
“This preprint has not undergone peer review or any post-submission improvements or corrections. The Version 

of Record of this article is published in Journal of Coatings Technology and Research, and is available online at 

DOI: 10.1007/s11998-025-01192-7”. 

 
 

1 
 

The DFT structure–property relationship of titanium functionalized with 

electrochemically deposited collagen fibrils 

 

 

 

Željka Petrović1*, Ines Despotović2*, Jozefina Katić3 

 
1 Division of Materials Chemistry, Ruđer Bošković Institute, Bijenička cesta 54, 10002 Zagreb, Croatia; 

ORCID: 0000-0001-7609-7863 
2 Division of Physical Chemistry, Ruđer Bošković Institute, Bijenička cesta 54, 10002 Zagreb, Croatia, 

ORCID: 0000-0003-3427-6534 
3 Department of Electrochemistry, Faculty of Chemical Engineering and Technology, University of Zagreb, 

Marulićev trg 19, 10000 Zagreb, Croatia; (J.K.) jkatic@fkit.unizg.hr, 

ORCID: 0000-0002-4163-9009 

 

 

*Corresponding authors: 

Željka Petrović (Ž.P. ): Zeljka.Petrovic@irb.hr;  Ines Despotović (I.D.): Ines.Despotovic@irb.hr 

 

 

Abstract 

 

The present research focused on the functionalization of the titanium implant surface by a collagen coating, 

emphasizing the protective and bioactive properties as a basic prerequisite for the biocompatibility of the implant. 

DFT calculations and experimental work were correlated to understand at the molecular level the relationship 

between the structure of the coating and the properties studied. A simple electrochemical deposition enabled the 

formation of collagen fibrils, the natural form of collagen, which, according to all results, contributed significantly 

to the improvement of the protective function and bioactive properties of the titanium. Cyclic voltammetry results 

revealed a high corrosion protection of the collagen coating on the titanium (95–99%, depending on the potential) 

when immersed in the Fusayama artificial saliva solution. In addition to the high protective effect, the collagen 

fibrils induced the spontaneous formation of a new calcium-deficient hydroxyapatite phase (Ca/P = 1.50) covering 

almost the entire surface compared to the unmodified titanium surface, as shown by scanning electron microscopy, 

energy dispersion spectroscopy, attenuated total reflection Fourier transform infrared spectroscopy, and X-ray 

diffraction results. The DFT calculations were used to gain a detailed insight into the mechanism of early 

nucleation of calcium phosphates on the collagen-coated titanium surface. 
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1. Introduction 

 

Collagen, the most abundant protein in the human body, plays a pivotal role in the architecture of biological 

materials and is found in the skin, ligaments, cartilage, tendons, veins, arteries, organs and bones, providing tensile 

strength and toughness.1-5 There are approximately 28 different configurations of collagen, which can be fibrillar 

or nonfibrillar, depending on the structural characteristics and location in the body. The most important component 

of the human body is type I fibril-forming collagen. It has a hierarchical structure, and the molecule, which is 

∼300 nm long and 1.5 nm wide, consists of three polypeptide chains (-chains) that form a unique triple-helical 

structure due to the possible interactions of hydrogen bonds.6,7 Each of the three chains has a repeating sequence 

of amino acids Gly-Pro-Hyp (glycine-proline-hydroxyproline). Collagen molecules can self-assemble into 

collagen fibrils (diameter of 50–500 nm) via microfibrils and subfibrils into a collagen fiber (diameter of 50–300 

m), which can contain ∼4000 fibrils.3,7 

Owing to its biocompatibility and optimal physicochemical properties, native type I collagen is used in 

many areas, from the pharmaceutical and cosmetic industries to bioengineering, regenerative medicine, and 

medical devices such as implants. It is used in tissue grafts, hydrogels, freeze-dried sponges, electrospun fibers, 

films, and tubes.1 The physicochemical properties depend largely on the source from which the collagen is 

obtained.6,8 The main sources of collagen for biomedical use are tendon tissue from pigs, cattle, sheep, and 

mammalian skin. One of the challenges of using collagen from natural sources is chemical and biochemical 

contamination and microbiological safety. Therefore, the WHO recommends the extraction of collagen at low pH 

with various solvents and detergents.9 All medical devices containing collagen must meet strict criteria following 

the applicable regulations, particularly the ISO 10993 standard.10 

One example of the medical use of collagen as part of medical devices is implants, particularly dental and 

orthopedic implants, whose use is increasing rapidly due to the increasing life expectancy of the world's 

population. Although new implant materials are constantly being developed and the properties of existing 

materials have improved, there are still concerns about the osseointegration process, which is complex and 

involves an entire cascade of biological reactions. The process may be accompanied by some adverse reactions in 

the body, leading to implant rejection. Therefore, strategies are constantly being developed to improve the surface 

properties of implant materials to promote the healing of damaged tissue and the adhesion of the corresponding 

cells and proteins that initiate the osseointegration process at the moment of contact with body fluids. To improve 

the surface properties of implants and promote early bone formation and implant fixation, collagen is increasingly 

being used to modify surface properties, independently or in combination, usually with calcium phosphate 

bioceramics, as a promoter of osseointegration, as numerous studies have shown.11-15 

However, there are still challenges in the production of collagen coatings. The processes for producing the 

coatings are multiphase, complex, and therefore not interesting from an application perspective. Various organic 

solvents must be used, often with harmful effects on the human body. In addition, the collagen coating should be 

chemically and mechanically resistant so that it does not degrade during the implantation. The most important 

property, however, is its bioactivity, which is influenced by the spontaneous fibrillar configuration. If this natural 

structure (fibrils) can be reconstructed in vitro under physiological conditions, collagen would exhibit improved 

mechanical properties and biological stability.16 

Among the different processes used to produce coatings, electrochemical methods stand out because they allow 

precise control of coating properties, such as a smoother, more uniform coating and improved biological 

performance (higher bone density, greater pullout strength, improved osseointegration). Electrochemical synthesis 

is influenced by several parameters, including the pH value, deposition potential, deposition time and 

concentration of collagen in the electrolyte. The pH of the collagen solution, the deposition time and the applied 

potential are critical to the thickness, uniformity and durability of the collagen coating. Longer times generally 

result in thicker coatings, but excessive deposition can lead to uneven coatings.17 The concentration of collagen 

influences the microstructure of the resulting coating. Higher collagen concentrations can lead to denser coatings 

but also increase the risk of agglomeration.18 Electrochemical deposition has been successfully used to produce a 

collagen coating on Ti,19 an octacalcium phosphate/collagen composite coating on a Ti6Al4V alloy,18 a 

hydroxyapatite/collagen layer on Ti20,21 and a Ti6Al4V alloy.22 The method was also used to produce a 
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collagen/calcium phosphate coating on a Ti substrate in conjunction with ac electrochemical deposition to further 

modify the microstructure of the coating.23 

 A particular difficulty is the synthesis/reconstruction of collagen in the form of fibrils, which remains a 

great research challenge. There are few studies on the electrochemical methods employed for collagen fibril 

deposition on metal surfaces. For example, in the work of S. Manara et al., collagen fibrils and a hydroxyapatite 

collagen coating with collagen fibrils were successfully synthesized via electrochemically assisted deposition on 

a Ti substrate.24 Kamata et al. reported that electrodeposition with an alternating current at pH 5 and 1800 s is a 

suitable synthesis method for collagen coating with a fibrous structure.17 Assembled collagen type I nanofibers 

were deposited on Ti via a magnetically assisted electrochemical technique with iron oxide nanoparticles and an 

external magnetic field.25 

 In this study, collagen fibrils were formed from a solution of hydrolyzed collagen (pH = 4.4) via the 

potentiostatic deposition method to remain on the titanium (Ti) surface during a 7-day immersion in artificial 

saliva and stimulate the spontaneous formation of calcium phosphate (CaP) deposits. Based on the results 

presented here, it is important to emphasize that, in this simple way, it is possible to develop a bioactive implant 

that induces the formation of a biologically similar nucleation center of new bone around the implant as early as 

3 days after implantation. An important contribution of this work is the combination of an experimental-theoretical 

(DFT) approach to understand the mechanism of formation of not only a collagen coating on Ti but also a CaP 

deposit on collagen-modified Ti. According to the relevant data currently available, there is a small number of 

papers reporting on a combined approach, hence, this study offers valuable data for elucidating the processes at 

the molecular level at the interface between the implant, coating, and body fluid. 

 

2. Experimental Methods and Materials 

2.1. Materials, chemicals and solutions 

 

Titanium (Ti) discs (φ = 12 mm; 99.9%; Alfa Aesar®, Karlsruhe, Germany) were used as a substrate for 

the production of a coating, and their surface was mechanically and chemically prepared as follows. First, they 

were abraded with SiC emery papers of grit sizes #240, #500 and #600. The discs were then ultrasonically cleaned 

with absolute ethanol (p.a.; Gram-Mol®, Zagreb, Croatia), acetone (p.a.; Gram-Mol®, Zagreb, Croatia) and 

redistilled water (prepared in the laboratory) and dried in a nitrogen stream (99.999%, Messer®, Germany). 

 A powder of hydrolyzed collagen (HC; Medex d.o.o., Ljubljana, Slovenia) was used to coat the Ti surface. 

The powder was ultrasonically dissolved (10 min) in redistilled water to produce a 10–2 mol dm-3 solution of 

hydrolyzed collagen, which was stored in the refrigerator between measurements. The pH of the solution was 4.4. 

The following chemicals were used without further purification to produce Fusayama's artificial saliva 

with a pH of 6.8:26 NaCl (p.a.; Kemika®, Zagreb, Croatia), KCl (p.a.; Kemika®, Zagreb, Croatia), CaCl2·2H2O 

(p.a.; Kemika®, Zagreb, Croatia), Na2HPO4·2H2O (p.a.; Kemika®, Zagreb, Croatia) and urea (p.a.; Kemika®, 

Zagreb, Croatia). 

 

2.2. The electrochemically assisted formation of the collagen coating on the Ti sample 

 

 After the mechanical and chemical pretreatment of the Ti discs, they were left in the air for 2 hours to allow 

a thin oxide layer to form spontaneously on the surface. The Ti discs produced in this way are labeled Ti/oxide. 

All the measurements were carried out in a three-electrode cell, with the Ti/oxide sample (area of 1 cm2) as the 

working electrode, Ag/AgCl/3 M KCl as the reference electrode (E = 0.210 V vs. standard hydrogen electrode), 

and a graphite rod as the counter electrode. 

To produce a collagen coating on the Ti/oxide surface, the synthesis method used was potentiostatic 

deposition from a 10-2 mol dm-3 HC solution at room temperature (T = 22±2 °C) using an Autolab 128 N 

potentiostat/galvanostat (Metrohm Autolab B.V., Utrecht, The Netherlands) controlled by Nova® 2.1.8 software 

(Metrohm Autolab B.V., Utrecht, The Netherlands). To select the deposition potential of the coating, a cyclic 

voltammogram of the Ti/oxide sample in the HC solution was recorded over a wide potential range (start potential 

= open circuit potential = -0.3 V; upper vertex potential = 0.5 V; lower vertex potential = -0.7 V; stop potential = 
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-0.3 V) with a scan of 50 mV s-1. The results are shown in Figure 3. Although coating deposition is possible over 

a wide range of anodic potentials, a potential of 0 V against Ag/AgCl/3 M KCl was chosen for formation, and all 

the results refer to this potential. In addition, the deposition time was optimized at the selected potential. The 

current density, j, was monitored over time, and the values were as follows: j = 1.22 A cm-2 (10 min), 0.46 A 

cm-2 (20 min), and 0.19 A cm-2 (30 min). Since the change in current density is less pronounced after 30 minutes 

and the literature indicates that the collagen coating peels off at a higher deposition time, t > 30 minutes,24 the 

deposition time was set at 30 minutes. The sample produced in this way is labeled Ti/oxide/collagen. 

 

2.3. The electrochemical behavior of the modified and unmodified Ti samples in the Fusayama artificial saliva 

 

 The influence of the electrodeposited collagen coating on the protective and bioactive properties of the 

Ti/oxide sample was investigated during exposure to the Fusayama artificial solution. The protective properties 

of the unmodified and collagen-modified Ti/oxide samples were investigated by cyclic voltammetry 

measurements from -1.0 to 1.0 V against Ag/AgCl/3 M KCl at a scan rate of 50 mV s-1. The bioactivity of the 

samples was monitored by the spontaneous formation of calcium phosphate (CaP) deposits during 7 days of 

immersion at a temperature of T = 22±2 °C. The 7-day period represents the 1st phase of the osseointegration 

process.27 

 

2.4. Morphological, chemical and phase characterization of modified and unmodified Ti samples 

 

The morphology of the unmodified and modified Ti surfaces and the spontaneous CaP deposits were 

analyzed using a field emission scanning electron microscopy (FE-SEM, model JSM-7000F, Jeol Ltd., Tokyo, 

Japan). The micrographs were recorded at an accelerating voltage of 5 kV and a 10 mm working distance. 

The elemental analysis of the surfaces was carried out using the EDS/INCA 350 energy dispersive X-ray 

analyzer (Oxford Instruments, High Wycombe, UK) in conjunction with FE-SEM. Importantly, the accelerating 

voltage for the analysis of the collagen-modified Ti/oxide surface was 5 kV, whereas it was 10 kV for the analysis 

of the CaP-modified Ti/oxide and Ti/oxide surfaces. The reason for this is that the energies of the K of nitrogen 

(0.392 keV) and the L titanium (0.452 keV)28 are close to each other, so that at a higher accelerating voltage (10 

kV), a titanium signal instead of a nitrogen signal appears. Since the main objective was to detect the presence of 

the collagen coating, a lower voltage (5 kV) was applied to reflect only the surface layer. 

 The changes on the Ti surface due to collagen modification or spontaneous deposition of CaP were 

monitored by an attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR). The spectra 

were recorded with the Frontier spectrometer (PerkinElmer, Waltham, MA, USA) from 4000 to 400 cm-1 with a 

resolution of 4 cm-1 and 20 scans per measurement. 

 The phase composition of the investigated Ti samples was analyzed with the Empyrean X-ray 

diffractometer, model 3 (XRD, Malvern Pananalytical B.V., Almelo, The Netherlands), in the 2 range between 

10 and 90°, 45 kV and 40 mA with CuK radiation (0.1542 nm). 

 

2.5. The quantum chemical calculations 

 

The quantum chemical calculations were carried out at the density functional theory (DFT) level. The M06 

functional developed by Truhlar's group29-31 was chosen. The 6-31+G(d,p) + LANL2DZ basis set was utilized for 

geometry optimization. Pople’s 6-31+G(d,p) double-ξ basis set was chosen for the H, C, O, N, Ca and P atoms, 

and the LANL2DZ basis set was chosen for the transition metal (Ti) atoms.32 All the calculated structures were 

verified to be true minima on the potential energy surface via vibrational frequency analysis under the harmonic 

oscillator approximation, and the thermal correction to the Gibbs free energy was derived from the same 

vibrational analysis. The final energy calculations were performed by utilizing a highly flexible 6-

311++G(2df,2pd) basis set for the H, C, O, N, Ca, and P atoms, whereas the same LANL2DZ ECP type basis set 

was used for the titanium atoms. To account for the specific interaction of the metal cation with the water solvent, 

the cluster continuum method33 was utilized. The first solvation shell,34 represented by a specific number of water 
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molecules coordinating the calcium ion, is explicitly included in the quantum chemical region. The remaining 

bulk solvent is approximated by a polarizable continuum. The solvation effects were taken into account by 

employing the polarizable continuum solvation model SMD (Solvation model based on density).35 The water 

solvent is represented by a dielectric constant of ε = 78.3553. All calculations were carried out using the program 

package Gaussian 16 (revision C.01).36 

The topological analysis of the charge density distribution was accomplished by means of Bader’s quantum 

theory of atoms in molecules (QTAIM)37 using the program package AIMALL38 and the SMD/M06/6-31+G(d,p) 

+ LANL2DZ wave function obtained from the optimization. 

The Gibbs free energy of the interactions, ∆G*INT, was calculated via the equation ∆G*INT = G*AB - G*A - G*B, 

where G*AB is the total free energy of the resulting AB structure and G*A and G*B are the total free energies of 

the interacting units A and B, respectively. A detailed description of the computational modeling can be found in 

the Supplementary Materials. 

 

 

3. Results and discussion 

3.1. The electrochemically assisted formation of the collagen coating on the Ti/oxide sample 

3.1.1. Characterization of the starting materials 

 

Before the collagen coating on the Ti/oxide surface was prepared, the morphological and chemical 

properties of the hydrolyzed collagen (HC) powder and the titanium surface were investigated. The results are 

shown in Figs. 1 and 2. As shown in Figure 1, the Ti surface was inhomogeneous with grooves after mechanical 

surface treatment (Figure 1c). The X-ray diffraction spectrum shows the peaks of Ti (Figure 1b; JCPDS card: No. 

00-044-1294), and the presence of a thin, spontaneously formed oxide layer was confirmed by ATR-FTIR and 

EDS (Figures 1a and 1d). The bands at 625, 540, and 474 cm-1 are associated with (Ti–O–Ti) vibrations. 

According to the literature, the bands for Ti–O and Ti–O–Ti bonds appear in the range of 800 – 400 cm–1. The 

former was observed at a higher wavenumber than the latter.39 Elemental EDS analysis (Figure 1d) revealed the 

presence of Ti, O, and Al contamination in the sample. 
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Fig. 1: Titanium surface before collagen coating formation: (a) ATR-FTIR spectrum; (b) XRD pattern; (c) 

FE-SEM micrograph; (d) corresponding EDS spectrum and chemical composition of the surface 

According to the FE-SEM results (Figure 2a), the hydrolyzed collagen powder is an inhomogeneous 

mixture of predominantly round particles that show characteristic bands for peptide bonding according to the 

ATR-FTIR results presented in Figure 2b and Table 1. Briefly, amide I (stretching vibration of ‒C=O of the amide 

group at 1633 cm-1), amide II (N‒H stretching coupled to the C‒N stretching of the amide group at 1528 cm-1), 

amide III (C‒N stretching and N‒H in-plane bending of the amide linkage at 1230 cm-1), amide IV [(C‒C) and 

(O‒C‒N) at 544 cm-1] and amide V [(N–H) at 644 cm-1] are visible in the spectrum.40-42 The hydrogen bonds 

between water and collagen molecules are reflected in the bands of amide A (3277 cm-1) and amide B (3074 cm-

1).41 The bands in the 1400–1200 cm-1 range (marked with *) can be assigned to the CH2 wagging vibrations of 

glycine and proline.40 
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Fig. 2: (a) FE-SEM morphology and (b) ATR-FTIR spectrum of the hydrolyzed collagen powder used for 

electrochemically assisted coating formation 

 

 

Table 1: ATR-FTIR band assignments39-42 of the Ti/oxide sample, the HC powder and the Ti/oxide/collagen 

 

Peak / cm-1 Assignation 

Ti/oxide HC powder Ti/oxide/collagen  

 3277 / AA: hydrogen bonds between water and 

collagen molecules 

 3074 / AB: (N‒H stretching) 

 2940 / CH2 asymmetric stretching mode 

 2875 / CH2 symmetric stretching mode 

 1631 1648 AI: stretching of ‒C=O of amide group 

 1528 1528 AII: N–H stretching coupled to the 

C–N stretching of amide group 

 1441 

1396 

1334 

1202 

1449 

1422 

1398 

*: CH2 wagging vibrations of glycine and 

proline 

 

 

 

 1230 / AIII: C–N stretching and N–H in-plane bending 

of amide linkage 

 644 619 AV: (N–H) 

 544 541 AIV: (C–C); (O–C–N) 

625, 540, 474 / / (Ti–O–O) 
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3.1.2. Conditions for the electrochemically assisted formation of the collagen coating 

 

 To select suitable conditions (potential and time) for the potentiostatic deposition of the coating, it was 

necessary to investigate the general electrochemical behavior of the Ti/oxide sample in hydrolyzed collagen 

solution. For this purpose, a cyclic voltammogram of the Ti/oxide sample in 10-2 mol dm-3 HC solution was 

recorded over a wide potential range at a scan rate of 50 mV s-1, and the result is shown in Figure 3. 

 

  
 

Fig. 3: The Ti/oxide electrode in 10-2 mol dm-3 HC solution: (a) Cyclic voltammogram recorded from the 

open circuit potential (EOCP) to 0.5 V and in the reverse direction to -0.7 V and finally to the starting 

potential, the scan rate was 50 mV s-1; (b) the current density–time transient recorded at 0 V versus 

Ag/AgCl/3 M KCl for 30 minutes 

 

 It can be seen that there are no current peaks present in either the anodic or the cathodic part of the 

voltammogram. In the anodic part, a relative current density independence on potential up to ~0.1 V can be 

observed, which can be attributed to the potential-assisted deposition of peptide fragments of hydrolyzed collagen 

on the Ti/oxide electrode surface. Above 0.2 V, the anodic current density increases due to the desorption/removal 

of peptide fragments from the electrode surface and simultaneous low-valence titanium oxide formation. In the 

reverse, cathodic part of the curve, there is a tendency toward a constant increase in the current density. 

From the above results, the ability of the collagen coating to form electrochemically on the Ti/oxide 

electrode exposed to the HC solution (pH = 4.4) is valid when the Ti/oxide electrode is positively charged, i.e., 

when it is connected to a circuit as an anode. This electrochemical behavior can be explained by the electrostatic 

properties of proteins, such as the isoelectric point (IEP). The IEP of proteins plays a decisive role in their 

interactions with other molecules.43,44 At the pH of the IEP, collagen molecules are less soluble and prone to 

aggregation because of minimized electrostatic repulsion. At pH values away from the IEP, collagen has a net 

positive or negative charge, facilitating interactions with oppositely charged molecules.45 The IEP of hydrolyzed 

collagen is shifted toward lower values (between 3.68 and 5.7) than that of native collagen (between 7.0 and 8.3).44 

Since the peptide fragments are deposited at positive potentials, they have a net negative charge, indicating that 

the pH of the solution (4.4) is greater than the pH of the IEP. In this case, the electrochemical formation of the 

collagen coating from the original HC solution occurred through electrostatic interactions between the positively 

charged Ti/oxide electrode and the negatively charged peptide fragments in the HC solution. Additional 

explanation is given in Chapter 3 (DFT modeling). 

As proof of the successful formation of the collagen coating at 0 V, the current density, j, versus time, t, 

transient is shown in Figure 3b. After the electrode has stabilized at the open circuit potential (~-0.3 V) for 5 s, 

the current increases rapidly when a pulse is applied, reaches a maximum, then drops and reaches a relatively 

constant value. The rising part of the curve is not visible due to the technical performance of the instrument. The 
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possible mechanism of the potentiostatic formation of the collagen coating is as follows, according to the findings 

of the work of Prockop and Fertala.46 

After a very short initial charging of the electrochemical double layer, the current increases to a maximum due to 

the potential-assisted delivery of peptide fragments from the bulk solution to the electrode surface. It is assumed 

that the peptide fragments are predominantly oriented with their negatively charged part toward the electrode 

surface. Moreover, the potential enables interactions between the peptide fragments that lead to fibril assembly 

and support the early nucleation step.47 In the descending part of the transient, the initial fibril assembly grows 

and organizes into microfibrils that most likely continue to grow longitudinally (the current density is relatively 

constant). The appearance of the Ti/oxide surface after 30 minutes of synthesis of the collagen coating at Ef = 0 

V confirmed the assumed formation and growth of the fibrils (Figure 4a). Based on the morphology of the 

hydrolyzed collagen powder used (Figure 2a) and the finding that collagen molecules can form fibrils at a pH 

above 5.5,24 the potential as a driving force triggered/initiated the assembly of collagen molecules into microfibrils 

and later into fibrils. Assembly is a typical property of collagen that occurs spontaneously and results in 

microscopic fibrils, fibril bundles, and macroscopic fibers. This process can also take place in vitro under suitable 

conditions, such as temperature, pH and ionic strength.1,48 

According to the SEM image (Figure 4a), the collagen coating consists of interwoven fibrils of different lengths 

with an average diameter of 2.2 m, which form a branched network on the Ti/oxide surface. Similar morphology 

of collagen coating in the fibrous form was obtained by electrodeposition of type I collagen from an aqueous 

solution over 30 seconds to 30 minutes.24 Comparing the diameter of the formed fibrils with the diameter of a 

native collagen molecule (diameter = 1.5 nm; length = ~300 nm),2 it is obvious that the fibrils are thicker, which 

is due to the initial formation of microfibrils and their further growth/assembly into thicker fibrils, which depends 

on both the applied potential and the formation time. According to the W. Yang et al. paper,3 a collagen fibril has 

a diameter between 50 and 500 nm, and approximately 4000 fibrils form a fiber whose diameter can be from 50 

to 300 m. Although the diameter of the synthesized collagen filaments is larger than that of a fibril and smaller 

than that of a fiber, the term fibril is used in this manuscript. 

As a result of the binding between the peptide fragments and the Ti/oxide surface, some bands disappeared, as 

shown by the ATR-FTIR spectrum (Figure 4b) compared to the ATR-FTIR spectrum of hydrolyzed collagen 

(Figure 2b). EDS analysis also confirmed the presence of the coating by detecting C, O, and N as components of 

collagen (Figure 4c).  

 

Fig. 4: (a) FE-SEM morphology and chemical analysis by (b) ATR-FTIR and (c) EDS of the collagen coating 

prepared at 0 V against Ag/AgCl/3 M KCl for 30 minutes 

 

 

3.2. The electrochemical behavior of the modified and unmodified Ti/oxide samples in artificial Fusayama saliva 

 

 Since the interface between an implant and body fluids is electrochemical in nature, various redox 

processes can occur that can lead to degradation of the implant, which is extremely undesirable from the point of 

view of the functional lifetime of the implant. For this reason, understanding the electrochemical stability or 

corrosion resistance of implants is highly important. Cyclic voltammetry was used to investigate the protective 
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properties of collagen fibril-modified titanium during exposure to a model electrolyte, artificial saliva, over a wide 

potential range. To quantitatively determine the protective effect of the Ti/oxide/collagen sample, it is necessary 

to know the electrochemical behavior of unmodified titanium under the same conditions. The results are shown 

in Figure 5. 

 

 
Fig. 5: The cyclic voltammograms of the freshly prepared Ti/oxide and Ti/oxide/collagen samples in 

Fusayama artificial saliva were recorded from the open-circuit potential to the anodic potential of 1.0 V 

and in the reverse direction to the cathodic potential of -1.0 V and finally to the starting potential. The scan 

rate was 50 mV s-1 

 

The current density values of the Ti/oxide/collagen sample are drastically lower than those of the unmodified 

sample in the potential range investigated. This response confirmed that the collagen coating was successfully 

formed and acted as a very effective barrier between the substrate and the aggressive artificial saliva solution. The 

anodic part of the voltammogram of unmodified Ti is dominated by a current density peak related to the formation 

and growth of the oxide layer on the Ti surface.49 In the case of the modified sample, the formation of the oxide 

layer is completely suppressed; only after ~ 0.7 V is a slight increase in the anodic current density observed, which 

most likely indicates the desorption/removal of the collagen fibrils from the surface and the beginning of surface 

oxidation. In the cathodic part, an increase in the current density at approximately -0.5 V is visible, indicating a 

cathodic desorption/removal of the collagen fibrils. 

 To highlight the protective role of the collagen fibrils during immersion in artificial saliva, the protective 

efficiency () was calculated from the current density values of the unmodified and modified Ti electrodes 

according to the following relationship  = 1- (jTi/oxide/collagen – jTi/oxide), where jTi/oxide/collagen is the current density of 

the modified sample and jTi/oxide is the current density of the unmodified Ti sample. The values are listed in Table 

2. The collagen fibrils offered very high protection,  ≥ 95%, to the underlying Ti/oxide substrate in the potential 

range from -0.5 V to 0.7 V. 
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Table 2: Current density values, j, of the unmodified and modified Ti/oxide samples from the cyclic 

voltammograms (Fig. 5) and the calculated protective efficiencies,  of the collagen coating 

 

E / V 
jTi/oxide / 

mA cm-2 

jTi/oxide/collagen / 

mA cm-2 

collagen / 

% 

1.0 1.031 0.106 89.7 

0.7 0.876 0.015 98.3 

0.5 0.748 0.006 99.2 

0.1 0.054 0.002 96.3 

-0.5 -0.137 -0.007 94.9 

-0.7 -0.226 -0.035 84.5 

-1.0 -0.580 -0.165 71.6 

 

 

 

 To study the bioactivity of titanium as an implant material, unmodified and collagen-modified samples 

were immersed in a model electrolyte, Fusayama artificial saliva, for 7 days at room temperature. At the end of 

the experiment, the samples were characterized using ATR-FTIR, SEM, EDS and XRD, and the results are shown 

in Figures 6-8. 

 Since collagen tends to dissolve in aqueous solutions, the modified sample was briefly removed from the 

solution after 3 days, air-dried and analyzed by ATR-FTIR spectroscopy to determine whether dissolution of the 

collagen fibrils occurred. The results are shown in Figure 6 together with the ATR-FTIR results for both samples 

after 7 days of immersion. The spectra in Figures 6b and 6c clearly show that the collagen fibrils are still present 

on the Ti throughout the entire 7-day immersion period. Figure 6d shows a comparison of the spectra after the 3rd 

and 7th days of immersion, which are presented in the wavenumber range characteristic of peptide bands. Bands 

AI and AII as well as bands characteristic of glycine and proline vibrations (marked with *) were detected after 

the 3rd and 7th days of immersion. Interestingly, the intensity of the peaks decreases with increasing immersion 

duration, indicating gradual dissolution of the fibrils. New bands appear, indicating the formation of a new phase. 

An analysis of the recorded spectra according to the literature50-52 revealed that the new phase that spontaneously 

formed was calcium phosphate (CaP). The identification of the bands is summarized in Table 3. 
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Fig. 6: The ATR-FTIR spectra of the Ti/oxide and Ti/oxide/collagen samples recorded after immersion in 

artificial Fusayama saliva. (a) Spectra of the Ti/oxide sample after 7 days of immersion; (b) spectra of the 

Ti/oxide/collagen samples after 3-day and (c) 7-day immersion; (d) comparison of the spectra of the 

Ti/oxide/collagen sample after 3-day and 7-day immersion in the spectrum area of peptide bond 

characteristic bands. The collagen bands are marked in red, and the CaP bands are marked in green 

 

 

 Since the responses of the Ti/oxide (Figure 6a) and Ti/oxide/collagen (Figure 6c) samples after 7 days of 

immersion are similar, except the peptide bands, which only appear in the spectrum of Ti/oxide/collagen, the 

results for Ti/oxide/collagen are discussed. In addition to the bands of the PO4
3- group (1081, 1025, 962, 601, 561, 

and 472 cm-1), which are characteristic of the tetrahedral apatite structure, carbonate, CO3
2- bands (1465, 1410, 

and 873 cm-1) are visible in both samples (Figures 6a and c). The appearance of bands of CO3
2- groups at 1410, 

1465, and 873 cm-1, as in the case of the Ti/oxide/collagen sample (Figure 6c), proves the substitution of "B-type" 

PO4
3- groups by CO3

2- groups in the apatite crystal structure.53 For both samples, the maximum of the CO3
2- group 

at ~875 cm-1 proves the substitution of the "AB-type", where “A-type” means a direct substitution of the OH- 

group in the apatite crystal lattice with CO3
2- (CO3

2- ↔ 2OH-).50,54 A weak band at ~3570 cm-1 additionally proves 

the substitution of the "AB-type".55 The occurrence of bands at approximately 3570 and 627 cm-1 indicates the 

presence of water in the apatite phase.50 Since ion substitution was confirmed in the apatite crystal lattice, calcium-

deficient hydroxyapatite, Ca-deficient HA, Ca10-x(PO4)6-x(HPO4)x(OH)2-x (0<x<1), was formed.56 
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Table 3: ATR‒FTIR band assignments50-56 for the samples after immersion in Fusayama artificial saliva 

for a certain period of time. 

 

Peak / cm-1 

Label Assignment Ti/oxide 

7 days 

Ti/oxide/collagen 

3 days 

Ti/oxide/collagen 

7 days 

3568 3571 3568  
structural OH stretching at the HAp surface or 

at crystallites 

3351 3363 3330  
1  and 3 of H2O bonded with hydrogen 

(stretching  mode) in hydroxyapatite 

2958 2928 2924  CH2 asymmetric stretching mode 

/ / 2853  CH2 symmetric stretching mode 

 1646 1654 AI stretching of ‒C=O of amide group 

 1546 1566 AII 
N–H stretching coupled to the C–N stretching 

of amide group 

/ 1464 1465, 

1410 
3 CO3

2-
asymmetrical and symmetrical stretching of 

carbonate group 

/ 

1454 

1424 

1301 

1218 

1455 

1381 

1307 

1226 

* CH2 wagging vibrations of glycine and proline 

1081 1082 1081 3a P–O asymmetric stretching in PO4
3-

1027 1026 1025 3c P–O asymmetric stretching in PO4
3-

959 961 962 1 P–O symmetric stretching in PO4
3-

869 867 873 2 CO3
2- symmetric stretching of carbonate group 

623 624 627 
structural OH libration mode at the HAp 

surface or at crystallites 

602 601 601 4c 
symmetric deformation mode of O–P–O in 

PO4
3-group

563 561 561 4a 
asymmetric deformation mode of O–P–O in 

PO4
3- group

too noise 471 472 2 2(O–P–O) bending vibration 

 

 

After establishing the structural groups of the Ca-deficient HA deposit, its morphological and 

microstructural features were examined via FE-SEM and are shown in Figure 7. 
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Fig. 7: FE‒SEM images of the surfaces of (a, b, c) Ti/oxide/collagen and (d, e, f) Ti/oxide after immersion 

in Fusayama artificial saliva for 7 days. The images were recorded at 500x (a, d), 2000x (b, e) and 20000x 

(c, f) 

 

A comparison of the data in Figures 7a and 7d reveals that the coverage level of the collagen-modified Ti/oxide 

surface is greater than that of the unmodified Ti surface, a large part of which remains "bare". A closer look at the 

HA structure on the Ti/oxide/collagen surface revealed that HA deposits grow along the collagen fibrils (Figures 

7b and c). A similar interweaving of collagen fibrils and spontaneously formed CaP particles was obtained after 

immersing TEOS-treated fibrils in simulated body fluid (SBF) for 10 days, as reported in a paper by A.L. Andrade 

et al.57 

FE-SEM images show that the 3D flower-like growth of the deposits is site-specific and predominantly directed 

along the fibrils and that the upper fibril surface remains largely uncovered. This directed growth is a consequence 

of the interactions between the free functional groups of the collagen and the initial species/ion pair CaHPO4 

(determined by DFT; next section), which reaches the collagen fibril and together form the "nucleation center" of 

the growth of the Ca-deficient HA deposits. A detailed explanation of the directional growth along the collagen 

fibril is given in the next section based on the DFT calculations performed. 

The morphological features of the HA clusters of needle-like nanoparticles are the same on both the unmodified 

and the collagen-modified Ti/oxide surfaces (Figures 7c and f). HA particles with hexagonal symmetry (P63/m) 

grow along the c-axis and exhibit plate-like or needle-like morphology when precipitated without templates.56 

The surface energies of the different crystal faces are responsible for the growth of these two morphologies, whose 

formation depends on the experimental conditions, such as pH, temperature, and precursor concentration.58-60 

Under the selected conditions (artificial saliva, pH = 6.8 and T = 22±2 °C), needle-like agglomerates formed 

spontaneously on both Ti/oxide surfaces after 7 days of immersion. The elemental analysis performed by EDS 

(Figures 8a and b) showed the calcium phosphate elements (Ca, P and O) and trace elements such as Na, Cl, and 

Ti from the substrate. The elemental composition is shown as an inset in Figure 8. Based on the Ca/P ratio, which 

is 1.41 (Ti/oxide) and 1.50 (Ti/oxide/collagen), and the trace elements Na and Cl detected, it can be concluded 

that the fluffy 3D deposits formed are Ca-deficient hydroxyapatite (stoichiometric ratio; Ca/P = 1.5-1.67).50,61 

This is supported by the ATR-FTIR results (Figure 6), the pH stability of Ca-deficient HA, which is between 6.5 

and 9.5 at 25 °C,61 and the fact that Ca-deficient HA forms as the first crystalline HA phase in aqueous solution.60 
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From the above, it can be concluded that the resulting Ca-deficient HA is similar in composition to biological Ca-

deficient hydroxyapatite.50,51 

 
Fig. 8: The results of the EDS analysis of the (a) Ti/oxide and (b) Ti/oxide/collagen surfaces after immersion 

in the Fusayama artificial saliva for 7 days. The surfaces shown in Figs. 7c and f were analyzed 

 

Further confirmation of the HA phase is visible from the XDR patterns recorded for the Ti/oxide and 

Ti/oxide/collagen samples after 7 days of immersion in artificial saliva, as shown in Figure 9. Although the 

diffractograms were recorded over a wide 2 range, intense reflections from the titanium substrate (JCPDS Card 

No. 044-1294) were detected. Therefore, the results are presented in a narrower 2 range where HA peaks 

appeared. A new phase is immediately visible on the surfaces of the Ti/oxide and Ti/oxide/collagen samples 

exposed to artificial saliva compared to the freshly prepared Ti substrate. A greater extent of the new phase formed 

on the collagen-modified Ti/oxide sample, as indicated by the stronger intensity of the peaks, suggesting a positive 

role of collagen fibrils as promoters of titanium bioactivity. According to the standard JCPDS Card No. 009-0432, 

these new peaks represent the pure HA phase. The peaks are quite broad, indicating the low crystallinity of HA 

as a result of ion substitution in the apatite crystal lattice.51 These results are consistent with the ATR-FTIR and 

EDS results. In addition, a shift of the Ti peaks to higher 2values was observed, which can be attributed to the 

collagen fibrils and HA deposits. 
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Fig. 9: XRD patterns of freshly prepared Ti/oxide, Ti/oxide and Ti/oxide/collagen samples after immersion 

in Fusayama artificial saliva for 7 days. (+) stands for titanium, Ti; (*) stands for hydroxyapatite, HA 

 

The correlation of the XRD, ATR-FTIR and EDS results based on ion substitution in the apatite crystal 

lattice pointed to the spontaneous formation of Ca-deficient HA at both the Ti/oxide and Ti/oxide/collagen 

surfaces. The electrochemically deposited collagen fibrils undoubtedly enhanced the protective and bioactive 

properties of the titanium. The fibrils stimulated the formation of a larger amount of HA phase, which is 

chemically very similar to the biological HA phase, in a very short period (after 3 days of immersion in saliva). 

Hence, it can be assumed that the modified titanium surface is more biocompatible/bioactive than the unmodified 

surface. Notably, the electrochemical deposition method enabled the formation of stable collagen fibrils, which 

did not dissolve quickly upon contact with the aqueous saliva solution but remained chemically bound to the 

surface and attracted the calcium and hydrogen phosphate ions responsible for HA phase formation. In this way, 

a "nucleation center" of new bone simultaneously contains the organic phase, collagen, which provides elasticity, 

and the inorganic phase, hydroxyapatite, which provides strength and resilience. The results of the DFT modeling 

are presented below, which provide deeper insight into the mechanism of the spontaneous formation of the 

hydroxyapatite phase on the unmodified and collagen-modified Ti oxide surfaces. 

 

 

3.3. The mechanism of calcium phosphate interaction with Ti/oxide and Ti/oxide/collagen surfaces 

 

To gain insight into the interactions of calcium phosphate (CaP) with the collagen-modified titanium oxide 

surface at the molecular level, a detailed theoretical study was performed using DFT quantum chemical 

calculations. The interaction of calcium and phosphate ions with the collagen-coated surface was analyzed in 

terms of the interaction pattern and interaction energy. The theoretical simulations were carried out to investigate 

the initial phase of the calcium and phosphate ions aggregation on the collagen coating. The hydrogen phosphate 

anion (HPO4)2- species was considered for the simulation because it is the major phosphate species in the solution 

under mildly basic experimental conditions. Additionally, the ion association process between Ca2+ and HPO4
2- 

presumably occurs immediately at the beginning of the nucleation process, forming a CaHPO4 ion pair that 

interacts with the biomolecule coating. 

To model a hydrolyzed collagen molecule, a functional tripeptide fragment was used as the most abundant 

tripeptide unit in numerous extracellular matrix proteins.62 The electrochemical measurement results of cyclic 
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voltammetry and potentiostatic deposition (Figure 3) showed that this tripeptide fragment is in the anionic form, 

NH2-Gly-Pro-Hyp-COO‒. In other words, hydrolyzed collagen was deposited on the surface of the Ti oxide when 

the Ti oxide working electrode was connected to a dc power source as an anode. 

The TiO2 nanocluster was selected for the simulation of the metal oxide layer because of the presence of a 

thin, spontaneously formed oxide layer on the titanium surface, which was confirmed by the EDS and ATR-FTIR 

results (Figure 1). The (TiO2)10 nanocluster used by Qu and Kroes63 was selected for cluster modeling. As revealed 

by the DFT results, tripeptide molecules in their anionic form show a significant affinity for the TiO2 surface, as 

seen from the considerable release of the Gibbs free interaction energy, ∆G*INT = -13.18 kcal mol-1. In the most 

stable (TiO2)10─tripeptide structure, the binding is achieved through the two coordinate Ti‒O bonds (dTi‒O = 2.065 

Å and 2.191 Å, ETi‒O = -26.33 kcal mol-1 and -18.32 kcal mol-1, respectively), which are additionally accompanied 

by several hydrogen bonds (dO···H = 2.149 Å, 2.636 Å and 2.369 Å, EO···H = -4.41 kcal mol-1, -1.49 kcal mol-1 and 

-2.99 kcal mol-1, respectively; Figure 10). Most likely, the interactions described above, which occur during the 

interaction of the tripeptide units with the TiO2 surface, are decisive factors for the pronounced stability of the 

collagen layer on the Ti/oxide surface, which was demonstrated by the experimental results showing the presence 

of collagen fibrils on the Ti/oxide surface over an extended test period of seven days in saliva solution (see Section 

3.2). 
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G*INT = -13.18 kcal mol-1 

 

Fig. 10: The most stable structure, as predicted by DFT, of the (TiO2)10─tripeptide representing the collagen 

coating on the TiO2 surface; bond distances in Å and bond energies in kcal mol-1; Ti - light gray, O – red, C 

– gray, N – blue, H – white 

 

The mechanism of CaP formation on the Ti/oxide/collagen surface was investigated by analyzing the 

TiO2/tripeptide‒CaP interactions. Assuming that the calcium phosphate ion species (CaHPO4) are near potential 

binding sites of the tripeptide moiety. The most stable TiO2/tripeptide‒CaP structures were subsequently subjected 

to an analysis of their binding properties in terms of binding patterns and binding energies. 

Two preferential sites for the attraction of CaHPO4 have been identified, namely the carboxylate group 

(COO-) and the hydroxyl group (OH-) on the hydroxyproline moiety of the tripeptide molecule. The most stable 

structures for the investigated binding modes are shown in Figure 11. In the most preferred mode, given the 

structure (TiO2)10‒tripeptide‒CaP‒I (Figure 11a), the calcium phosphate ions bind to tripeptide molecule via Ca2+ 

ions interacting with the carboxylic group of the hydroxyproline part of the tripeptide molecule. The binding is 

realized by two coordinate COO-‒Ca2+ bonds between the carboxylate oxygen atom and the calcium atom with 

bond lengths of dCa···O = 2.727 Å and 2.572 Å and bond energies of ECa···O = -4.21 kcal mol-1 and -6.36 kcal mol-

1, respectively. The formed bonds are attributed to an ionic type of interaction according to ∇2ρ(rc) >0 and H(rc) 

>0, as obtained from the topological analysis of the electronic density distribution. In addition, HPO4
2- binds to 

Ca2+ in a bidentate way (dCa···O = 2612 Å and 2.497 Å; ECa···O = -5.97 kcal mol-1 and -8.06 kcal mol-1, respectively) 

and is oriented in the upper part of the (TiO2)10‒tripeptide‒CaP‒I structure, as shown in the motif in Figure 11a. 

Due to the ∇2ρ(rc) >0 and H(rc) >0, phosphate‒calcium bonds represent the ionic type of interactions. In addition, 

two water molecules are found to participate in the first coordination shell of the Ca2+ ion. When the (TiO2)10‒

tripeptide‒CaP‒I structure is formed, a considerable amount of free energy of -29.69 kcal mol-1 is released. 

In the other, energetically closely competitive (TiO2)10‒tripeptide‒CaP‒II structure (ΔG*INT = -21.09 kcal 

mol-1; Figure 11b), the binding of CaHPO4 to the tripeptide units is realized via the hydrogen phosphate group that 

binds to the hydroxyproline part of the tripeptide molecule through O···H‒O hydrogen bonds, as shown in Figure 

11b, with dO···H = 1.667 Å and EO···H = -11.21 kcal mol-1. The calcium ion is bonded to the hydrogen phosphate 

group in bidentate mode (dCa···O =2.571 Å and 2.810 Å; ECa···O = -6.38 kcal mol-1 and -3.41 kcal mol-1, 

respectively), with ∇2ρ(rc) >0 and H(rc) >0 indicating ionic type of interactions, whereas four water molecules 

are found to participate in the first coordination shell of the calcium ion. 
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(a)       (b) 

   
ΔG*INT = -29.69 kcal mol-1   ΔG*INT = -21.09 kcal mol-1 

Fig. 11: The most stable structures predicted by DFT calculations: (a) (TiO2)10‒tripeptide‒CaP‒I and (b) 

(TiO2)10‒tripeptide‒CaP‒II, representing CaP nucleation on the TiO2 surface covered by collagen; bond 

distances in Å and bond energies in kcal mol-1; Ti - light gray, O – red, C – gray, N – blue, P – orange, H – 

white, Ca – yellow‒green 

By evaluating the Gibbs free energy of the interactions, many chemical processes can be elucidated, 

including the mechanisms of the CaP deposition process on the collagen-coated Ti/oxide surface. The spontaneous 

formation of the two structures described above (ΔG*INT < 0) plays an important role in clarifying the interaction 

mechanism between CaHPO4 ion pairs and the peptide fragments of the collagen fibrils in the early stage of CaP 

layer formation. The hydroxyproline site is an excellent nucleation domain on collagen coatings. The binding is 

more exergonic when the calcium ion of the CaHPO4 ion pair binds to the carboxyl group of the hydroxyproline 

amino acid of the tripeptide unit [(TiO2)10‒tripeptide‒CaP‒I; ∆G*INT = -29.69 kcal mol-1; Figure 11a]. In contrast, 

binding by hydrogen phosphate occurs via a hydrogen bond with access to the hydroxyl group of the 

hydroxyproline amino acid [(TiO2)10‒tripeptide‒CaP‒II; ∆G*INT = -21.09 kcal mol-1; Figure 11b]. However, as 

indicated by ∆G*INT, these two binding modes are thermodynamically favorable, differing by only several kcal 

mol-1, and most likely, they compete energetically, resulting in pronounced dynamics of the CaP deposition 

process and ensuring uniform and specifically oriented CaP growth along the collagen fibril on the Ti/oxide 

surface. This is consistent with the experimental results, which clearly show pronounced, laterally oriented 3D 

CaP growth along the fibril, as shown in the SEM image in Figures 7b and c. It is assumed that the initial pair 

[COO- (hydroxyproline site of the collagen) ‒ CaHPO4 (saliva)] acts as a "nucleation center" for the formation 

and growth of CaP on the Ti/oxide/collagen surface under the conditions investigated. 

Finally, it is of great interest to compare the calculated values of the Gibbs free energies of the interactions 

of calcium phosphate ions with the Ti/oxide/collagen surface with the Gibbs free energies of the interactions of 

calcium phosphate ions with the bare Ti/oxide surface.64 As shown by the DFT results, in the case of the interaction 

between CaHPO4 and bare TiO2, more favorable binding is realized by the interaction of the phosphate ion of the 

CaHPO4 with the TiO2 surface [(TiO2)10‒CaP‒II, ΔG*INT = -20.26 kcal mol-1; Figure 12b]. Less favorable binding 

is achieved by the interaction of the Ca2+ ions of the CaHPO4 with the TiO2 surface [(TiO2)10‒CaP‒I, ΔG*INT = -

5.28 kcal mol-1; Figure 12a]. When the most favorable bindings of CaHPO4 to the Ti/oxide/collagen surface and 

to the bare TiO2 surface were compared, the former was found to be significantly more exergonic (9.43 kcal mol-

1). These results provide evidence of the positive effects of the collagen coating on CaP formation, which is  

consistent with the experimental observations. 
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(a)       (b) 

    
 

 

ΔG*INT = -5.28 kcal mol-1     ΔG*INT = -20.26 kcal mol-1 

 

Fig. 12: The most stable structures predicted by DFT calculations: (a) (TiO2)10‒CaP‒I and (b) (TiO2)10‒

CaP‒II, representing CaP nucleation on the bare TiO2 surface; bond distances in Å and bond energies in 

kcal mol-1; Ti - light gray, O – red, P – orange, H – white, Ca – yellow‒green [64] 

 

4. Conclusions 

 

 The fibrous collagen coating was successfully synthesized by potentiostatic deposition on a 

Ti/oxide surface from a 10-2 mol dm-3 solution of hydrolyzed collagen, as shown by SEM, EDS 

and ATR-FTIR results. 

 The results of cyclic voltammetry in artificial Fusayama saliva solution displayed that the current 

density values on the Ti/oxide/collagen sample were drastically reduced compared to the values of 

the unmodified Ti/oxide sample. The collagen fibrils protected the Ti/oxide surface by 95–99%, 

depending on the applied potential. 

 During the 7-day immersion in artificial saliva solution, the collagen fibrils remained on the 

Ti/oxide surface, surrounded by spontaneously formed fluffy 3D clusters of needle-like 

nanoparticles, as shown by FE-SEM. XRD, ATR-FTIR, and EDS results revealed that these 

clusters are calcium-deficient hydroxyapatite (Ca/P = 1.5). 

 Although a calcium-deficient hydroxyapatite phase was also detected on the unmodified Ti/oxide 

surface, a significantly larger amount of hydroxyapatite phase was formed on the collagen-

modified surface, indicating increased bioactivity of the collagen-modified titanium surface. 

 The DFT results revealed spontaneous molecular interactions between the Ti/oxide/collagen 

surface and the calcium phosphate ions from the saliva solution according to the calculated 

negative Gibbs free interaction energy. The binding was achieved by two energetically competing 

structures. In one, the calcium ion of the CaHPO4 ion pair interacts with the carboxyl group 

(COO-) of the hydroxyproline amino acid of the tripeptide unit [(TiO2)10‒tripeptide‒CaP‒I; ∆G*INT 



“This preprint has not undergone peer review or any post-submission improvements or corrections. The Version 

of Record of this article is published in Journal of Coatings Technology and Research, and is available online at 

DOI: 10.1007/s11998-025-01192-7”. 

 
 

21 
 

= -29.69 kcal mol-1]. In the other case, the hydrogen phosphate ion (HPO4
2-) binds to the hydroxyl 

group of the hydroxyproline amino acid via a hydrogen bond [(TiO2)10‒tripeptide‒CaP‒II; ∆G*INT 

= -21.09 kcal mol-1]. 

 The binding of calcium phosphate ions to the Ti/oxide/collagen surface was significantly more 

exergonic (by 9.43 kcal mol-1) than the binding to the bare Ti/oxide surface. This agrees well with 

the experimental results and is clear evidence of the positive effects of collagen fibrous coating on 

the formation of calcium phosphates.  
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