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Abstract: Hydroxyapatite (HAP) coatings can improve the biocompatibility and bioactivity of 
titanium alloys, such as Ti6Al4V, commonly used as material for orthopedic prostheses. In this 
framework, we have studied the surface of HAP coatings enriched with Mg and either Si or Ti 
deposited by RF magnetron sputtering on Ti6Al4V. HAP coatings have been furtherly 
functionalized by adsorption of a self-assembling peptide (SAP) on the HAP surface, with the aim 
of increasing the material bioactivity. The selected SAP (peptide sequence 
AbuEAbuEAbuKAbuKAbuEAbuEAbuKAbuK) is a self-complementary oligopeptide able to 
generate extended ordered structures by self-assembling in watery solutions. Samples were 
prepared by incubation of the HAP coatings in SAP solutions and subsequently analyzed by X-Ray 
Photoelectron Spectroscopy (XPS), Fourier Transform Infrared (FTIR) and Near Edge X-Ray 
Absorption Fine Structure (NEXAFS) spectroscopies, in order to determine the amount of adsorbed 
peptide, the peptide stability and the structure of the peptide overlayer on the HAP coatings as a 
function of the HAP substrate and of the pH of the mother SAP solution. Experimental data yielded 
evidence of SAP adsorption on the HAP surface, and peptide overlayers showed ordered structure 
and molecular orientation. The thickness of the SAP overlayer depends on the composition of the 
HAP coating. 

Keywords: hydroxyapatite; self-assembling peptides; magnetron sputtering; Mg; Si and Ti dopants; 
XPS; NEXAFS; FTIR  
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1. Introduction 

Titanium and its alloys are renowned biocompatible materials that are commonly used for 
dental and orthopedic prostheses. Ti6Al4V, for instance, is typically employed in clinical practice as 
a biocompatible material in the manufacturing of hip and artificial knee joints and dental implant 
prostheses components [1–5]. Improved biocompatibility and bioactivity of the implant can be 
obtained by appropriate modifications of the alloy surface by bioactive coatings. 

For instance, hydroxyapatite (HAP) coatings show good bioactive ability and are known to 
support bone growth at the interface between the implant and the extracellular matrix [6,7]; therefore, 
HAPs have been used to coat orthopedic and dental implants [8–10]. 

In previous papers, some of us reported the preparation of HAP coatings, enriched with Mg and 
either Si or Ti deposited on the Ti6Al4V alloy by RF magnetron sputtering [11,12]. The HAPs 
incorporating different types of ions were investigated in order to achieve better control over 
osteoblast adhesion to HAP coatings. For instance, magnesium (Mg2+) or other doubly charged 
cations can replace calcium (Ca2+) in the biological apatite lattice, mimicking the complex chemistry 
of the human bone [13], stimulating osteogenesis [14]. Titanium was chosen due to its 
biocompatibility and ability to promote cell growth [15]. 

Silicon, on the other hand, in contact with simulated body fluids, can form silanol groups (Si–
OH) that support the migration and deposition of calcium and phosphate ions, promoting the growth 
of a bone-like apatite layer and easing osteoblast attachment [16].  

Functionalization of the material surface with bioactive molecules (for instance, osteogenic 
growth factors or cell adhesion sequences), that can be immobilized on the metal surface and establish 
a chemical interaction with host’s cells [4,17], is a possible pathway to increase the biocompatibility 
of orthopedic titanium-based implants and promote osseointegration.  

Adsorption or immobilization of peptides on the HAP surface was recently investigated by 
several authors [18,19] who studied the influence of the peptide-HAP interactions on peptide chain 
folding [18] or the immobilization of adhesion peptides with the aim of stimulating bone regeneration 
[19,20]. In particular, Durrieu et al. studied the covalent immobilization of RGD-peptides on HAP in 
order to promote osteoblast adhesion [20]. Peptide sequences rich in aspartate and glutamate are 
known to bind to HAP surfaces [21], through interaction of the carboxylate anions in the peptide 
pending groups with the Ca2+ cations of HAP. 

In this work, we present a spectroscopic study on the adsorption of the self-assembling peptide 
EAbuK 16-II (simply indicated as SAP in the following text) on the HAP coatings surfaces containing 
Mg, Si and Ti. EAbuK 16-II shows a self-complementary sequence that consists of a regular 
alternation of apolar and charged amino acids and of positive and negative charges (complete peptide 
sequence H-Abu-Glu-Abu-Glu-Abu-Lys-Abu-Lys-Abu-Glu-Abu-Glu-Abu-Lys-Abu-Lys-NH2, 
where Abu = α-aminobutyric acid, hydrophobic residue; E = Glu = glutamate, negatively charged 
residue, K = Lys = lysine positively charged residue); this sequence induces the formation of extended 
ordered structures by self-assembling from water solutions. Self-assembling peptides (SAPs) are a 
promising class of synthetic materials, since they can self-organize into nanostructures from aqueous 
solution and adhere to the surface of biocompatible material as a scaffold coating [22,23]. SAPs 
scaffolds form a biomimetic matrix that can support the growth of selected cells, e.g., osteoblast, by 
imitating the extracellular matrix structure [4]. 

HAP-coated Ti6Al4V samples were incubated in SAP solution and analyzed before and after 
incubation, by surface-sensitive techniques such as XPS (X-Ray Photoelectron Spectroscopy), FTIR 
(Fourier Transform Infrared Spectroscopy), both in RAIRS (Reflection–Absorption Infrared 
Spectroscopy) mode and by FTIR microspectroscopy, and NEXAFS (Near Edge X-Ray Absorption 
Fine Structure) spectroscopy. 
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2. Materials and Methods  

2.1. Sample Preparation 

HAP coatings were prepared by RF magnetron sputtering technique on Ti6Al4V substrates 
(Bibus Metal Ag), using three cathodes made of HAP, MgO and either TiO2 or SiC. Because we 
intended to obtain coatings with small amounts of dopants, we used the cathodes made of oxides 
(MgO and TiO2) or carbide (SiC). These cathodes were selected due to the similar deposition rate with 
that of HAP established after preliminary investigations. Before the depositions, substrates were 
pretreated as described in References [11,12]. Deposition conditions of the analyzed samples were 
base pressure = 1.3 × 10−4 Pa; Ar pressure = 6.6 × 10−1 Pa; bias voltage = −60 V; and deposition 
temperature = 700 °C. RF power fed applied on each used cathode is listed in Table 1.  

Table 1. RF power fed applied on used cathodes. 

Sample 
RF Powers Fed (W) 

HAP Cathode SiC Cathode TiO2 Cathode MgO Cathode 
Ti-HAP 50 - 25 50 
Si-HAP 50 15 - 50 

EAbuK16-II (SAP in the following) was synthesized as described in Reference [24]; sample 
purity of 95% was determined by RP-HPLC (Waters mod. 1525) chromatogram integration, identity 
confirmed by ESI-ToF (Waters Xevo G2-S QTof) analysis. 

Substrates were incubated for 18 h in aqueous solution containing 1 mg/mL of SAP dissolved in 
10 mM NaCl, at two different pH conditions: 0.100 mM HCl (J. T. Baker c/o Fisher Scientific Italia, 
Rodano (MI), Italy) (“pH 4”) or 0.100 mM NaOH (Carlo Erba, Milano, Italy) (“pH 10”).  

After incubation, all samples were washed thrice with NaCl 0.10 M at pH 7 and thrice with 
distilled water, in order to remove all the SAP molecules weakly bonded to the HAP surface. 

2.2. Samples Investigation 

2.2.1. X-Ray Photoelectron Spectroscopy (XPS)  

XPS analyses were performed in a homemade instrument consisting of two chambers 
(preparation and analysis) separated by a gate valve. The analysis chamber is equipped with a 
manipulator having six degrees of freedom and with a 150 mm mean radius hemispherical electron 
analyzer with a five-lens output system (operating at a pass energy of 25 eV, during the experiments) 
combined with a 16-channel detector (Multiplier Voltage used 1950 eV). Measurements were 
performed at normal take-off angle (θ = 90°). The analyzed surface area has a diameter of ~100 μm. 
Samples were introduced in the preparation chamber, left outgassing overnight, at a pressure of 
about 10−8 Torr, and subsequently introduced in the analysis chamber. Vacuum in the analysis 
chamber during measurements was in the 10−9–10−10 Torr range. Mg Kα non-monochromatized X-
radiation (hν = 1253.6 eV) was used to record Ca2p, P2p, Ti2p, Si2p, Mg2p, O1s, C1s and N1s 
photoemission spectra on the respective samples. All samples were analyzed twice, in order to check 
data reproducibility. 

All spectra were energy referenced to the Ca2p3/2 of hydroxyapatite, used as internal standard 
and located at a Binding Energy BE = 347.5 eV, as reported in [25,26]; the accuracy of this calibration 
was checked by comparing the BE values measured on the respective samples for the Ti2p signal of 
TiO2 and for the N1s and C1s signals of the peptides with reported data [22,23]. Alignment to the C1s 
peak of adventitious carbon was avoided, since recent publications showed that this method is not 
always reliable [27,28]. The experimental spectra were subsequently analyzed via a curve-fitting 
procedure, using Gaussian curves having full width at half maximum FWHM = 1.7–2.2 eV as fitting 
functions. Atomic ratios were calculated from peak intensities, using Scofield’s cross-section values 
as normalization factors. 
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2.2.2. Reflection–Absorption Infrared Spectroscopy (RAIRS)  

RAIRS measurements in the wavenumber range 400–4000 cm−1 were carried out with a VECTOR 
22 (Bruker, USA) FTIR interferometer (resolution 1 cm−1), equipped with a Specac P/N GS19650 series 
monolayer/grazing angle accessory and with a DTGS detector. Spectra were recorded at 70° incidence 
angle of the impinging radiation relative to the normal to the sample surface.  

2.2.3. Fourier Transform Spectroscopic Imaging (μFTIR)  

An FTIR microscope (Nicolet iN10 MX, Thermo Scientific, USA) with liquid nitrogen cooled 
MCT (mercury-cadmium telluride) detector was employed for acquiring FTIR spectra and maps of 
the HAP coatings. Spectra were collected in reflection mode in the region of 400–4000 cm−1 (resolution 
4 cm−1). In particular, for FTIR mapping, the rectangular aperture was set at 300 x 300 m2. 

2.2.4. Near Edge X-Ray Absorption Fine Structure (NEXAFS) Spectroscopy 

Near Edge X-Ray Absorption Fine Structure (NEXAFS) spectroscopy experiments were 
performed at the Material Science beamline (MSB) of the Elettra synchrotron (Trieste, Italy). MSB, 
placed at the left end of the bending magnet 6.1, is equipped with a plane grating monochromator 
that provides estimated 80–90% linear polarized light in the energy range of 21–1000 eV. The UHV 
end station, with a base pressure of 1 × 10−10 torr, is equipped with a Specs Phoibos 150 hemispherical 
electron analyzer. 

NEXAFS spectra were acquired at the C and N K-edges, using the carbon and nitrogen KVV 
Auger yields, at normal (90°), grazing (20°) and magic angle (54.7°) incidence of the photon beam, 
with respect to the sample surface. Energy resolution for the C and N K-edge NEXAFS spectra is 
estimated to be 0.23 and 0.38 eV, respectively.  

The raw NEXAFS spectra have been normalized to the intensity of the photon beam. Then, the 
corresponding background spectra of the clean samples acquired under identical conditions were 
subtracted. 

Spectra were then normalized by subtracting a straight line that fits the part of the spectrum 
below the edge and assessing to 1 the value at 320.00 and 425.00 eV for carbon and nitrogen, 
respectively. 

3. Results 

3.1. Analysis of Pristine Samples 

3.1.1. XPS Investigations 

Prior to incubation in SAP solution, the pristine Ti-HAP and Si-HAP samples indicated in Table 
1 were investigated by XPS. Wide-scan surveys along with assignment of the main photoemission 
signals are shown in Figure 1. 
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Figure 1. Wide-scan XPS spectra of the pristine Ti-HAP and Si-HAP samples in the 60–600 eV range. 

The single photoemission peaks were subsequently measured in more detail and analyzed. Their 
binding energies (BEs) are presented in Table 2. In the case of phosphorus, silicon and magnesium, 
the two 2p spin–orbit components cannot be resolved in the reported experimental conditions, and, 
therefore, we present BEs of the maximums of these spectral structures. 

Table 2. Photoemission peaks of the HAP samples. 

sample 
BE (eV) 

Ca2p3/2  P2p Si2p Ti2p3/2 Mg2p O1s(0) O1s (1) 
Ti-HAP 347.5 133.6  458.8 50.3 530.4 531.6 
Si-HAP 347.5 132.4 102.6  50.9  531.9 

For sample Ti-HAP, the measured BE of P2p signal is in good agreement with the value reported 
for hydroxyapatite [25,26,29]. Furthermore, the Ti2p3/2 peak is located at a BE typical of TiO2, and the 
measured BE of Mg2p is in agreement with the expected value for MgO [30–32].  

The O1s signal results from two components; the main peak (1) is located at 531.3 eV and 
corresponds to hydroxyapatite [25,26,29]. A low BE shoulder at about 530.4 eV is related to the 
negatively charged oxygens originating from TiO2 and MgO [30–32]. 

For sample Si-HAP, the P2p signal appears at slightly lower BE compared to sample Ti-HAP, 
but can be still ascribed to phosphate anions. The measured BE for Si2p signal is not consistent with 
the values expected for SiC (~100.5 eV [30]) and reveals a substantial oxidation; while a BE of about 
103.3 eV is expected for silica, silicates show BEs in the 102.5–103.0 eV range, which is in agreement 
with the measured value of 102.6 eV [32]. The O1s spectrum shows only one broad component; the 
measured binding energy is intermediate between the values expected of phosphates and silicates. 
Therefore, the spectral feature can be considered as a combination of two indistinguishable peaks 
corresponding to oxygen originating from phosphate and silicate ion groups [30]. The measured 
intensity for signal Mg2p is very low; this result is not unexpected, considered the low Mg content 
(1.9 ± 0.02 at. %) estimated for this sample by EDS measurements [12]. Accordingly, no low BE 
component related to MgO could be detected in the O1s spectrum. 

The investigated samples also show a C1s peak located at approximately 285.0 eV BE that can 
be related to aliphatic carbons due to surface contamination that cannot be completely removed in 
the reported experimental conditions. Measured atomic ratios are shown in Table 3.  
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Table 3. Measured atomic ratios of investigated samples. 

Sample P/Ca Si/Ca Ti/Ca Mg/Ca O/Ca C/Ca O0/O1 
Ti-HAP 0.57  0.39 0.34 3.8 3.2 0.54 
Si-HAP 0.40 0.54  0.15 2.48 3.6  

The expected P/Ca ratio for HAP (chemical formula Ca5(PO4)3(OH)) is 0.6; the measured atomic 
ratio is in good agreement with the expected value for sample Ti-HAP, but lower than expected for 
the Si-HAP sample. The measured Si/Ca ratio for the Si-HAP sample shows that part of the Ca2+ 
cations are neutralized by silicate anions.  

The measured magnesium content is higher for Ti-HAP than for Si-HAP. Finally, only for the 
Ti-HAP sample, the low BE oxygen species detected (O0), related to TiO2 and MgO, are present in a 
fairly high atomic ratio with P-O oxygens (O1). For Si-HAP, having a lower Mg content and obviously 
no titanium, the intensity of signal O0 is too low to be detected. 

3.1.2. FTIR Investigations 

The infrared spectra of the investigated samples in the range 2000–400 cm−1 are shown in Figure 
2. 

 

Figure 2. FTIR spectra of the pristine HAP samples. 

According to the literature, in the IR spectrum of hydroxyapatite, the PO4
3- anion shows four 

peaks, labeled ν1−ν4 and corresponding respectively to symmetric stretching mode (ν1, 938 cm−1), 
doubly degenerate bending mode (ν2, 420 cm−1), triply degenerate antisymmetric stretching mode (ν3, 
1017 cm−1) and to triply degenerate bending mode (ν4, 567 cm−1) [33]. The antisymmetric stretching 
mode ν3 yields a very intense absorption band; the exact peak position can change in mixed apatite 
systems, with the ν3 band resulting from three component peaks located at 1096, 1085 and 1056 cm−1 

[34]. 
In the spectra of all the analyzed samples, the ν3 band is clearly evident and located at 1080–1090 

cm−1, and a weak band ν1 is also present at about 940 cm−1. The Si-HAP sample shows an intense ν4 

band located at 560 cm−1; for the Ti-HAP sample, the peak is less intense and shifted to 580 cm−1. 
Finally, both samples show a weak peak ν2 at about 450–460 cm−1. 

The strong and broad band at about 800 cm−1 in the spectrum of Ti-HAP is related to Ti-O and 
Ti-O-Ti stretching vibrations of TiO2 [35]. For the Si-HAP sample, the silicon carbide deposited by 
magnetron sputtering appears oxidized to silicate from XPS results. The most intense peak in the IR 
spectra of silicates is related to the stretching vibration of SiO4

4- tetrahedra (ν3), with components at 
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938, 906 and 883 cm−1 [36]. This peak can be detected in the spectra of both samples as a shoulder on 
the low wavenumber side of the main ν3 band due to PO4

3- anions. 

3.2. SAP Adsorption on the HAP Surface 

3.2.1. FTIR and XPS Results  

HAP samples were incubated in SAP solutions with pH values of 4 and 10 pH, as described in 
the experimental section. Previous investigations on SAP adsorption on the TiO2 surface showed that 
the thickness of the peptide overlayer decreases with increasing pH of the mother solution [23,37]; 
however, in the 4–10 pH range, the thickness of the peptide overlayer remains approximately 
constant, and only at pH = 12 a significant decrease of the overlayer thickness can be observed [23]. 
On the other hand, the solubility of hydroxyapatite is expected to increase as the solution’s pH 
decreases.  

A survey of the FTIR spectra of the investigated samples in the 1400–400 cm−1 range, which 
comprises the main diagnostic bands of HAP, after incubation of the HAP samples in SAP solutions, 
showed no changes at the investigated pH values, thus offering of the stability of the HAP coating, 
even in a mildly acidic environment.   

XPS investigations yield evidence of peptide adsorption on the HAP surface, as the measured 
atomic ratios measured after incubation of the HAP samples with the SAP solutions, as shown in 
Table 4, prove.  

Table 4. Measured atomic ratios and overlayer thickness (Å) after samples incubation in SAP 
solutions at pH values of 4 and 10. 

Sample pH  C/Ca N/Ca O/Ca P/Ca Ti/Ca C2/C1 C3/C1 N2/N1 O0/O1 O2/O1 Å 

Ti-HAP 
 

4  35 4.3 17 2.1 0. 0.5 0.3 0.14 0.16 0.16 
5
9 

10  15 1.1 13 1.2 1.5 0.6 0.5 0.18 0.4 0.3 
4
3 

 pH  C/Ca N/Ca O/Ca P/Ca Si/Ca C2/C1 C3/C1   O2/O1 Å 
Si-HAP 4  10 0.23 5.0 0.9 0.2 0.4 0.25   0.18 9 

 10  8 0.26 6.6 0.7 0.9 0.3 0.2 0.1  0.11 
1
7 

Compared to the pristine samples, the P/Ca atomic ratio shows an evident increase, probably 
due to partial HAP solubilization on the outmost surface, and/or to rearrangement of the HAP 
surface, possibly with migration of phosphate anions from the bulk to the surface. An increase is also 
detected in the Ti/Ca or respectively Si/Ca ratios at high pH values. Moreover, the Mg2p signal, 
already very low in pristine coatings, is now not observable, due to the SAP coverage. However, the 
absence of modification of the bands related to HAP in the FTIR spectra evidence a substantial 
stability of the HAP coating. The apparent contradiction between XPS and FTIR results is related to 
the different sampling depth of the two techniques. Our comparison between XPS and FTIR results 
suggests that the modifications in the HAP structure due to incubation with SAP solutions involve 
only the first 50 Å of the coating surface, while at higher sampling depth, the HAP structure is 
unperturbed. 

The main evidence of the SAP adsorption on the HAP surface is the appearance of a new N1s 
signal, related to the peptide nitrogens. At the same time, changes are evidenced in the C1s and O1s 
spectra, and a strong increase in the C/Ca and O/Ca ratios is measured. 

The C1s, N1s and O1s spectra of sample Ti-HAP at pH = 4 are shown in Figure 3. 
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Figure 3. The C1s, N1s and O1s spectra of sample Ti-HAP after SAP adsorption at pH 4 and curve-
fitting analysis. Markers represent experimental points, lines calculated spectra and fitting 
components. 

The C1s signal shows a complex structure and can be decomposed by curve fitting into three 
component peaks labeled C1–C3 in Figure 3. Peak C1, located at BE = 285.0 eV, corresponds partially 
to aliphatic C–C carbons of the amino acids side chains and partially to surface contamination; peak 
C2, located at 286.4 eV is due to C–N carbons of the main peptide chain and of the lysine side chains; 
peak C3, located at 288.4 eV, is related to the N–C=O peptide bond carbons of the SAP backbone and 
to O–C=O carbons of the glutamate side chains [31]. The measured atomic ratios between the three 
components are shown in Table 4. The calculated ratios between the different carbon atoms in the 
SAP EAbuK16-II is C1:C2:C3= 1:0.55:0.55. 

In the N1s spectrum, the main signal (N1) at 400.1 eV BE is related to the unprotonated nitrogens 
of the peptide backbone, and the higher BE component (N2, BE = 401.9 eV) is due to the protonated 
nitrogens of the lysine pending groups, that pair by ionic bond with the carboxylate groups of 
glutamate in the self-assembled structure, a structure that is known to be stable in a wide pH range 
[23]. In the SAP, the ratio between lysine and peptide backbone nitrogens is 0.2, and the measured 
N2/N1 ratios (Table 4) are in fairly good agreement with the expected value. For samples showing a 
very low N/Ca ratio, the intensity of the N1s signal is too low to allow decomposition of the overall 
signal in the two component peaks, N1 and N2.  

It is worth noticing that, according to Table 4, the samples with a high C/Ca ratio also show a 
high N/Ca ratio and higher C2/C1 and C3/C1 ratios. 

The O1s spectrum results from three components, labeled O0-O2 in Figure 3. The first two peaks 
were already present in the pristine sample spectra, located approximately at the same BE, and were 
attributed, respectively, to TiO2 oxygens (O0 BE = 530.2 eV) and to phosphate oxygens of 
hydroxyapatite (O1 BE = 531.6 eV). After peptide adsorption, the O0/O1 atomic ratio decreases, since 
contributions to peak O1 can also be due to the oxygens of the peptide backbone, (N–C=O*) located 
approximately at the same BE. A third peak (O2) appears BE = 533.3 eV; a similar signal has been 
evidenced in the O1s spectra of SAP deposited on titanium and attributed to C–O carbons and 
physisorbed water [22,23]. 

The N/Ca and C/Ca ratios shown in Table 4 appear significantly higher for sample Ti-HAP 
compared to sample Si-HAP, at both pH values, suggesting that TiO2 actually plays a role in 
supporting peptide adsorption. Moreover, for Ti-HAP, the amount of immobilized peptide is higher 
at low pH, while for Si-HAP, apparently there is no clear influence of the pH of the mother solution. 

The thicknesses of the peptide overlayer on the HAP surfaces, shown in the last column of Table 
4 (Å), was calculated from the attenuation of the Ca2p3/2 signal due to peptide immobilization, 
according to the following equation (1): 
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I = I0exp(-d/λ) (1) 

where I and I0 are the Ca2p3/2 signal intensities before and after SAP immobilization, d is the peptide 
overlayer thickness, and λ is the inelastic mean free path calculated according to the following 
equation (2): 

λ = B (KE)1/2 (2) 

where KE is the photoelectron kinetic energy, and B = 0.087 nm (eV)−1/2 for organic materials [38]. 
The thickness of the organic overlayer adsorbed on the surface of Ti-HAP is evidently higher 

than the one on Si-HAP, suggesting the hypothesis that TiO2 incorporated in the HAP lattice eases 
peptide immobilization. 

The presence and the structure of the SAP adsorbed on the HAP coatings was also investigated 
by FTIR microscopy. 

The spectra of sample Ti-HAP after incubation with SAP solution at pH = 4 and 10 and of sample 
Si-HAP after incubation at pH = 4, shown in Figure 4, reveal the presence of new SAP-related bands. 
In particular, the peak at 3270 cm−1 is due to N–H stretching vibrations of the peptide bonds, the peak 
at 2920 cm−1 to C–H stretching of the pending groups and the peaks at 1620 cm−1 and 1540 cm−1 can 
be attributed to C=O stretching vibrations (amide I band) and to N–H bending (amide II), 
respectively. In the IR spectra of proteins and peptides, the position of the amide (I) band can be used 
to determine the peptide secondary structure [39,40]. In particular, the amide (I) is found around 1650 
cm−1 in peptides with α-helix or random coil conformation and located between 1620 and 1640 cm−1 

in β-sheets, appearing at about 1635 cm−1 for parallel and at 1615–1625 cm−1 for antiparallel β-sheets; 
a stronger interchain hydrogen bond results in a lower frequency of the amide (I) band. In previous 
investigations on the FTIR spectra of EAbuK16-II, the amide (I) band was always found at 1620 cm−1, 
a position typical of antiparallel β-sheet conformation; this feature is also evident in the spectra 
displayed in Figure 4, clearly showing that the peptide secondary structure is retained after 
adsorption on the HAP surface. The sharpness of the N-H stretching peak at 3270 cm−1 is a further 
proof of the peptide stereoregularity. 

 
Figure 4. FTIR spectra in the 4000–800 cm−1 region of samples Ti-HAP and Si-HAP, after incubation 
in SAP solutions at different pH values. 
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To furtherly check the SAP overlayer order and orientation on the HAP surface, NEXAFS 
investigations were carried out. 

3.2.2. NEXAFS Spectra 

The SAP structure after adsorption on the HAP surfaces was also investigated by NEXAFS 
spectroscopy at the C and N K-edges. NEXAFS spectra of the investigated SAP deposited on titania 
were the object of previous studies [22,23]. The measured spectra for the HAP/SAP systems show the 
same features detected for TiO2/SAP systems, and peak assignment was made accordingly. 

The C K-edge spectra of samples Ti-HAP and Si-HAP, after incubation with SAP solution at 
pH=4, are shown in Figure 5a; according to XPS results, this pH seems to provide the best condition 
for obtaining thick SAP films on the HAP surface. The sharp feature at about 288.3 eV is related to a 
C1s→π* transition of C=O molecular orbital, and features at about 291.5 and 301 eV are associated to 
1s→σ* transitions by the C–C and respectively C=O molecular groups.  

The N K-edge spectra of the same samples (reported in Figure 5b) show a sharp peak at 401.5 
eV that can be assigned to N1s→π* transitions related to the peptide bonds, and two bands at 406 
and 413 eV due to N1s→σ* N-H and N1s→σ* N-C resonances, respectively.  

 

Figure 5. C K-edge (a) and N K-edge (b) NEXAFS spectra of Ti-HAP and Si-HAP after incubation 
with SAP solution at pH = 4, collected at magic incidence angle of 54.7°. 

All samples were also investigated by angular dependent NEXAFS spectroscopy. In order to 
determine the possible presence of a molecular preferential orientation, NEXAFS investigations at 
the N K-edges were performed by changing the incidence angle of the X-ray beam with respect to the 
sample surface from grazing (20°) to normal (90°). The dichroic effect for the N K-edge spectra 
collected on sample Ti-HAP is shown in Figure 6. 

The angular dependence of the NEXAFS spectra of the SAP deposited on the HAP surface is 
unexpected, considering roughness of the HAP surface. Nevertheless, the effect shown in Figure 6 is 
evident. The significant difference in the intensities of the N1s→π* transitions detected under two 
different angles is caused by ordered arrangement of the peptide overlayer. This effect could be 
possibly related to the formation of a thick SAP overlayer (see measured film thickness in Table 4), 
having an ordered structure and a well-defined molecular orientation with respect to the substrate 
surface.  

Peptide self-assembling is expected to happen in water solution before adsorption of the 
assembled system on the HAP surface. We can make the hypothesis that rough samples, such as 
HAPs, having a higher active surface with respect to a flat one, could promote the adhesion of a 
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higher amount of peptide that could get “entrapped” among the irregularities, thus forming a thicker 
layer.  

The dichroic effect evidenced for the N1s→π* transition related to the peptide bond can be used 
to determine the tilt angle between the π* orbital and the normal to the sample surface and 
subsequently the angle between the axis of the peptide backbone and the sample surface. We have 
calculated the ratio between the π* peak intensities at normal (90°) and grazing (20°) incidence, by 
peak fitting of the experimental data, and used it to calculate the average tilt angle, as reported in 
[22,23,41]. This allowed us to determine an angle of 77° between the peptide backbone and the sample 
surface for all the investigated samples; similar values were obtained for SAP immobilized on the 
TiO2 surface [22,23,31]. 

 
Figure 6. Angular dependent N K-edge NEXAFS spectra collected at Normal (90°, red line) and 
Grazing (20°, black line) incidence angles of the impinging X-ray beam on Ti-HAP after incubation 
with SAP solution at pH = 4. The difference (Grazing–Normal) spectrum, evidencing dichroic effects, 
is also shown (blue line). 

4. Discussion 

The adsorption of an SAP peptide on the surface of doped HAP coatings, containing Mg, Ti or 
Si compounds incorporated in the HAP lattice, deposited on Ti6Al4V samples, was investigated at 
two different pH values of the mother solution, by XPS, NEXAFS and FTIR spectroscopy. 

Experimental data show that SAP immobilization on both Ti-HAP and Si-HAP surfaces was 
successful. The peptide chemical structure is not perturbed by chemisorption, as proved by FTIR and 
XPS results. Incubation in peptide solution, on the other hand, produces a substantial reorganization 
of the outmost HAP substrate, inducing a migration of phosphate anions to the HAP surface. 
However, FTIR results prove that, below the top 50 Å of the surface, the structure of the HAP appears 
unaltered, even after treatment with acid SAP solutions. This phenomenon could be related to the 
quick formation of a relatively thick SAP overlayer that protects from dissolution the HAP coating 
underneath.  

SAP deposition is particularly successful for the TiO2 containing apatite, Ti-HAP, while a lower 
amount of adsorbed SAP is detected for Si-HAP, yielding evidence that TiO2 plays an important role 
in supporting peptide adhesion to the HAP surface. Moreover, the thickness of the peptide overlayer 
is also influenced by the pH value of the mother solution; thicker films are obtained in mildly acidic 
environment for the Ti-HAP sample, in analogy to results obtained for SAP adsorption on TiO2 [23]. 
The SAP adsorption on Si-HAP, on the other hand, is rather low at both pH values. 

The secondary structure of the SAP adsorbed on the HAP surface is antiparallel β-sheet, as 
proved by FTIR investigation, resulting in being unperturbed by adsorption on HAP; in fact, SAPs 
tend to self-assemble in watery solution, and the assembled structure is immobilized on the substrate 
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surface. Consequently, thick peptide overlayers immobilized on Ti-HAP, investigated by angle-
dependent NEXAFS spectroscopy, unexpectedly show ordered structure and molecular orientation. 

The approximate length of the SAP chain is estimated to be about 64 Å for a 16-units peptide in 
rigid β-sheet conformation, considering a 4 Å step for each amino acid, on the basis of average C–C 
(1.55 Å) and C–N (1.47 Å) bond lengths and of bond angles of 120°, as expected for sp2 hybridization. 
Taking into account a tilt angle of 77° between the peptide chain axis and the sample surface, the 
formation of a SAP monolayer on the HAP surface would result in an overlayer thickness of 
approximately 60 Å for Ti-HAP, and the measured value at pH = 4 is compatible with the formation 
of a complete monolayer of SAP, while for pH = 10, the measured film thickness is only slightly lower. 
Si-HAP, on the other hand, shows much lower thickness values for the SAP overlayer at both pH 
values, despite the same molecular orientation of the peptide backbone can be inferred from NEXAFS 
spectra. This is indicative of a submonolayer regime for the SAP deposited on Si-HAP; since the β-
sheet conformation and the molecular order of the SAP are confirmed by FTIR and NEXAFS spectra, 
we can hypothesize the formation of islands of SAP on the Si-HAP surface. 

5. Conclusions 

SAP adsorption on the surface of HAP coatings enriched with, respectively, titanium or silicon, 
evidence the efficacy of TiO2 in supporting peptide adhesion to the HAP coating. The thickness of the 
peptide overlayer is in the monolayer regime for Ti-HAP, in the submonolayer regime for Si-HAP. 
The formation of an ordered SAP overlayer is related on the HAP surface to the SAP ability to self-
assemble in aqueous solution before adsorption on the HAP surface. 

Author Contributions: Conceptualization, G.I., C.B. and S.F.; methodology, S.F. and V.S.; validation, S.F. and 
V.S.; formal analysis, S.F., V.S. and G.I.; investigation, S.F., V.S., G.I., V.G., L.T. and K.B.; resources, M.D., A.Z. 
and A.V.; data curation, S.F., V.S. and V.G.; writing—original draft preparation, G.I., V.S.; writing—review and 
editing, G.I., C.B., V.S., L.T., K.B. and S.F.; visualization, G.I. and C.B.; supervision, G.I.; project administration, 
G.I. and C.B.; funding acquisition, G.I., C.B., L.T., M.D. and A.V. All authors have read and agreed to the 
published version of the manuscript. 

Funding: This research was funded by The Grant of Excellence Departments, MIUR-Italy (ARTICOLO 1, 
COMMI 314 - 337 LEGGE 232/2016)  

Acknowledgments: We acknowledge the CERIC-ERIC Consortium for the access to experimental facilities and 
financial support, and the infrastructure project no. CZ.02.1.01/0.0/0.0/16_013/0001788 and LM2015057 for the 
support of the SPL−MSB facility. HAP coatings were prepared according to a recipe developed under a grant of 
the Romanian National Authority for Scientific Research, CNCS—UEFISCDI, project No. PN-III-P1-1.2-PCCDI-
2017-0239/60PCCDI 2018, within PNCDI III.  

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the 
study; in the collection, analyses or interpretation of data; in the writing of the manuscript; or in the decision to 
publish the results. 

References 

1. Faria, R.C.S.; Rodrigues, R.C.S.; Rosa, A.L.; Ribeiro, R.F. Experimental titanium alloys for dental 
applications. J. Prosthet. Dent. 2014, 112, 1448–1460, doi:10.1016/j.prosdent.2013.12.025. 

2. Textor, M.; Sittig, C.; Frauchiger, V.; Tosatti, S.; Brunette, D.M. Properties and biological significance of 
natural oxide films on titanium and its alloys. In Titanium in Medicine; Springer: Berlin/Heidelberg, 
Germany, 2001; pp. 171–230. 

3. Shah, F.A.; Trobos, M.; Thomsen, P.; Palmquist, A. Commercially pure titanium (cp-Ti) versus titanium 
alloy (Ti6Al4V) materials as bone anchored implants—Is one truly better than the other? Mater. Sci. Eng. C 
2016, 62, 960–966, doi:10.1016/j.msec.2016.01.032. 

4. Dettin, M.; Zamuner, A.; Iucci, G.; Messina, M.L.; Battocchio, C.; Picariello, G.; Gallina, G.; Marletta, G.; 
Castagliuolo, I.; Brun, P. Driving h-osteoblast adhesion and proliferation on titania: Peptide hydrogels 
decorated with growth factors and adhesive conjugate. J. Pept. Sci. 2014, 20, 585–594, doi:10.1002/psc.2652. 

5. Liu, X.; Chu, P.K.; Ding, C. Surface modification of titanium, titanium alloys, and related materials for 
biomedical applications. Mater. Sci. Eng. R 2004, 47, 49–121, doi:10.1016/j.mser.2004.11.001. 



Nanomaterials 2020, 10, 1151 13 of 14 

 

6. Sedelnikova, M.B.; Sharkeev, Y.P.; Komarova, E.G.; Khlusov, I.A.; Chebodaeva, V.V. Structure and 
properties of the wollastonite calcium phosphate coatings deposited on titanium and titanium niobium 
alloy using microarc oxidation method. Surf. Coat. Technol. 2016, 307, 1274–1283, 
doi:10.1016/j.surfcoat.2016.08.062. 

7. Pardun, K.; Treccani, L.; Volkmann, E.; Streckbein, P.; Heiss, C.; Destri, G.L.; Marletta, G.; Rezwan, K. Mixed 
zirconia calcium phosphate coatings for dental implants: Tailoring coating stability and bioactivity 
potential. Mater. Sci. Eng. C 2015, 48, 337–346, doi:10.1016/j.msec.2014.12.031. 

8. Yamaguchi, T.; Tanaka, Y.; Ide-Ektessabi, A. Fabrication of hydroxyapatite thin films for biomedical 
applications using RF magnetron sputtering. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. 
Atoms. 2006, 249, 723–725, doi:10.1016/j.nimb.2006.03.126. 

9. Dorozhkin, S.V. Calcium orthophosphate deposits: Preparation, properties and biomedical applications. 
Mater. Sci. Eng. C 2015, 55, 272–326, doi:10.1016/j.msec.2015.05.033. 

10. Dorozhkin, S.V.; Epple, M. Biological and medical significance of calcium phosphates. Angew. Chem. Int. 
Ed. 2002, 41, 3130–3146, doi:10.1002/1521-3773(20020902)41:17<3130::AID-ANIE3130>3.0.CO;2-1. 

11. Monsees, T.K.; Ak Azem, F.; Cotrut, C.M.; Braic, M.; Abdulgader, R.; Pana, I.; Birlik, I.; Kiss, A.; Booysen, 
R.; Vladescu, A. Biodegradable ceramics consisting of hydroxyapatite for orthopaedic implants. Coatings 
2017, 7, 184–198, doi:10.3390/coatings7110184. 

12. Vladescu, A.; Cotrut, C.M.; Ak Azem, F.; Bramowicz, M.; Pana, I.; Braic, V.; Birlik, I.; Kiss, A.; Braic, M.; 
Abdulgader, R.; et al. Sputtered Si and Mg doped hydroxyapatite for biomedical applications. Biomed. 
Mater. 2018, 13, 025011, doi:10.1088/1748-605X/aa9718. 

13. Boyd, A.R.; Rutledge, L.; Randolph, L.D.; Meenan, B.J. Strontium-substituted hydroxyapatite coatings 
deposited via a co-deposition sputter technique. Mater. Sci. Eng. C 2015, 46, 290–300, 
doi:10.1016/j.msec.2014.10.046. 

14. Revilla-López, G.; Bertran, O.; Casanovas, J.; Turon, P.; Puiggalí, J.; Alemán, C. Effects of hydroxyapatite 
(0001) Ca2+/Mg2+ substitution on adsorbed D-ribose ring puckering. RSC Adv. 2016, 6, 69634–69640, 
doi:10.1039/C6RA10660A. 

15. Vladescu, A.; Padmanabhan, S.C.; Ak Azem, F.; Braic, M.; Titorencu, I.; Birlik, I.; Morris, M.A.; Braic, V. 
Mechanical properties and biocompatibility of the sputtered Ti doped hydroxyapatite. J. Mech. Behav. 
Biomed. Mater. 2016, 63, 314–325, doi:10.1016/j.jmbbm.2016.06.025. 

16. Dorozhkin, S.V. Calcium orthophosphate-based biocomposites and hybrid biomaterials. J. Mater. Sci. 2009, 
44, 2343–2387, doi:10.3390/jfb6030708. 

17. Nayak, S.; Dey, T.; Naskar, D.; Kundu, S.C. The promotion of osseointegration of titanium surfaces by 
coating with silk protein sericin. Biomaterials 2013, 34, 2855–2864, doi:10.1016/j.biomaterials.2013.01.019. 

18. Capriotti, L.A.; Beebe, T.P., Jr.; Schneider, J.P. Hydroxyapatite surface-induced peptide folding. J. Am. 
Chem. Soc. 2007, 129, 5281–5287, doi:10.1021/ja070356b. 

19. Huang, Y.; Ren, J.; Ren, T.; Gu, S.; Tan, Q.; Zhang, L.; Lv, K.; Pan, K.; Jiang, X. Bone marrow stromal cells 
cultured on poly (lactide-co-glycolide)/ nano-hydroxyapatite composites with chemical immobilization of 
Arg-Gly-Asp peptide and preliminary bone regeneration of mandibular defect thereof. J. Biomed. Mater. 
Res. A 2010, 95, 993–1003, doi:10.1002/jbm.a.32922. 

20. Durrieu, M.C.; Pallu, S.; Guillemot, F.; Barreille, R.; Amédée, J.; Baquey, C.H.; Labrugère, C.; Dard, M. 
Grafting RGD containing peptides onto hydroxyapatite to promote osteoblastic cell adhesion. J. Mat. Sci. 
Mat. Med. 2004, 15, 779–786, doi:10.1023/B:JMSM.0000032818.09569.d9. 

21. Rodriguez, G.M.; Bowen, J.; Grossin, D.; Ben-Nissan, B.; Stamboulis, A. Functionalisation of Ti6Al4V and 
hydroxyapatite surfaces with combined peptides based on KKLPDA and EEEEEEEE peptides. Colloids Surf. 
B Biointerfaces 2017, 160, 154–160, doi:10.1016/j.colsurfb.2017.09.022. 

22. Battocchio, C.; Iucci, G.; Dettin, M.; Carravetta, V.; Monti, S.; Polzonetti, G. Self-assembling behaviour of 
self-complementary oligopeptides on biocompatible substrates. Mat. Sci. Eng. C 2010, 169, 36–42, 
doi:10.1016/j.mseb.2009.12.051. 

23. Franchi, S.; Secchi, V.; Santi, M.; Dettin, M.; Zamuner, A.; Battocchio, C.; Iucci, G. Biofunctionalization of 
TiO2 surfaces with self assembling oligopeptides in different pH and ionic strength conditions: Charge 
effects and molecular organization. Mat. Sci. Eng. C 2018, 90, 651–656, doi:10.1016/j.msec.2018.05.006. 

24. Brun, P.; Zamuner, A.; Peretti, A. ; Conti, J.; Messina, G.M.L.; Marletta, G.; Dettin, M. 3D Synthetic Peptide-
based Architectures for the Engineering of the Enteric Nervous System. Sci Rep 2019, 9, 5583 
doi:10.1038/s41598-019-42071-7 



Nanomaterials 2020, 10, 1151 14 of 14 

 

25. Casaletto, M.P.; Kaciulis, S.; Mattogno, G.; Mezzi, A.; Ambrosio, L.; Branda, F. XPS characterization of 
biocompatible hydroxyapatite-polymer coatings Surf. Interf. Anal. 2013, 34, 45–49, doi:10.1002/sia.1249. 

26. Lebugle, A.; Rovira, A.; Rabaud, M.; Rey, C. XPS study of elastin-solubilized peptides binding onto apatite 
in orthopaedic biomaterials. J. Mat. Sci. Mat. Med. 1996, 7, 223–226, doi:10.1007/BF00119734. 

27. Greczynski, G.; Hultman, L. C1s peak of adventitious carbon aligns to the vacuum level: Dire consequences 
for material’s bonding assignment by photoelectron spectroscopy. ChemPhysChem 2017, 18, 1507–1512, 
doi:10.1002/cphc.201700126. 

28. Greczynski, G.; Hultman, L. Compromising science by ignorant instrument calibration—Need to revisit 
half a century of published XPS data. Angew. Chem. Ed. 2020, 59, 5002–5006, doi:10.1002/anie.201916000. 

29. Maachou, H.; Genet, M.J.; Aliouche, D.; Dupont-Gillain, C.C.; Rouxhet, P.G. XPS analysis of chitosan-
hydroxyapatite biomaterials: From elements to compounds. Surf. Interf. Anal. 2013, 45, 1088–1095, 
doi:10.1002/sia.5229. 

30. NIST. X-Ray Photoelectron Spectroscopy Database, Version 4.1; National Institute of Standards and 
Technology: Gaithersburg, MD, USA, 2012. 

31. Polzonetti, G.; Battocchio, C.; Iucci, G.; Dettin, M.; Gambaretto, R.; Di Bello, C.; Carravetta, V. Thin films of 
a self-assembling peptide on TiO2 and Au studied by NEXAFS, XPS and IR spectroscopies. Mat. Sci. Eng. C 
2006, 26, 929–934, doi:10.1016/j.msec.2005.09.062. 

32. Moulder, J.F.; Stickle, W.F.; Sobol, P.E.; Bomben, K.D. Handbook of X-Ray Photoelectron Spectroscopy; Physical 
Electronics Division, Perkin-Elmer Corp: Norwalk, CT, USA, 1995. 

33. Antonakos, A.; Liarokapis, E.; Leventouri, T. Micro-raman and FTIR studies of synthetic and natural 
apatite. Biomaterials 2007, 28, 3043–3054, doi:10.1016/j.biomaterials.2007.02.028. 

34. Rehman, I.; Bonfield, W. Characterization of hydroxyapatite and carbonated apatite by photo acoustic FTIR 
Spectroscopy. J. Mat. Sci. Mat. Med. 1997, 8, 1–4, doi:10.1023/A:1018570213546. 

35. Vasconcelos, D.C.L.; Costa, V.C.; Nunes, E.H.M.; Sabioni, A.C.S.; Gasparon, M.; Vasconcelos, W.L. Infrared 
spectroscopy of titania sol-gel coatings on 316L stainless steel Mat. Sci. App. 2011, 2, 1375–1382, 
doi:10.4236/msa.2011.210186. 

36. Ren, X.; Zhang, W.; Ye, J. FTIR study on the polymorphic structure of tricalcium silicate. Cem. Concr. Res. 
2017, 99, 129–136, doi:10.1016/j.cemconres.2016.11.021. 

37. Franchi, S.; Secchi, V.; Santi, M.; Vladescu, A.; Braic, M.; Skála, T.; Lavkova, J.; Dettin, M.; Zamuner, A.; 
Iucci, G.; et al. Biocompatible materials based on self-assembling peptides on Ti25Nb10Zr alloy: Molecular 
structure and organization Nanomaterials 2018, 8, 148, doi:10.3390/nano8030148P. 

38. Seah, M.; Dench, W.A. Quantitative electron spectroscopy of surfaces: A standard data base for electron 
inelastic mean free paths in solids. Surf. Interf. Anal. 1979, 1, 2–11, doi:10.1002/sia.740010103. 

39. Haris, P.I.; Chapman, D. The conformational analysis of peptides using Fourier Transform IR spectroscopy. 
Biopolymers 1995, 37, 251–263, doi:10.1002/bip.360370404. 

40. Castano, S.; Desbat, B.; Laguerre, M.; Dufourcq, J. Structure, orientation and affinity for interfaces and lipids 
of ideally amphipathic lytic LiKj(i = 2j) peptides. Biochim. Biophys. Acta 1999, 1416, 176–194, 
doi:10.1016/S0005-2736(98)00220-X. 

41. Stohr, J. NEXAFS Spectroscopy Springer Series in Surface Sciences; C. Gomer, Ed.; Springer: Berlin/Heidelberg, 
Germany, 1991. 

 

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 
article distributed under the terms and conditions of the Creative Commons Attribution 
(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 

 


