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Abstract 

PM-RAIRS is a useful non-destructive technique to study semi-quantitatively the adsorption of 

proteins on metal surfaces. In this work, we employed PM-RAIRS to study the effect of the degree 

of hydroxylation of the surface of titanium metal foils, obtained by specific acidic or basic 

treatments, on the adsorption of fibronectin, a model plasma adhesion protein. Our results indicate 

that the degree of hydroxylation does not significantly influence the adhesion properties of 

fibronectin, which is one of the main steps in titanium osseointegration process. 
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Introduction 

Titanium metal has been used as a base material for bone implant since 1960. The first documented 

account of the ability of titanium to build a structural and functional connection between its surface 

and the living bone was provided by Brånemark, who observed that titanium can successfully fuse 

into bone when osteoblasts grow on and into its rough surface. This property, named 

osseointegration and connected to the unusual surface properties of titanium in a biological 

medium, has largely contributed to the science of medical bone, dentistry and joint replacement 

techniques.
[1-3]

 

 A large number of studies on titanium osseointegration have been carried out both in vivo
[4-6]

 

and in vitro
[7-10]

. These studies pointed out that the success of implant integration relies on the 

formation of a bioactive interface between the metal and the body fluid. One of the main steps in 

this process consists in the adsorption, on the oxidised/functionalised metal surface, of adhesion 

plasma glycoproteins, such as fibronectin and vitronectin, which become activated by a change in 

their configuration upon adsorption.
[11, 12]

 The following adhesion of osteoblastic cells occurs 

through specific receptors of the cell membrane known as integrins, which recognize particular 

sequences of amino acids available only if the adhesion proteins are in their activated state.
[13]

 

 However, the detailed mechanism of adsorption and the configuration of these proteins 

adsorbed on titanium surfaces are not yet completely understood in terms of surface chemistry at 

the molecular level, even though this knowledge is essential to elucidate the origin of the unique 

properties of integration of titanium in biotic environments. Indeed, in the literature, several studies 

are devoted to the adsorption of fibronectin, mainly on well-defined titanium oxide powders
[14-16]

 as 

model systems for real titanium metal surfaces. 

 In fact, the native surface of titanium metal is usually covered with a passivation oxide layer 

with a thickness of a few nm. In order to improve its implant properties, titanium metal can be 

pretreated, in order to modulate both its macroscopic structure (rugosity) and its surface 

composition. Both parameters are in fact important in the performance of the implant: 

1 On the one hand, it is nowadays well-established that a rugosity between 1 to 10 m favours 

osseointegration.
[17]

 

2 On the other hand, different chemical treatments, such as alkali chlorides solutions,
[18]

 

acidic
[19]

 or basic conditions,
[20]

 are known to influence the adhesion of cells. However, the most 

effective treatments usually combine a corrosive treatment with an oxidative one.
[21]

 

 However, most of the previously-reported chemical treatments not only affect the chemical 

composition of the interface, but may also strongly change the rugosity and the composition of the 

surface layer, so that it is often very difficult to distinguish between the relative effects of these 

parameters on the protein adsorption.
[22]

 



 In order to improve the understanding of the adsorption of fibronectin on titanium surfaces, 

and in particular to shed more light on the influence of the chemical treatment on the adsorptive 

properties of the protein, we have started a combined spectroscopic study by XPS and infrared 

spectroscopy in the reflection absorption mode with polarisation modulation of the incident beam 

(PM-RAIRS). This surface-dedicated technique, pertinent only to plane metal sheets with rugosity 

below 1 m, is very sensitive to the nature and the orientation of the adsorbed molecules, allowing 

their identification and, in some cases, the study of their adsorption geometry with respect to the 

surface. In this communication, we present the results on the adsorption of fibronectin on titanium 

surfaces having very similar rugosities, the same composition but a different degree of 

hydroxylation. 

 

Materials and Methods 

Prior to use, high purity titanium sheets (Goodfellow, purity 99.99%, 10 x 10 x 1 mm) were 

mechanically polished down to ¼ m using suspensions of diamond particles of decreasing sizes, 

washed with MilliQ water and acetone in an ultrasound bath, and finally dried in flowing Ar. 

 The titanium sheets were put in contact for 20 min with bovine plasma fibronectin (FN, 

Calbiochem, PBS buffer) solutions of increasing concentrations after one of the following 

pretreatments: 

1. Simple polishing, washing and drying; 

2. A treatment of 20 min in a piranha solution, i.e., a mixture of concentrated H2SO4 and an 

aqueous solution of 30% H2O2. The samples are then washed and dried as described above. This 

treatment produces highly hydroxylated surfaces (see supplementary data). 

3. A treatment of 20 min in a 5M NH3 aqueous solution. The samples are then washed and dried as 

described above. This treatment is expected to provide thick oxide layers with low hydroxylation 

(see supplementary data). 

A contact time of 20 min was sufficient to reach adsorption equilibrium, in agreement with previous 

studies of the dynamics of fibronectin adsorption on titanium oxide surfaces.
[23]

 The surface of the 

metal sheets was then washed 10 times with a PBS solution and 5 times with MilliQ water in order 

to remove the solution covering the surface and the co-adsorbed phosphate. 

 AFM analyses were performed with a Caliber AFM microscope (VEECO Instruments Inc.) 

after polishing and after the different chemical treatments preceding protein adsorption. 

 XPS analyses of the metal sheets before protein adsorption were performed on a Phoibos 100 

X-ray photoelectron spectrometer (SPECS GmbH, Germany) with the Mg K X-ray source (h = 

1253.6 eV). Spectra were recorded with 20 eV pass energy for the survey scan and with 10 eV pass 

energy for the C 1s, O 1s, N 1s, and Ti 2p regions. High resolution XPS conditions have been fixed: 



‘fixed analyser transmission’ analysis mode, a 7×20 mm entrance slit and 150W electron beam 

power. A takeoff angle of 90◦ from the surface was employed. Element peak intensities were 

corrected by Scofield factors,
[24]

 the spectra were fitted using the Casa XPS v.2.3.13 Software (Casa 

software Ltd. UK) and by applying a Gaussian/Lorentzian ratio, G/L equal to 70/30. 

 PM-RAIRS spectra were recorded with a FT-IR instrument (Nicolet 5700 spectrometer) at a 4 

cm
-1

 resolution, the reflected light being focused on a nitrogen-cooled mercury cadmium telluride 

(MCT) detector. A ZnSe grid polariser and a ZnSe photoelastic modulator to modulate the incident 

beam between p and s polarizations (HINDS Instruments, PEM90, modulation frequency = 36 kHz) 

are placed prior to the sample. The use of polarisation modulation allows one to perform rapid 

analyses of the samples after immersion without purging the atmosphere, nor requiring a reference 

spectrum of the bare support. 

 

Results and Discussion 

 

XPS-AFM Surface Characterisation 

 The morphology of the surface of the titanium sheets was examined by AFM (Caliber AFM 

microscope, VEECO Instruments Inc.) after polishing and different chemical treatments preceding 

protein adsorption, always shows flat surfaces with no apparent rugosity down to 0.1 m (not 

shown). 

 Survey XPS spectra (not shown) indicate the absence of contaminants since no peaks 

attributable to elements other than the expected ones (Ti, O, C, N, and P) were visible in the spectra. 

High resolution spectra of the Ti2p region (not shown) indicate the presence of tetravalent titanium 

in all studied samples, whereas no signals belonging to Ti in lower oxidation states is present. This 

result is in line with the complete coverage of studied metal sheets with homogeneous TiO2 surface 

layers of at least a few nm. 

 High resolution XPS spectra of the O1s region were measured to evaluate of the degree of 

hydroxylation of the oxide surface layer of the metal sheets (Fig. 1). These spectra can be fitted 

using three spectral contributions: 

1. 530.1 ± 0.2 eV, attributed to oxide in TiO2 [1]. 

2. 531.7 ± 0.2 eV, attributed to surface hydroxyls. 

3. 533.0 ± 0.2 eV, attributed to adsorbed water molecules. 

The results of these fits shows that the untreated sample is the less hydroxylated one, with a ratio 

hydroxyls/oxide of 0.25; the sample treated in ammonia solutions is slightly more hydroxylated 



(ratio hydroxyls/oxide of 0.30), whereas the sample treated in the piranha solution has a 

significantly higher surface hydroxylation (ratio hydroxyls/oxide of 0.63). 

 

Fibronectin Adsorption 

When studying surface-adsorbed proteins using IR techniques, the spectral regions of interest 

includes the amide I and amide II bands, characteristic of the protein and in part indicative of their 

configuration. The amide I band occurs between 1600 and 1700 cm
-1

 and consists for 80% in the 

C=O stretching vibration of the amide group.
[25, 26]

 The amide II band contains 60% N-H bending 

coupled to some C-N stretching (40%) of the amide group.
[23, 25]

 Figure 2 shows that, with an 

increase in FN concentration, the overall intensity of the amide bands (I and II) also increases, 

indicating progressively greater surface concentrations of FN. In principle, information on the 

configuration of the protein chain can sometimes be deduced from variations in the band position 

and/or the amide I / amide II intensity ratio; these two parameters remain unchanged along the 

series of measurements corresponding to increasing protein loadings, suggesting that the 

configuration of adsorbed fibronectin molecules is independent of coverage. 

 Figure 3 presents the adsorption isotherms of FN on the titanium sheets as a function of the 

protein concentration, as estimated from the average intensity of the amide I band (average taken on 

triplicate series of measurements). The measured isotherms present the same shape for all three 

series of titanium sheets studied, irrespective of the chemical treatment used; in particular, the 

saturation of the surface is obtained for the same protein concentration (0.15 mg.mL
-1

), which 

corresponds to about half of the natural fibronectin concentration in human plasma. This would 

indicate that the affinity of the protein for the surface is not dependent on the surface hydroxylation 

obtained after the different treatments. Moreover, the vertical position of the adsorption plateau 

does not vary much following the two studied treatments, suggesting that they do not affect 

significantly the saturation coverage. 

 These considerations can be put on a more quantitative basis if the adsorption obeys a 

Langmuir model, whose linearized form is: 

maxmax

1

A

c

ABA

c

ads

  

where A is the area of the amide I band, Amax  is the area of the amide I band at the maximum of the 

protein surface concentration, c is the equilibrium concentration, and Bads (mL mg
-1

) is the 

adsorption coefficient which measures the affinity of the protein toward adsorption to the metal 

surface. A plot of c/A vs c indeed shows a linear trend for all samples (Fig. 5), indicating that the 

Langmuir hypotheses are satisfied. The untreated sheets as well as those treated in NH3 and in 

H2SO4/H2O2 solution present only slightly different Bads values (14(1), 17(2) and 20(2) mL mg
-1

, 



respectively): even though the two treatments may induce a slight increase of the affinity of the 

surface for fibronectin, the fact that they produce a very different degree of surface hydroxylation 

has virtually no effect on the protein affinity for the surface. 

 In order to validate our approach and to verify that the intensity of the amide bands in the PM-

RAIRS spectra is proportional to the amount of adsorbed protein, we followed the attenuation of the 

high resolution XPS Ti2p spectrum (expressed as -ln(I/I0), where I is the relative intensity of the 

Ti2p XPS peak, and I0 is the intensity of the same peak without adsorbed fibronectin), which is 

proportional to the adsorbed amount on increasing protein concentration using the same samples 

immediately after the measurement of the PM-RAIRS spectra. Figure 4 presents a comparison 

between the attenuation of the XPS Ti2p peak on the one hand, and the intensity of the amide I band 

in the PM-RAIRS spectra on the other hand, for the simply polished titanium sheets. One can see 

that the two graphs are virtually superimposable apart from an arbitrary normalization constant, 

indicating a full agreement between XPS and PM-RAIRS results. 

 It is worth noting that such a comparison is only possible because the PM-RAIRS technique is 

a fast, non-destructive method , in contrast with other techniques such as XPS, which has been so 

far considered as the reference technique for similar protein adsorption studies.
[14, 15, 22]

 Therefore, 

the present results establish the feasibility of quantitative studies of protein adsorption by PM-

RAIRS. 

 

Conclusions 

PM-RAIRS was successfully employed to study the effect of the degree of hydroxylation of the 

surface of titanium metal foils, obtained by specific acidic or basic treatments, on the adsorption of 

fibronectin, a model plasma adhesion protein. Our results indicate that, irrespective of the degree of 

hydroxylation of the surface, the adsorption of fibronectin can be modelled using the Langmuir 

model. Moreover, the amount of adsorbed protein does not vary significantly with the degree of 

hydroxylation of the surface, indicating that the latter does not influence significantly the adhesion 

properties of fibronectin. These results, which were validated by coupling them with parallel XPS 

studies on the same materials, are in contradiction with previous studies,
[20]

 which suggested that 

the specific surface hydroxylation of the titanium oxide surface is one of the key factors governing 

the specific properties of titanium implant materials. 

 

 



Figure Captions 

 

Fig. 1 High resolution XPS spectra of the O1s region for the samples after the different treatments 

(from left to right): Polished Ti metal, Ti metal treated in NH3, Ti metal treated in Piranha solution. 

 

Fig. 2 PM-RAIRS spectra of fibronectin on titanium sheets treated in NH3 adsorbed from aqueous 

solutions with increasing protein concentrations. 

 

Fig. 3 Adsorption isotherms of fibronectin on titanium surfaces as a function of the fibronectin 

concentration. 

 

Fig. 4 Comparison between FN adsorption as a function of FN concentration onto titanium sheets 

by XPS and PM-RAIRS measurements 

 

Fig. 5 Langmuir plot of the adsorption isotherms of fibronectin on titanium surfaces for the three 

series of samples. 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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