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Failure in the adhesion between hydroxyapatite and the metallic substrate in commercial biomaterials is one of the significant drawbacks in implantology. The demand for confident analytical methods to characterize these coatings is met through a rigorous research process. Fourier-transform infrared spectroscopy (FTIR) was chosen as the method to characterize hydroxyapatites. A meticulous data analysis from FTIR spectra was conducted, and an FTIR library was constructed from FTIR spectra of different types of hydroxyapatites, considering several chemical environments. The analytical procedure involved the registry of the spectra, localization of the leading absorption bands from the minima of the second derivative spectra, and reconstitution of the original spectra by curve deconvolution. The FTIR library was employed to analyze commercial surgical screws that failed in their use in different implants. Our methodology identified the structural reasons for such failure, caused by the selective removal of non-apatitic environments during adsorption onto the metallic implant. The method identifies the adhesion degree of the apatite coating on the implant before implantation in a biological organism, thereby preventing additional patient interventions and the associated costs.
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1 INTRODUCTION
The development of bone implants evolved into devices that promote the natural growth of the tissue. Research has focused on developing implants with specific morphology and physicochemical characteristics that foster an effective interaction between the tissue and the implant, as most implant-related complications arise at the implant-bone interface. To reach this goal, researchers have coated metals with hydroxyapatite (HA), the biological mineral found in natural bones. However, in many cases, there are issues with the adhesion of the synthetic HA to the metal, leading to coating failures (Shibli and Jayalekshmi, 2008; Ahmed et al., 2011; Beig et al., 2020).
Different methods have been optimized to improve adhesion to metal surfaces (Jaafar et al., 2022; Dudek et al., 2024), varying the substrates (Marchenko et al., 2023), the operating parameters and including pre/post treatment to enhance the bonding strength (Safavi et al., 2021). One variable that enhances adhesion is the deposition of nanostructured HA, which increases adhesion strength by 2–3 times and boosts corrosion resistance by 50–100 times compared to conventional HA coating (Mohseni et al., 2014). Moreover, nano-level modifications promote osseointegration and reduce bacterial adhesion.
Biological apatite, a mineral found in natural bones, exhibits a nanocrystalline structure aligned with the collagen fibers. This apatite is called an impure form of HA because it may contain a substitution of cations such as Na, K, Mg, or other elemental ions in the cation sublattice, Moreover, the anion sublattice includes carbonates, fluorides, and other ions that do not exceed 5% (Antoniac, 2019). Synthesized nanocrystalline apatite materials are considered biomimetic materials due to their formation under low-temperature conditions, physiological pH, and physicomechanical characteristics (non-stoichiometric, crystal size, presence of non-apatite species, hardness, and elastic modulus). Nanoscale topography determines the interfacial phenomena of the coatings related to better adhesion. It has also been seen that specific ions in the hydrated layer of the bones allow for better interaction with the implant (Kligman et al., 2021). However, analytical methods are currently lacking in identifying these ions’ chemical environment.
The Fourier transform infrared spectroscopy (FTIR), along with Raman spectroscopy, are the most commonly applied techniques to get information about phosphate, carbonate (Fleet, 2009), hydroxyl groups, and water molecules of hydration (Cazalbou et al., 2004; Panda et al., 2003; Lebon et al., 2008; Xian, 2009). The FTIR study of the hydroxyapatite allowed determining the existence of apatitic and non-apatitic environments on the crystal (Cazalbou et al., 2004; Cazalbou et al., 2005; Rey et al., 2009). The non-apatite environments in the bone are formed by labile high-mobility ions belonging to the hydrated layer, such as calcium and phosphate acid (HPO42-). However, the carbonate from the apatite regions has less mobility because they are not found in the outer layer of the material (Cazalbou et al., 2004). The hydrated layer can accept and incorporate trace ions such as Sr(II), Mg(II), Pb(II), and Al(III) before rereleasing to the environment (Cazalbou et al., 2005). They can even adsorb and release proteins and exchange groups of charged proteins by ions, such as albumin, growth factors, etc. (Cazalbou et al., 2004). The apatite regions have a process of exclusion of water molecules and a loss of HPO42− ions during maturation. Moreover, the concentration of Ca(II), OH−, and CO32- ions increases (Eichert et al., 2002), and the HPO42− is replaced by the CO32− (Eichert et al., 2009) given a more stable and higher degree of order, transforming into stoichiometric crystals.
Nanocrystalline and biological apatites show HPO42− ions specific bands. Still, additional bands that are not presented in crystalline apatites are identified. The non-apatitic phosphate environments relate to synthesized nanocrystalline apatites at physiologic pH and exchangeable ions on the surface. Pure environments of type A and type B carbonate ions present specific FTIR bands (Peeters et al., 1997). However, as in the case of phosphate groups, there are additional vibration bands in biological apatites and nanocrystalline apatites synthesized at physiological pH, corresponding to non-apatitic carbonate ions environments (Rey et al., 2009; Penel et al., 1998). A characteristic band shown in the ν2CO3 IR domain can be used for determining non-apatitic carbonate environments.
Miller and Wilkins first reported the phosphate group spectral bands in 1952 (Miller and Wilkins, 1952). Despite many studies identifying and discriminating mostly crystalline apatite bands, allocating non-stoichiometric apatite substituents must be more accurate. The distortion of ionic environments induces a widening of the band, limiting the resolution and partly altering the correlations of vibration related to the theory of factor groups (Cazalbou et al., 2004).
The graphical deconvolution of FTIR spectra is a powerful technique that we have employed to identify apatite and non-apatite regions in synthesized hydroxyapatite coating. This method allows us to predict the degree of adhesion of the coating before implanting the biomaterial, a crucial step in our research. FTIR is particularly useful in distinguishing regions associated with non-apatite domains, aiding in interfacial recognition. The second derivative is a key tool in this process, helping us to identify overlapping absorption bands belonging to phosphate groups. Once these bands are identified, spectral deconvolution can be performed, allowing us to distinguish the signals corresponding to the apatite regions of PO43− groups and non-apatite groups in the regions HPO42- (Eichert et al., 2009).
Due to the overlapping bands in the apatite and non-apatite regions, we propose performing the spectrum deconvolution and analyzing the second derivative of the absorption spectra to identify the hidden bands. The present work allowed us to identify FTIR vibrational bands assigned to phosphate groups between 400–700 cm−1 and 800–1,100 cm−1. We also identified the carbonate band assigned to type A and B environments.
2 MATERIALS AND METHODS
2.1 Chemicals and solutions
All reagents used were analytic grades, and the solutions were prepared with milli-Rho water. The Hydroxyapatites synthesis used: calcium hydroxide, (Ca(OH)2, E. Merck); phosphoric acid (H3PO4); urea ((NH2)2CO, 99.3%, SIGMA); calcium nitrate tetrahydrate (Ca(NO3)2.4H2O, 99%, Mallinckrodt); diammonium hydrogen phosphate ((NH4)2HPO4, 99.5%, Mallinckrodt); sodium hydroxide (NaOH, 97%, Reagent SA, Laboratorios Cicarelli); sodium fluoride (NaF, 99.2%, J.T. Baker); strontium nitrate anhydrous (Sr(NO3)2, 99.0%, SIGMA); calcium nitrate tetrahydrate (Ca(NO3)2.4H2O, 99%, Mallinckrodt); diammonium hydrogen phosphate ((NH4)2HPO4, 99.5%, Mallinckrodt); sodium fluoride (NaF, 99.2%, J.T. Baker).
2.2 Biological apatite samples
Two samples of biological apatites were obtained. One of them consisted of a bone calcification of the shoulder tendon and was obtained by open surgery (performed at CASMU Hospital in Uruguay and with the patient’s consent). The second sample was a dental piece obtained by a dental professional from an unknown patient.
2.3 Equipment
X-ray diffraction Spectroscopy (XRD) was carried out using a Philips PW3710 diffractometer CuK radiation. All the hydroxyapatites were finely ground in an agate mortar. The FTIR spectra were obtained using an IR Prestige-21 Shimadzu (Japan). The sample mixture was pressed using a Pike Crush IRTM Technologies at 10 tons.
2.4 Synthesis of nanostructured hydroxyapatite (HA)
Nanostructured hydroxyapatite was synthesized according to Kumar et al. (2004). An aqueous solution was prepared using 0.2 M calcium hydroxide (Ca(OH)2, E. Merck) in 250 mL of 0.12 M phosphoric acid (H3PO4), stirring for 2 h at 52°C and pH 5. The suspension was kept at room temperature for approximately 15 h and centrifuged at 40,000 rpm for 15 min. The resulting precipitate was rinsed with milli-Rho water and dried in the oven overnight at 62°C.
2.5 Synthesis of nanostructured type B carboxyapatite (CA)
Type B carboxyapatite was synthesized according to Wu et al. (2009). A 50 mL solution of urea ((NH2)2CO, 99.3%, SIGMA) 2 M and heated at 80°C for 22 h was added to 50 mL of 0.5 M Ca(NO3)2 solution drop by drop. After that, 50 mL of 0.3 M (NH4)2HPO4 solution was added slowly to the previous solution using a buret. The mixture was made, stirring constantly at 80°C, and the final pH was 5. The final solution rested for 12 h. Then, it was centrifuged at 5000 rpm for 15 min, and the precipitate was rinsed with water. This procedure was repeated four times. The precipitate was dried in the oven at 60°C for 24 h.
2.6 Synthesis of fluorhydroxyapatite (FHA)
The synthesis followed that reported by Manjubala et al. (2001). A calcium nitrate tetrahydrate 1 M Ca(NO3)2 solution was prepared with 5 mol% NaF. The pH was adjusted to 9 with 2 M NaOH. To 50 mL of the resultant solution, 50 mL of 0.6 M H3PO4 was added at room temperature at constant stirring (2 mL per minute). The pH was adjusted to 9 with 2 M NaOH. The resultant solution was rested for 24 h at 80°C. Finally, the solution was centrifuged at 5000 rpm (4 times) for 15 min, and the precipitate was rinsed with milli-Rho water and dried at 90°C for 48 h.
2.7 Synthesis of strontium apatite (SrA)
Strontium apatite was synthesized according to Li et al. (2007). A 0.2 M Ca(NO3)2 solution with 1.5% Ca/Sr molar ratio with Sr(NO3)2 was prepared. In parallel, another 0.2 M (NH4)2HPO4 solution was prepared. Both solutions were adjusted at pH 10 with 25% ammonium solution. The (NH4)2HPO4 solution was added to Ca(NO3)2 solution in a constant stirring (1.36 mL/min) at 50°C for 5 h. The final solution was rested for 48 h at room temperature. The solution was centrifuged at 5000 rpm for 10 min, and the precipitate was rinsed three times with milli-Rho water and the last with absolute ethanol. Then, it was dried at 120°C in the oven for 12 h.
2.8 Methods
Following the synthesis of the four species of hydroxyapatites, about ¼ of each powder was finely ground in an agate mortar and mixed with ¾ of KBr for infrared analysis. The resulting mixture was pressed at 10 tons for 5 min t o form a pellet 1 cm in diameter and 0.5 mm in thickness. The FTIR spectra covered the region 1, ν4 phosphate domain (400–700 cm-1), and region 2, ν1 and ν3 domain of phosphate (800–1,400 cm-1). The ASCII data was then analyzed using Origin® software. The spectra were first normalized between 0 and 1, and the second derivative was calculated in the spectral range between 400 and 700 cm−1 (region 1) and between 800 and 1,300 cm−1 (region 2). Finally, the Levemberg - Marquand algorithm was used to identify the hidden spectral bands. The results were used to construct the spectral library.
A Colombian medical materials company’s commercial titanium (Ti, 99%) hydroxyapatite-coated surgical screws were examined. The hydroxyapatites were studied from commercial powder samples and deposits made on the screws given by the company. The screw was coated using an electrophoretic method, widely used to deposit bioceramic coatings in the industry.
3 RESULTS
The JCPDSHA spectrum was used as a pattern, and the apatites HA, FHA, and SrA show the same characteristic peaks at 002, 211, 212, 300, 310, 222, 213, 004, and 323 (Figure 1). The spectrum revealed an extra band in SrA at 200 and 111 due to the structural distortion caused by the strontium. This band was also shown by O´Donnell et al. (2008). For CA, several differences can be noted, mainly attributed to the formation of tricalcium phosphate (Durucan and Brown, 2000).
[image: Figure 1]FIGURE 1 | XRD of synthesized hydroxyapatites, compared to the JCPDSHA reference spectrum. Differences in CA are due to the formation of other phosphates, like tricalcium phosphate.
3.1 FTIR spectra of apatites and second-derivative
We performed an examination of the spectra bands (400–700 cm−1 and 800–1,300 cm−1 region) to identify vibrational modes corresponding to the non-apatitic environments of phosphate. This involved the second derivative of regions identified in the FTIR spectra. The data obtained from the examination, including the first and second derivative, was then used as the starting point for the deconvolution procedure (Figure 2).
[image: Figure 2]FIGURE 2 | (left panel): FTIR spectrum from synthetic HA with the characteristic's vibrational regions. (upper right panel): HA deconvolution of FTIR spectrum from ν4PO4 region, and (lower right panel): ν1ν3PO4 region. In all cases, the Lorentzian contributions to the absorption bands for the different vibrational modes are identified in green; the contributions' sum curve is indicated in red, which fits the FTIR spectrum (presented in black dots). The bands painted in pink correspond to the vibration modes of HPO42−.
The FTIR spectra of synthesized HA, FHA, SrA, and CA are shown in Figure 3. The spectra show strong absorption bands in two characteristic regions at 450 to 700 cm−1 and 800 to 1,300 cm−1 for HA, FHA, CA, and SrA. The bands at 873 cm−1 and the range between 1,420 cm−1 and 1,457 cm−1 represent the characteristic asymmetric stretching of carbonate group type B (CO32-) in carbonate apatites (Eichert et al., 2009). The bands corresponding to CO32-, both type A and B, and non-apatite were identified in HA, SrA, and FA, indicating carbonate substitution. The peaks were identified at 871 cm−1, 1,429 cm-1, and 1,470 cm−1 for the HA and SrA, and 872 cm−1, 1,420 years 1,457 cm−1 for FHA. The vibration mode of the free hydroxyl bond bending and stretching band was identified at 630 cm-1 and the range 3,565–3,570 cm−1, respectively. The bands at 1,600 cm−1 and the broadband in the 2,500–3,700 cm−1 range correspond to the O–H group stretching vibration of absorbed H2O (Jaafar et al., 2022).
[image: Figure 3]FIGURE 3 | FTIR spectrum of HA, FHA, SrA, and CA with the characteristics PO43− vibrational regions, structural OH− (STLOH), adsorbed H2O, and CO32− vibrational bands.
Graphical deconvolution aims to determine the wavenumber of each phosphate band for each region by deconvoluting each curve into n components. This process involves fitting a series of Lorentzian functions using the Levenberg-Marquardt algorithm. The number of bands and the positions of the maximum peaks were identified from the second derivative of each spectral region, resulting in the graphical representation of both the Lorentzian curves of each component and the summed curve of all components (Figure 4).
[image: Figure 4]FIGURE 4 | (upper panel): Second-derivative spectra (black line) calculated from the original spectra (red line). (lower panel): superposed absorption bands are located from the minimum peak position in the derivative spectrum. The region in pink corresponds to HPO42− vibrational absorption modes.
The deconvolution spectra analysis also allowed us to identify hidden bands in the synthesized apatites (Figure 4). The analysis identified that the vibrational modes for the PO43- group are ν1 (960–964 cm−1), ν2 (460–474 cm−1), ν3 (994–1,104 cm−1), and ν4 (562–604 cm−1) located at the fingerprint region of the spectrum. For example, synthesized HA spectral absorbance showed absorption bands in the range of 1,020 cm−1 and 1,094 cm−1 corresponding to PO43- groups and an additional band at 1,109 cm-1 was identified as having HPO42- vibrational modes. FHA showed an absorption band at 864 cm−1, identified as HPO42-. CA showed an intense type B CO32- band at 873 cm−1 due to substituting PO43- for CO32- in type B apatite (Eichert et al., 2009).
3.2 Spectral library
We constructed a spectral library with the results obtained by the second derivative, to identify the vibrational modes and chemistry environments of apatitic and non-apatitic regions. Table 1 shows the absorption band characteristics of stoichiometric and non-stoichiometric HA. It also includes the bands corresponding to FHA, SrA, and CA. Biological apatites from teeth and bone were also included. We identified apatitic environment bands in stoichiometric and nanocrystalline HA, extra bands corresponding to non-apatitic phosphate environments, and HPO42−.
TABLE 1 | Allocation of apatites spectrum bands with different chemistry environments.
[image: Table 1]3.3 FTIR spectra analysis of HA deposit on a surgical screw
The analysis of commercial HA in powder and deposited on a surgical screw (Figure 5) allows us to identify changes in the chemical environment of the HPO42−, PO43−, and CO32− groups.
[image: Figure 5]FIGURE 5 | Image of the bone implant screw coated with the commercial HA deposited.
The spectrum showed distinct absorption bands that can explain the low adhesion on the surface (Figure 6).
[image: Figure 6]FIGURE 6 | FTIR analysis of HA synthesized (red) and electrophoretic deposited HA on the surgical screw (blue).
The ν4PO4 region between 500–700 cm−1 of commercial HA shows absorption bands at 564 cm−1, 572 cm−1, and 602 cm−1, characteristics of PO43- apatitic environment, and at 632 cm−1 that correspond to structural OH− group. The same bands are identified in HA deposited on the screw spectrum, except for the band at 572 cm−1 (Figure 7).
[image: Figure 7]FIGURE 7 | FTIR spectra of commercial HA (red) and HA deposited on screw (blue). (left panel): Comparative analysis of the ν4PO4 region at 800–1,400 cm−1. (right panel): ν1ν 3PO4 at 500–700 cm−1.
From the deconvoluted graph of the commercial HA in the 500–700 cm−1 range, we identified a band at 533 cm−1 and 551 cm−1 corresponding to the non-apatitic and apatitic regions of HPO42- vibrational group. However, during the deposition, there was a selective loss of non-apatitic regions, and two peaks were observed at 574 cm−1, and 540 cm−1, corresponding to the apatitic environment of ν4PO4 and HPO42-, respectively (Figure 8). In the fingerprint of the non-apatitic phosphate environment in the ν4PO4 domain (Eichert et al., 2009), characteristic bands are not shown in HA on the screw.
[image: Figure 8]FIGURE 8 | Deconvoluted FTIR spectra from HA coating on the surgical screw. (left panel): ν1ν3PO4, and (right panel) ν4PO4 regions.
The deconvolution analysis of the ν1ν3PO4 region between 800 cm−1 and 1,400 cm−1 of commercial HA shows a peak at 962 cm−1 and a complex absorption band that extends between 1,030 and 1,082 cm−1 that includes bands of phosphate groups in apatite environment. In addition, hydroxyapatite deposited on the screw shows an overlapping band between 1,004 and 1,031 cm−1 corresponding to the phosphate apatite environment (Figure 8). Between 1,043 cm−1 and 1,106 cm−1, the bands shown from the deconvolution correspond to the PO43− vibrational band.
Finally, the commercial HA shows a meager absorption band centered at 1,415 cm−1 assigned to the ν3CO3 B and a shoulder at 870 cm−1 corresponding to ν2 CO3 B; both disappeared in the HA on the screw. The ν2CO3 IR domain determines non-apatitic carbonate environments (Eichert et al., 2009). The OH− sharp absorption band at 3,573 cm-1 is observed in commercial HA as well as deposited on the screw.
4 DISCUSSION
In the present work, FTIR deconvolutions of the synthesized apatites were performed to identify the allocation of apatite spectrum bands with different chemical environments.
A sample of the commercial HA powder and HA deposited on the screw were analyzed, and the corresponding FTIR bands were assigned using Table 1. Changes in the absorption bands of the HA deposited on the screw were identified compared to the commercial HA, observing a selective loss of the absorption bands corresponding to PO43- groups in non-apatitic environments, ν3CO3 B, and HPO42-. The interaction of the Ti screw with the coating occurs through the hydroxylated oxide of TiO2 (TiO(OH)2) that has an acid-base behavior in an aqueous solution (Pereyra, 2016). This hydroxylated surface can establish interactions with HPO4−2 and Ca(II) ions, allowing stronger adhesion of the HA to the screw (Tengvall and Lundström, 1992). The loss of these environments causes a lower adhesion of the HA; therefore, a coating detachment when in contact with the biological fluids is expected.
We observed that the deposition of HA on the screw causes a rearrangement of the apatite structure, causing a loss of these environments. Non-apatitic environments are associated with nanocrystalline and biological HA (non-stoichiometric) and allow various interactions between the material and ions and molecules in the biological environment (Antoniac, 2019). In particular, ion exchange plays a significant role in surface physiological processes, as well as for maintaining homeostasis and preventing mineral ion toxicity (Cazalbou et al., 2005). Consequently, the loss of these environments in the material reduces its biocompatibility.
5 CONCLUSION
This study focuses on a qualitative study of the chemical environments that favor metal-coating interaction using the FTIR technique and, therefore, adhesion. FTIR spectroscopy has proven to be an excellent and straightforward method to analyze the adhesion of biological minerals to metals. Although the commercial HA and the HA deposit on the screw show bands identified as type B carboxyapatite, the deposit corresponds to carboxyapatite with a high degree of stoichiometric components. During the adsorption process, the lost portion of apatite was mainly identified as non-apatitic regions of the synthesized carboxyapatite.
In summary, the HA synthesized while deposited on the screw modified the external region composed of non-apatitic domains, while the apatitic (stoichiometric) structure remained on the screw. This phenomenon helps explain the low adhesion of the HA to the screw and may compromise the future biocompatibility of the implant. One aspect in which the investigation was not deepened was the techniques and conditions (pH, temperature) used during the deposition of HA on the screw. We suggest that future research should focus on analyzing the physicochemical conditions necessary for material deposition, as well as examining its chemical composition following interaction with the metal. In light of the results, it is clear that is crucial for ensuring better biocompatibility of the material.
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