

  inorganics-11-00033




inorganics-11-00033







Inorganics 2023, 11(1), 33; doi:10.3390/inorganics11010033




Article



Low-Temperature Synthesis Approach for Calcium Hydroxyapatite Coatings on Titanium Substrate



Rasa Karalkeviciene 1, Greta Briedyte 1, Anton Popov 1[image: Orcid], Skirmante Tutliene 2, Aleksej Zarkov 1[image: Orcid] and Aivaras Kareiva 1,*[image: Orcid]





1



Department of Inorganic Chemistry, Vilnius University, Naugarduko 24, LT-03225 Vilnius, Lithuania






2



Center for Physical Sciences and Technology, Sauletekio 3, LT-10257 Vilnius, Lithuania









*



Correspondence: aivaras.kareiva@chgf.vu.lt







Academic Editors: Duncan H. Gregory, Wolfgang Linert, Richard Dronskowski, Vladimir Arion, Claudio Pettinari and Torben R. Jensen



Received: 15 December 2022 / Revised: 29 December 2022 / Accepted: 3 January 2023 / Published: 7 January 2023



Abstract

:

In this study, a low-temperature synthetic approach was developed for the fabrication of calcium hydroxyapatite (CHAp) coatings on a titanium substrate. The titanium substrates were first coated with CaCO3 by a spin-coating technique using a sol–gel chemistry approach, and the obtained product was transformed into CHAp during a dissolution–precipitation reaction. The phase purity and structural and morphological features of the obtained CHAp coatings were evaluated by X-ray diffraction (XRD) analysis, FTIR spectroscopy, Raman spectroscopy, scanning electron microscopy (SEM) and using a 3D optical profilometer. It was demonstrated that almost-single-phase CHAp formed on the titanium substrate with a negligible number of side phases, such as Na2HPO4 (starting material) and TiO2. In the Raman spectrum of the CHAp coating, the peaks of phosphate group vibrations were clearly seen. Thus, the obtained results of Raman spectroscopy correlated well with the results of X-ray diffraction analysis. The corrosive behaviour of CHAp coatings on a titanium substrate was also evaluated using electrochemical methods. It was found that the corrosion resistance of titanium coated with CHAp increased significantly. These CHAp thin films may be potential candidates for use in not only in regenerative medicine but also in the development of different sensors.






Keywords:


calcium hydroxyapatite; thin films; titanium substrate; spin coating












1. Introduction


Calcium hydroxyapatite (Ca10(PO4)6(OH)2; CHAp) is one of the substances found in bone tissue, being involved in bone growth and characterized by excellent biocompatibility. CHAp shows strong osteopermeable properties, making it a particularly attractive material for biomedical applications [1]. A high surface area, reactivity and biomimetic morphology make nano-CHAp more favourable in applications such as orthopaedic implant coating or bone substitute filler [2]. Recent efforts have been focused on the possibility of combining nano-CHAp with other drugs and materials for multipurpose applications, such as antimicrobial treatment, osteoporosis treatment, sensing and magnetic manipulation [3]. To build more effective nano-CHAp and composite systems, the synthesis processes, chemistry and toxicity have to be thoroughly investigated. These nanomaterials have a significant role in many biomedical areas, such as sustained drug and gene delivery, bioimaging, magnetic resonance, cell separation and hyperthermia treatment, due to their promising biocompatibility [4].



The use of artificial biomaterials has been gaining therapeutic scope in diverse clinical applications. However, an equally attractive field of application involving CHAp is its use in various sensors. The CO-gas-sensing property of CHAp ceramics with an average crystallite size of 31–54 nm was investigated by Mahabole et al. [5]. It was concluded that CHAp can be used as a CO gas sensor at an optimum temperature near 125 °C. The results presented in the study [6] indicate that the CHAp sensor is applicable for qualitative and conformational analysis of protein adsorption. CHAp was also used to develop a potentiometric sensor for phosphate ions [7]. Alkaline phosphatase (ALP) is a critical biological marker for osteoblast activity during early osteoblast differentiation. The highly sensitive and rapidly responsive novel near-infrared fluorescent probes for the fluorescent detection of ALP were described [8]. ALP detection in vivo was achieved using NIR probe-labelled three-dimensional calcium-deficient hydroxyapatite (CDHA) scaffolds. The results suggest the possibility of early-stage ALP detection during neo-bone formation inside a bone defect, by in vivo fluorescent evaluation using 3D CDHA scaffolds. Recent trends in the application of calcium apatite compounds for electrochemical detection of heavy metals or H2O2 are shown in the studies [9,10].



Continuous research on CHAp nanomaterials (CHAp-NMs) has explored novel fabrication approaches coupled with functionalization and characterization methods [11,12]. CHAp coatings can be deposited using atomic layer deposition (ALD) technology [13] or magnetron sputtering [14]. Due to the quality of the produced coatings, these methods are the main technologies for the fabrication of thin layers in a vacuum. The electrochemical method of CHAp coating deposition is a popular way of forming coatings by electrolysis from an electrolyte with the appropriate composition. The method does not require the above-mentioned expensive equipment, and the thickness and structure of the deposited coatings can be controlled by varying the appropriate potential, current density, electrolyte composition and pH [15]. Using the aqueous sol–gel method, CHAp can be synthesized on various substrates (e.g., titanium, quartz, silicon) by controlling the temperature, pH and concentration [16]. This method is considered a high-temperature approach, requiring elevated temperatures to obtain the CHAp crystalline phase. However, high temperatures do not support the formation of nanocrystalline materials [17]. The CHAp coatings obtained at 1000 °C could be inhomogeneous, for example, consisting of two distinct regions: one with small grains, approximately 200 nm in size, and one with larger grains, approximately 800 nm in diameter [18]. Additionally, the formation of the TiO2 phase at high temperatures reduces adhesion of CHAp films on Ti substrates [19].



In this study, we investigated the possibility of fabricating CHAp thin films at a sufficiently low temperature, applying environmentally friendly sol–gel and dissolution–precipitation methods [1,20,21,22] for the first time using the spin-coating technique. The spin-coating method offers great promise for the fabrication of thin films with desirable properties [23]. The spin-coating technique allows very homogeneous samples composed of nano-scaled particles to be fabricated [16]. This low-temperature synthetic approach was developed for the fabrication of CHAp coatings on Ti substrates; however, it could be easily used for the formation of CHAp nanostructures on different substrates. The results of characterization of the obtained CHAp are presented herein.




2. Results


2.1. X-ray Diffraction Analysis


The phase composition of the obtained calcium carbonate coatings on the titanium substrate was determined by X-ray diffraction analysis (Figure 1).



According to the obtained results, the formation of CaCO3 after 20 coating procedures was evidently observed. Additionally, the XRD patterns contained intense diffraction peaks corresponding to TiO2 (rutile) CaO and CaTiO3 crystalline phases.



Figure 2 shows the XRD patterns of the resulting CaCO3 coating on the titanium substrate after 28 days of immersion in Na2HPO4 solution and the Ti substrate was annealed at 600 °C.



It can be seen that the CHAp coating was successfully formed. The diffraction peaks characteristic of the crystalline CHAp phase were observed [16,19]. Additionally, the peaks attributed to secondary phases such as Na2HPO4 (from immersion solution), Ti (substrate) and TiO2 were also detected. It could be concluded that CHAp formed, but it did not prevent the formation of TiO2. On the other hand, the characteristic peaks of CaTiO3 are not visible, which may have been due to the fact that the CaTiO3 layer was coated with CHAp. The influence of Ti substrate modification on the formation of CHAp coatings was previously deeply investigated [19]. To achieve a better quality of CHAp coatings, Ti substrates were modified by adding a calcium titanate sublayer or additional preheating at 650 °C. One of the key advantages of the sol–gel technique is its capacity to produce homogeneous materials [24]. It is evident from the XRD results that the combined sol–gel and dissolution–precipitation reactions method also produces homogeneous CHAp coatings.




2.2. Raman and FTIR Spectroscopy


Raman spectra of the sol–gel-derived CaCO3 coating and CHAp coating obtained following the dissolution–precipitation reaction are shown in Figure 3.



A high background is visible in the Raman spectrum of the CaCO3 coating; however, the observed peak at 1084 cm−1 corresponds to the symmetric stretching of calcium carbonate [25]. In the Raman spectrum of the CHAp coating, the peaks of phosphate group vibrations at 400, 574, 590, 950 and 1085 cm−1 are seen [25]. The peak at about 280 cm−1 is attributed to the Ca-PO4 lattice. All this confirms that the CHAp coating was formed by the dissolution–precipitation process. The most intense peak observed, at 690 cm−1, is ascribed to the Ti substrate. In addition, the peaks at 159, 220 and 485 could be attributed to the TiO2 phase [26]. The obtained results of Raman spectroscopy correlate well with the results of X-ray diffraction analysis.



Figure 4 demonstrates the FTIR spectra of synthesized coatings. The absorption bands observed at 1411 cm−1 and 879 cm−1 in the spectrum of the CaCO3 coating can be assigned to the stretch vibrations of the carbonate ion [27,28]. The intense absorption band detected at ~590 cm−1 is attributed to the vibration of Ti-O in titania.



The results deduced from the FTIR spectrum of the formed CHAp coating are in good agreement with the results of XRD and Raman spectroscopy, confirming the formation of intermediate (CaCO3) and end products (Ca10(PO4)6(OH)2):


    10   C a C  O 3     +   6  N  a 2  H P  O 4     +    2    H 2  O     =    C  a 10    ( P  O 4  )  6    ( O H )  2    +   8    N a H C  O 3     +    2   N  a 2  C  O 3     



(1)







According to the origin of observed absorption bands, the formation of carbonated hydroxyapatite (Ca10−x(PO4)6−x(CO3)x(OH)2−x−2y(CO3)y) occured during the dissolution–precipitation reaction [28,29].




2.3. Microscopical Characterization


Figure 5 shows the SEM micrographs of the formed CaCO3 after spin-coating and thermal treatment procedures. The resulting porous surface was homogeneous with evenly distributed particles. The obtained SEM images confirm that CaCO3 layers were formed and the Ti substrate was uniformly covered.



SEM micrographs of CHAp coatings after immersion of the CaCO3 coating in Na2HPO4 solution are presented in Figure 6. It can be seen from the SEM micrographs obtained at lower magnification that dendritic clusters of CHAp and Na2HPO4 crystallites formed on the titanium surface. The surface of CHAp is rough and porous [30]. However, at higher magnification, the formation of homogenously distributed plate-like crystals and spherical particles is seen. After annealing the obtained CHAp coating at 900 °C, the morphology of the crystals changed dramatically, with the formation of rods of 1–2 µm in length and 100–150 nm in width (see Figure 7). This is in good agreement with literature data [1,16].



The surface morphology of CHAp films was also studied with an optical 3D profilometer (see Figure 8 and Figure 9). As seen from Figure 8, the surface roughness of the Ti substrate increased with the formation of the CaCO3 coating. The results presented in Figure 9 show that the formed CHAp coatings were not evenly distributed on the Ti substrate. Moreover, the surface roughness observed for CHAp coatings was higher than that seen for the CaCO3 coating. These results partially correlate with morphological features determined by SEM analysis. The surface roughness and average coating height were observed to increase slightly after annealing at 900 °C. The maximum roughness (7905 nm) and average height (10,296 nm) were determined for these coatings.




2.4. Electrochemical Characterization


In order to study the corrosion behaviour of fabricated coatings, first of all, the time dependences of the open-circuit potentials (Eocp) of the samples were measured in Hanks’ balanced salt solution (Figure 10).



The open-circuit potential is a parameter that describes the relative corrosion stability of the sample in the solution. The stability of Eocp shows that all the processes that determine its value are in a stationary state. The rates of spontaneous reactions have stabilized and the investigated electrode surface is stable. If Eocp shifts to more positive values, it indicates a decrease in the corrosivity of the electrode, i.e., blocking of the surface by a passive layer. If Eocp shifts to more negative potentials, it indicates that the investigated system is in the corrosion zone. As can be seen from Figure 10, the Eocp value of the CHAp coating initially decreased to ~−0.18 V, indicating that the corrosion activity increased, which is related to the formation of a protective layer of the formed CHAp coating. The Eocp of the working electrode began to shift to more positive values after 7 min and reached a quasi-stationary value. In this case, a new passivation layer was formed on the surface of the tested electrode. The Eocp of the annealed CHAp coating did not change much with increasing exposure time. It was observed that this coating reached a quasi-stationary value after ~6 min., and the passivation layer was formed quite quickly, which indicates the formation of stable coating. The Eocp of the Ti substrate started to become positive in the initial stage of immersion, and the time-invariant value of the Eocp settled after ~11 min. The difference in Eocp values between the tested samples was negligible, indicating that the surface properties of formed CHAp coatings were similar.



The influence of the formed CHAp coating on the corrosion rate of the titanium in Hanks’ balanced salt solution was evaluated using the Tafel dependences of the electrodes. The Tafel polarization curves were recorded when the Eocp of the electrodes reached quasi-stationary values (Figure 11).



The corrosion rates (jcorr) were determined by extrapolation from linear ranges of cathodic and anodic Tafel dependencies. The determined corrosion rates are presented in Table 1.



The polarization curves of the CHAp coating shifted towards more positive values, indicating a less active corrosion process. Table 1 also presents the tendencies of the cathodic (bc) and anodic (ba) Tafel dependencies of the tested samples. It can be seen that the CHAp coating was characterized by higher bc values than the uncoated Ti substrate. The anodic tendency of the Tafel dependence of the obtained coatings decreased compared to that of the titanium substrate. The largest positive boost was determined for the as-prepared CHAp coating. Interestingly, the Eocp of the post-annealed CHAp coating was lower. This may have been influenced by the porosity of the coating, which did not prevent the Hanks’ balanced salt solution from contacting the metal and causing corrosion.



Evidently, these newly fabricated porous and sufficiently rough CHAp films can be successfuly used not only as biomimetic nanotherapeutic coatings but also as electochemical sensors [31], thermoluminescent sensors [32], or pH-sensitive fluorescent protein sensors [33]. The CHAp could be easily doped with lanthanide ions [34]. These nanostructures could be applied for the development of novel pH-responsive systems, which can determine the acidity of biofilms fluorometrically [35]. Finally, it is well known that pH is a critical indicator of bone physiological function and disease status. The suggested CHAp coatings fabricated at low temperatures could be applied for the development of non-invasive and real-time sensing of bone pH in vivo [36]. Therefore, the application of our CHAp system as a bone pH sensor currently is under investigation.





3. Experimental


3.1. Materials and Synthesis


CHAp coatings were synthesized on a titanium substrate using a spin-coating technique from sol–gel-derived calcium carbonate following the dissolution–precipitation reaction at low temperatures. To prepare the Ca-O precursor solution, 20 mL of 2-propanol (C3H8O, 99.0%, Alfa Aesar, Haverhill, MA, USA) was mixed with 1.8 mL of acetylacetone (C5H8O2, 99.9%, Merck, Roway, NJ, USA) at room temperature. A total of 1.1 g of calcium nitrate tetrahydrate (Ca(NO3)2∙4H2O, 99.0%, Fluka, Buchs, Switzerland) was added to the resulting solution and stirred for 1 h. The resulting solution was mixed with PVA ([-CH2CHOH-]n, 99.5%, Aldrich, Burlington, MA, USA) at a ratio of 5:3 (v/v) [37]. The obtained Ca-O precursor solution was used for the synthesis of calcium carbonate coatings on the Ti substrate at 600 °C by the spin-coating technique. Finally, the synthesized CaCO3 thin films were immersed in a 1 M Na2HPO4 solution for 28 days at 80 °C. A schematic diagram of the preparation of CHAp coatings is shown in Figure 12. The titanium substrates (Alfa Aesar, 1 mm titanium alloy sheet, 15 mm diameter, 0.5 mm thick discs and 10 × 10 mm squares) before the deposition of Ca-O precursor solution were carefully mechanically polished with 600-, 800- and 1200-grit sandpaper wet with ethanol-based oil (Struers, DP–Lubricant Brown, Cleveland, OH, USA). During the mechanical polishing of the surface, the oxide film formed in the air and surface defects were removed. The polished substrates were immersed in a 5 M NaOH solution and left at a temperature of 60 °C for 24 h. Before the deposition procedure, the substrates were washed with distilled water and dried at room temperature.



During the spin-coating process, several drops of the precursor solution were placed onto the substrates and spin-coated for 30 s @ 3000 rpm (acceleration was 1000 rpm/s). After each spin-coating procedure, the samples were dried for 10 min in the oven at 200 °C. Finally, the samples were annealed for 5 h at 600 °C (with a heating rate of 5 °C/min.). Spin-coating and annealing procedures were repeated 10 and 20 times.




3.2. Characterization


To determine the phase purity of synthesized products, X-ray diffraction (XRD) measurements were performed with Rigaku miniFlex II or SmartLab (Rigaku) diffractometers using Cu Kα1 radiation. Raman spectroscopy studies were performed using a scanning near-field spectroscopy system with a Raman spectroscopy attachment (Alpha300R, WiTec, Ulm, Germany). Infrared spectra were obtained with an FTIR spectrophotometer Perkin Elmer Spectrum TWO with an ATR accessory. In order to study the morphology of the samples, a field-emission scanning electron microscope (FE-SEM) Hitachi SU-70 (FE-SEM, Hitachi, Tokyo, Japan) was used. Surface morphology images of coatings on titanium substrates were also obtained using an optical 3D profilometer Contour GT-K (Bruker, Billerica, MA, USA). This system works in non-contact mode using white-light and phase-shift interferometry. A 3D profilometer creates an electrical topographic image of the surface. The scanned area of the samples was 0.25 mm2. Electrochemical measurements were performed using an electrochemical measurement system, Solartron 1280C (Ametek, Inc., Berwyn, PA, USA), and a three-electrode cell. The auxiliary electrode was a ~4 cm2 platinum plate. A standard electrode of Ag/AgCl in a saturated KCl solution was used as the reference electrode, and a titanium pad was used as the working electrode. The working electrode was installed in a special window of the cell in such a way that only one side of the electrode was in contact with the solution and tightened through a silicone gasket. Contact with the coating was achieved through a Pt wire that was pressed against the electrode surface. The electrochemical cell was filled with Hanks’ balanced salt solution (Sigma-Aldrich, St. Louis, MO, USA).





4. Conclusions


In this study, a low-temperature synthetic approach including sol–gel and dissolution–precipitation procedures was developed for the fabrication of calcium hydroxyapatite (CHAp) coatings on a titanium substrate. A spin-coating method was used for the formation of calcium carbonate layers from the Ca-O precursor solution. The final step of the synthesis of calcium carbonate coatings on the Ti substrate was performed at 600 °C. Finally, the synthesized CaCO3 thin films were immersed in a 1 M Na2HPO4 solution for 28 days at 80 °C to obtain the CHAp phase. The structural properties, phase purity and morphology of the formed coatings were evaluated by X-ray diffraction analysis, FTIR and Raman spectroscopies, SEM and 3D optical profilometry. It was determined that CHAp with a small number of side phases formed on the titanium substrate. In the Raman and FTIR spectra, the characteristic CHAp absorption bands were observed. The CHAp surface formed on the Ti substrate was rough and porous with homogenously distributed plate-like crystals and spherical particles. The results of the investigation of the surface morphology of CHAp films observed by optical 3D profilometer partially correlated with morphological features determined by SEM analysis. The corrosion behaviour of CHAp coatings in Hanks’ solution was also evaluated. The CHAp coating increased the corrosion resistance of the titanium substrate. Additionally, the analysis of the corrosion behaviour and parameters of the electrochemical tests showed that the protective capacity of CHAp coatings obtained by the sol–gel and dissolution–precipitation methods was sufficiently high and increased after a CHAp coating of uniform thickness was formed. These CHAp thin films obtained by the suggested synthesis method may be potential candidates for use in the development of bone implants and different sensors for various analytes.
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Figure 1. The XRD patterns of CaCO3 coatings obtained by spin coating on a Ti substrate after 20 of spin-coating and thermal treatment procedures. Diffraction peaks: *—CaCO3 (ICDD 01-086-2339), ▲—CaTiO3 (ICDD 03-065-3287), ○—CaO (ICDD 01-082-1691), ●—TiO2 (ICDD 01-083-2241). 
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Figure 2. XRD patterns of CHAp coating obtained after immersion of CaCO3 coating for 28 days in Na2HPO4 solution (1) and Ti substrate annealed at 600 °C (2). Diffraction reflections are marked: ♦—CHAp (ICDD 00-054-0022), *—Na2HPO4 (ICDD 01-076-2287), ■—Ti (ICDD 01-089-5009), ●—TiO2 (ICDD 01-076-0318). 
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Figure 3. Raman spectra of CaCO3 (top) and CHAp (bottom) coatings. 
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Figure 4. FTIR spectra of CaCO3 (top) and CHAp (bottom) coatings. 
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Figure 5. SEM micrographs of CaCO3 coating obtained at different magnifications. 
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Figure 6. SEM micrographs of CHAp coating obtained at different magnifications. 
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Figure 7. SEM micrographs of CHAp coating obtained after annealing at 900 °C. 
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Figure 8. The results of optical 3D profilometry for Ti substrate (top) and CaCO3 coating (bottom): optical 3D (A) and 2D contour (B) images and roughness (C) profiles. 
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Figure 9. The results of optical 3D profilometry for the as-prepared CHAp coating (top) and that annealed at 900 °C (bottom): optical 3D (A) and 2D contour (B) images and roughness (C) profiles. 
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Figure 10. Exposure time dependences of the Eocp potential of titanium/CHAp films in Hanks’ solution: 1—annealed Ti substrate, 2—CHAp coating, 3—CHAp coating after annealing at 900 °C. 
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Figure 11. Tafel dependencies: 1—heated Ti substrate, 2—CHAp coating, 3—CHAp coating after annealing at 900 °C. 
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Figure 12. The schematic diagram of preparation of CHAp coatings on Ti substrate using low-temperature sol–gel and dissolution–precipitation methods. 
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Table 1. Corrosion parameters of the investigated coatings.
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	Sample
	bc, V
	ba, V
	jcorr, A·cm−2





	Ti substrate
	0.0209
	0.0163
	2.27 × 10−8



	CHAp coating
	0.0302
	0.0154
	3.34 × 10−8



	CHAp coating annealed at 900 °C
	0.0420
	0.0106
	1.82 × 10−7
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