposure to conditioned media collected during the 90-day titanium release study. Open symbols 649 

represent serum-free conditions, whereas filled symbols represent FBS-supplemented conditions. 650 

Circles indicate the control, triangles represent unmodified Ti, and squares represent collagen-mod-651 

ified Ti. 652 

 653 

 654 
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4. Conclusions 655 

This work investigated the influence of collagen coating preparation methods on 656 

coating´s architecture and the subsequent behavior of modified Ti surfaces during immer-657 

sion in Fusayama artificial saliva. Ti release and indirect in vitro cytocompatibility were 658 

additionally evaluated to provide an initial assessment of the biological response. Two 659 

approaches were used to form the collagen coatings: chemical self-assembly and electro-660 

chemical formation by cyclic voltammetry. Based on the results of the comprehensive 661 

characterization, the following conclusions can be drawn: 662 

 Collagen coatings were successfully formed on Ti by both preparation meth-663 

ods, as confirmed primarily by ATR-FTIR and supported by FE-SEM and 664 

EDS analyses. 665 

 FE-SEM results clearly demonstrated that the coating formation method 666 

strongly affected coating morphology. Chemical self-assembly yielded a rel-667 

atively continuous collagen layer with locally accumulated island-like struc-668 

tures, whereas cyclic voltammetry produced a distinctly different morphol-669 

ogy dominated by overlapping collagen fibers forming a network-like struc-670 

ture. 671 

 DFT calculations revealed that electrochemical oxidation of the modelled an-672 

ionic Gly–Pro–Hyp tripeptide adsorbed on TiO₂ induces structural changes, 673 

including substantial elongation of the C–C bond connecting the hydroxy-674 

proline ring to its carboxylate carbon. These changes may facilitate intermo-675 

lecular C–N coupling and subsequent peptide-like chain growth. However, 676 

because the calculated oxidation potential (+0.458 V vs Ag/AgCl/3 M KCl) 677 

lies above the upper vertex potential (+0.1 V) applied during CV coating for-678 

mation, the calculated oxidation pathway cannot be directly assigned as the 679 

mechanism responsible for the experimentally observed fibrillar coating 680 

morphology. 681 

 The different coating morphologies were associated with distinct interfacial 682 

evolution and mineralization patterns during 7-day exposure to Fusayama 683 

artificial saliva. Combined XRD, ATR-FTIR, and EDS results supported the 684 

formation of a calcium-deficient, non-stoichiometric apatite phase on both 685 

modified surfaces, with Ca/P atomic ratios of 1.44 for Ti/collagen SAM and 686 

1.39 for Ti/collagen CV. Despite their similar Ca/P ratios, the spatial organi-687 

zation of the deposits differed: Ca-deficient apatite deposits appeared to de-688 

velop preferentially along and around the retained collagen fibers in the CV 689 

coating, whereas the SAM coating underwent reorganization, with partially 690 

detached collagen-rich regions observed after immersion. 691 

 The influence of the coating architectures was most evident in the electro-692 

chemical barrier properties determined by EIS measurements in artificial sa-693 

liva. After 7 days of immersion, the Ti/collagen CV surface showed a pro-694 

nounced increase in barrier resistance, reaching 6.20 MΩ cm², compared with 695 

1.98 and 1.99 MΩ cm² for bare Ti and Ti/collagen SAM, respectively. The en-696 

hanced barrier resistance of the Ti/collagen CV sample was associated with 697 

retention of the collagen fibrillar framework and its close spatial association 698 

with the newly formed Ca-deficient apatite phase, as indicated by the com-699 

plementary characterization results. 700 

 The tested Ti and Ti/collagen samples exhibited low Ti release during pro-701 

longed exposure to cell culture media, while the corresponding conditioned 702 

media showed no significant adverse effects on human gingival fibroblasts 703 
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(HGF-1) or osteoblast-like (MG-63) cells in the studied experimental condi-704 

tions, supporting favorable indirect in vitro cytocompatibility under the in-705 

vestigated conditions. 706 
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