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Titanium (Ti) has been used for many biomedical applications. Surface characteristics of 
titanium devices are critical to their success. In this study, Raman spectroscopy and X-ray 
photoelectron spectroscopy (XPS) were used to analyse Ti surfaces prior to immersion in 
alpha-modification of Eagle's medium (¢-MEM). The ionic constituents deposited onto Ti 
surfaces after in vitro exposure to ~-MEM were investigated using XPS and Fourier transform 
infrared spectroscopy (FTIR). Surface studies revealed an amorphous oxide layer on the Ti 
surface, with a chemistry similar to TiO2. However, after exposure to the physiologic solution 
for 12 days, dynamic changes in surface chemistry were observed. Ions such as phosphorus 
(P) and calcium (Ca) were increasingly deposited as amorphous fine crystalline calcium- 
phosphate (Ca-P) compounds, having a Ca/P ratio of 1.2 and a chemistry similar to brushite. 

1. I n t r o d u c t i o n  
Titanium (Ti) has been a material of choice for many 
orthopaedic and dental implant devices. A primary 
reason for using Ti relates to its biocompatibility 
1,1-2]. Titanium ions, when released from implants, 
have generally been considered to be compatible with 
adjacent tissues I-3-5]. 

Prior to the attachment of bony tissue to a titanium 
implant, the prosthesis first encounters various pro- 
teins and ligands I-6-7]. Biomolecules from the body 
fluid have been suggested to be continuously adsorbed 
on the implant surface and exchanged for desorbing 
proteins or displaced proteins in the adsorbed layer 
[8]. These interfacial interactions can occur within a 
narrow interfacial zone of less than 1 nm, and it is 
these initial interfacial interactions that determine 
initial bony attachment I-6]. Depending on surface 
conditions, different rates of cellular attachment have 
been observed in vitro. These differences have been 
attributed to varying surface chemistries of the tita- 
nium oxides on the titanium surface [9]. 

Since surface phenomena play a critical role in 
biological performance, the behaviour of titanium 
surfaces in the biological environment needs to be 
critically evaluated. It has been reported that in- 
organic deposition on a surface occurs in vivo [10, 11]. 
Previous investigations have also reported the depo- 
sition of inorganic constituents during in vitro laborat- 
ory experiments 1-12-14]. However, depending on the 
type of surface and the time in contact with the 

biological environment, inorganic deposits can differ 
in structure and chemistry. Thus, the goal of this study 
was to characterize and evaluate Ti surfaces before 
and after exposure to a physiologic solution using 
Raman spectroscopy, X-ray photoelectron spectro- 
scopy (XPS) and Fourier transformation infrared 
spectroscopy (FTIR). 

2. Mater ia ls  and methods 
2.1. Substrate material 
Ti grade 2 (ASTM F76) was the substrate for all 
studies. The chemical composition of Ti grade 2 was 
obtained from the manufacturer (Metal Samples, 
Munford, AL, USA) and is shown in Table I. The Ti 
samples were mechanically ground with 240, 400 and 
600 grit silicon carbide and polished with 1 lam and 
0.3 p.m alumina powders. They were then ultrasoni- 
cally degreased in benzene, acetone and ethanol for 
10 min each, with deionized water rinsing between 

TABLE I Chemical composition of Ti grade 2 samples 

Elements Weight percentage 

C 0.023 
Fe 0.16 
N 0.006 
O 0.13 
Ti Balance 
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application of each solvent. A passivation procedure 
involved exposing Ti samples to a 40% volume nitric 
acid solution at room temperature for 30 min (ASTM 
F86-76). After each surface treatment, samples were 
rinsed with deionized water. The samples were then 
sterilized under UV light for a minimum of 24 h prior 
to conducting the immersion study. 

2.2. Immersion s tudy  
Ti samples were placed in 12-well tissue culture plates 
and immersed in 1 ml alpha-modification of Eagle's 
medium (~-MEM) from Cellgro (VA, USA) for a 
period of 3 h, 3 days, 6 days, 9 days and 12 days. The 
pH of the ~-MEM was 7.4 and media were changed 
every 3 days. The experiment was conducted in a 
humidified atmosphere (95% air and 5% CO=) at 
37 °C. 

2.3. Raman spec t roscopy  
Raman spectroscopy was used to evaluate the struc- 
tural composition of the Ti surface prior to immersion 
in solution, and was compared to a standard rutile 
TiO 2 powder (New Jersey Zinc Co., New York). Ana- 
lysis was performed using a Spectra-Physics 171 ar- 
gon-ion laser (~ = 488 nm). The laser power was set at 
400 mW during analyses, and passed through a dif- 
fraction grating, thereby allowing the final laser power 
on the sample to be 100 mW. A Spex 1401 double 
monochromator was used with a slit height of 10 mm 
and slit width of 225, 250 and 225 gm. After disper- 
sion, the frequency-shifted light was detected by a 
cooled RCA C31034 photomultiplier tube, and a 
Stanford Instruments SR400 gated photon counter. 
All samples were analysed with a resolution of 5 cm- 
and a scan rate of 1 cm-1/channel/s for a range of 
100 cm- ~ to 800 cm- 1. 

2.4. X-ray photoelectron spectroscopy (XPS) 
XPS was performed on a Perkin-Elmer 5400 system at 
a base pressure of less than 10 -7 Pa. Duplicate sam- 
ples prior to immersion and after immersion were 
analysed using a take-off angle of 45 °. Commercially 
available brushite (Aldrich Chemical Co., Milwaukee, 
Wisconsin, USA), hydroxyapatite (CAM Implants, 
Arvada, Colorado, USA), and TiO2 rutile single crys- 
tal were used as standards. All surface spectra over a 
range of 0-1100 eV were obtained using MgK~ radia- 
tion (1253.6 eV) at 15 kV and 20 mA. The pass energy 
used for obtaining the surface spectra was 90 eV. 
Relative atomic concentrations for all identified ele- 
ments were quantified from the multiplex spectra (a 
pass energy of 18 eV) using peak areas and elemental 
sensitivity factors obtained from the Physical Elec- 
tronics (Perkin-Elmer) 5400 spectrometer. Using least 
mean square analyses, the Ca/P ratio and atomic 
concentrations of different elements at different times 
were statistically evaluated. High-resolution spectra of 
C Is, Ti 2p, O ls, Ca 2p, and P 2p were collected with a 
pass energy of 9 eV. From the high-resolution spectra, 
peak separation between Ti 2p doublets, full width at 
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half maximum (FWHM) for Ti 2p3/2 and Ca 2p3/2, 
and deconvolution of O ls, C ls and P 2p spectrum 
using a Gaussian-Lorentzian model were performed. 
Photoelectron peak positions were corrected for 
charging by referencing to the adventitious C ls peak 
at 284.6 _ 0.4 eV. 

2.5. Fourier transformation infrared 
spectroscopy (FTI R) 

A Mattson Research Series 1 FTIR spectrometer was 
used to determine the presence of phosphates (PO4) 
on Ti surfaces after immersion in a-MEM. Using a 
resolution of 4 cm -~, and a scan number of 12000, 
duplicate Ti samples from each time period were 
analysed using a 75 ° grazing angle. Gaussian- 
Lorentzian curve fitting was performed on the PO4 
absorbance band in the range 90ffcm-1 to 
1300 cm- 1. 

3. Results  
3.1. Raman spect roscopy 
Fig. 1 shows the surface scan of a Ti sample and the 
rutile TiO: standard. No distinguishable vibration 
mode was observed for the Ti surface (Fig. 1), whereas 
vibration modes at 141.5 cm -~, 220 cm -I, 444 cm -~, 
514 cm-1, and 608 cm-1 were observed for the rutile 
TiO2 standard. 

3.2. XPS analyses  prior to immersion 
Surface contaminants such as carbon (C), silicon (Si) 
and aluminum (A1) were observed during XPS ana- 
lyses. The atomic concentrations of AI was 1-3% 
whereas Si was in the range 1-2%. The nitrogen (N Is) 
peak was found to have a binding energy of 400 eV 
which can be attributed to the nitrogen present in the 
organic molecules in the surface contamination layer. 
The relative concentration of N was less than 2%. 

Fig. 2 shows the high-resolution C ls peak curve 
fitted by three components. The dominant component 
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Figure 1 Representative Raman spectra showing an amorphous TJ 
oxide on Ti surface (a) and a futile TiO~ standard (b). 



at 284.6 eV is attributed to hydrocarbons (C-C and 
C - H  bonded carbon). Two other components at 
higher binding energies (286.1 eV and 288.1 eV) were 
also observed. The relative concentrations of carbon 
on all surfaces was in the range 21-36%. 

The high-resolution Ti 2p spectrum shown in Fig. 3 
is representative of the Ti surfaces as well as the TiO 2 
single crystal standard. The binding energies of Ti 
2Pl/2 Ti 2p3/2 , with peak separation between these two 
peaks are shown in Table II. These peak positions 
were not statistically different from the TiO 2 standard. 
However, some differences in the F W H M  were deter- 
mined at Ti 2p3/2. The F W H M  for the Ti samples was 
1.3 eV whereas the F W H M  at Ti 2p3/2 for the TiO2 
single crystal standard was 1.1 eV. 

Fig. 4 shows a typical high-resolution spectrum of 
O ls obtained for the Ti samples as well as the TiO 2 
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Figure 2 Representative XPS high-resolution spectrum of C ls 
prior to immersion in ~-MEM. 
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Figure 3 Representative XPS high-resolution spectrum of Ti 2p 
prior to immersion in ~-MEM. 

TABLE II Binding energies and peak separation of Ti 2p over 
time in a-MEM, The standard deviation for binding energies of 
each component is _+ 0.2 eV 

Ti sample Binding energy [eV) Peak 
separation 

Ti 2P~/z Ti 2pa/2 (eV) a 

TiO 2 single crystal b 464.0 458.2 5.8 
Prior to immersion 464.2 458.4 5.8 
3 h immersion 464.0 458.3 5.7 
3 days immersion 464.1 458.3 5.8 
6 days immersion 464.0 458.1 5.9 
9 days immersion 464.0 458.3 5.7 
12 clays immersion 463.7 458.0 5.7 

" Peak separation between Ti 2p1/2 and Ti 2p~/z 
b One TiO2 single crystal standard analysed 
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Figure 4 Representative XPS high-resolution spectrum of O ls 
prior to immersion in ~-MEM. A= 529.8 eV; B = 531.0eV; 
C = 532.3 eV. 

single crystal standard. The spectrum was deconvo- 
luted into three components. Although no statistical 
difference in the peak position was observed, differ- 
ences in the distribution of oxygen species for Ti 
surfaces and rutile TiO2 standard were observed 
(Table III). Differences in the distribution of oxygen 
species could partly be due to the differences in 
the concentration of contaminations present on these 
surfaces. 

3.3. X P S  a n a l y s e s  af ter  i m m e r s i o n  
In addition to the presence of Ti, O, C, N, A1 and Si, 
the presence of other ionic deposits such as phospho- 
rus and calcium were also observed on the Ti surfaces 
immersed in ~-MEM (Fig. 5). Not  included in Fig. 5 
were trace amounts of nitrogen, aluminum, silicon, 
chlorine and sodium for all Ti samples immersed in 
~-MEM. Concentrations of all these trace elements 
were less than 3%. 

The atomic concentrations of Ca and P were ob- 
served to increase with time in solution. Table IV 
shows the average Ca/P ratio with time on the Ti 
samples after immersion in solution. The Ca/P ratio 
gradually increased from 0.5 + 0.4 after 3 h in solution 
to 1.2 + 0.l after 12 days immersion. No statistical 
difference in the Ca/P  ratio was observed between 
9 and 12 days. However, the Ca/P ratio was signific- 
antly higher at days 9 and 12 than days 3 and 6. 
Furthermore,  in Fig. 5, a decrease in the Ti concentra- 
tion over time in solution was observed, indicating an 
increase in the thickness of C a - P  deposits. This de- 
crease in Ti was also reflected in the atomic concentra- 
tion of O over time in solution, since most of the O 
was bound to Ti as TiO v No statistical difference in 
the C concentration was observed throughout the 
12 day study. 

High-resolution spectra of Ti 2p and C ls obtained 
after immersion were similar to the spectra prior to 
immersion. The peak positions of Ti 2p after immer- 
sion is shown in Table II. Peak positions and peak 
separation for Ti 2p after immersion were not signific- 
antly different to those for the TiO 2 single crystal 
standard. 

The O ls high resolution spectra after immersion as 
well as the O ls on Ti surfaces prior to immersion 
were curve fitted with three components (Fig. 6). As 
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TAB LE I I I Relative distribution ( _+ 1 SD) of different components for O ls over time in solution, The binding energy of each component is 
in parenthesis. The standard deviation for binding energies of each component is _+ 0.2 eV 

Ti Sample Relative distribution of O ls concentration (%) 

Component A Component B Component C 
(529.8 eV) (531.0 eV) (532.3 eV) 

TiOz single crystaP 66.5 5.28 28.24 
Prior to immersion 70.4 + 0.6 12.6 + 0.3 16.9 _+ 0.9 
3 h immersion 60.6 _ 0.4 25.5 +__ 4.8 13.9 _ 4.4 
3 days immersion 48.0 + 9.2 34.0 + 12.5 18.1 + 3.3 
6 days immersion 49.9 ± 13.3 34.6 + 12.6 15.5 ± 0.7 
9 days immersion 32.0 + 7.4 46.4 _ 11.4 21.6 ___ 4.1 
12 days immersion 12.1 + 6.7 67.5 + 3.6 20.4 _ 3.0 

One T i O  2 single crystal standard analysed 
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Figure 5 Atomic concentration of various elements after immersion 
in ~-MEM over time. 

TABLE IV CA/P ratio of Ti immersed in cz-MEM over time 

Time CA/P ratio _+ 1 SD 

3 h 0.5 _+ 0.4 
3 days 0.9 _+ 0.3 
6 days 0.8 4- 0.1 
9 days 1.3 _+ 0.1 
12 days 1.2 _+ 0.1 
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Figure 6 Representative XPS high-resolution spectrum of O Is after 
immersion in ~z-MEM. A = 529.8 eV; B = 531.0 eV; C = 532.3 eV. 
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Figure 7 Representative XPS high-resolution spectrum of P 2p: 
(a) after immersion for 3 h to 3 days in cz-MEM; (b) after immersion 
for 6 to 12 days in ~-MEM. 

observed  from Table  III ,  the relat ive d is t r ibut ion  of O 
ls  concen t ra t ion  at  c o m p o n e n t  A and  B changed with 
t ime in solut ion,  ind ica t ing  a dyna mic  surface. All 
values were significantly different from the ruti le T iO 2 
s tandard .  However ,  the relat ive concent ra t ions  of 
c o m p o n e n t  C were not  s tat is t ical ly al tered over  t ime 
in so lu t ion  when c o m p a r e d  to Ti samples  p r io r  to 
immers ion  and  the T iO z single crysta l  s tandard .  

The  h igh- reso lu t ion  P 2p spec t ra  were observed 
to be symmetr ic  for 6 days  of the immers ion  s tudy 
(Fig. 7a). After 6 days  immersion,  the P 2p spect ra  was 
curve fitted with two componen t s  (Fig. 7b). This asym- 
met ry  in P 2p spect ra  was also observed for the bru-  
shite and  hyd roxyapa t i t e  s tandards ,  which were also 
curve fitted with two components .  C o m p a r i n g  the 
b ind ing  energies of  each c o m p o n e n t  and  their  relat ive 
d i s t r ibu t ion  (Table V), the depos i ted  C a - P  com- 
p o u n d s  after 6 days  immers ion  were observed to have 
a chemis t ry  s imilar  to the brushi te  s tandard .  

N o  chemical  shift in the h igh-resolu t ion  Ca 2p peak  
was observed in this study. Peak  symmet ry  was evid- 
ent  for all h igh-reso lu t ion  Ca 2p spectra,  with Ca 2p3/2 



TABLE V Relative distribution ( _+ 1 SD) of different components 
for P 2p over time in solution. The binding energy of each compon- 
ent is in parenthesis. The standard deviation for binding energies of 
each component is _+ 0,2 eV 

Ti sample Relative distribution of P 2p con- 
centration (%) 

Component A Component B 

Hydroxyapatite standard' 91.6 8.4 
(132.8 eV) (133.8 eV) 

Brushite standard a 93.4 6.6 
(133.2 eV) (134.5 eV) 

3 h immersion 100 - 
(132.9 eV) 

3 days immersion 100 - 
(133.1 eV) 

6 days immersion 82.6 + 2.6 17.4 _+ 2.6 
(133.2 eV) (134.4 eV) 

9 days immersion 85.3 + 3.5 14.7 _-t- 3.5 
(133.4 eV) (134.4 eV) 

12 days immersion 87.9 +_ 3.47 12.1 +_ 3.4 
(133.1 eV) (134,3 eV) 

' One hydroxyapatite and brushite standard analysed 
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Figure 8 Representative XPS high-resolution spectrum of Ca 2p 
after immersion for in c~-MEM. 

at 347.1 eV and Ca 2pl/2 at 350.7 eV (Fig. 8). The 
FWHM value of Ca 2p3/2 for immersed Ti samples 
was 1.7 eV whereas the FWHM value of Ca 2p3/2 for 
the brushite and hydroxyapatite standards was 
1.4 eV. The relatively large FWHM value for Ca 2p3/z 
(FWHM = 1.7) on the Ti surfaces compared to the 
hydroxyapatite (FWHM = 1.4) and brushite stand- 
ards (FWHM = 1.4) probably indicated a lower de- 
gree of crystailinity, or that an amorphous calcium 
phosphate compound was deposited on the Ti sur- 
faces. 

3.4. FTI R 
Fig. 9 shows a representative P O  4 absorbance band 
in the range 900 cm-1 to 1300 cm-1. The wide PO4 
absorbance band was deconvoluted and curve fitted 
with nine components (954 cm- 1, 987 cm- 1, 1022 cm- 1 
1057cm -1, 1086cm -1, 1116cm -1, 1153cm -1, 
1182cm -1 and 1209cm-1). These nine band posi- 
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Figure 9 Representative FTIR spectrum of PO 4 absorbance band 
with an overlay of the contour, and the individual components as 
determined by curve fitting. 

tions were similar for all Ti surfaces irrespective of 
immersion time. 

4. D iscuss ion  
Evaluating the physico-chemical properties of Ti in 
contact with body fluids becomes critical since Ti is 
commonly used for medical devices. Ti is known to 
exhibit excellent corrosion resistance because of its 
readiness to form a passive oxide film. Furthermore, 
there are already investigations on the nature of Ti 
oxides formed under various sterilization treatments 
as well as the stability of oxide films in solution 
[ 15-19]. However, the deposition of ionic constituents 
from the solution to Ti surfaces are also important 
and these deposits may influence cellular behaviour 
[9, 20, 21]. 

From Raman spectroscopy, no distinguishable vi- 
bration mode was observed on the Ti surfaces. This 
suggests an amorphous oxide on the passivated Ti 
surfaces, an observation that has been also made by 
other investigators [22]. A 350 °C heat treatment has 
been reported in other studies as a means of trans- 
forming the amorphous oxide to a crystalline Ti oxide 
[23, 24]. 

High-resolution XPS analyses indicated a 5.8 eV 
peak separation between the Ti 2p1/2 and Ti 2p3/z 
peaks for the Ti samples prior to immersion and the 
TiO z single crystal standard. The peak separation for 
Ti surfaces after immersion was also in close agree- 
ment with the TiO2 single crystal standard. In concur- 
rence with other investigators, this peak separation 
and peak position indicated the presence of TiO2, with 
an oxidation state of 4 + [25, 26]. However, differ- 
ences in the FWHM value of Ti 2p3/2 peak for the Ti 
sample and TiO2 single crystal were observed. The Ti 
samples exhibited a broader Ti 2p3/2 peak (FWHM 
= 1.3) than the TiO2 single crystal (FWHM = 1.1), 

suggesting an amorphous oxide layer. This has been 
confirmed by other investigators who have shown 
FWHM values of 1.3 for Ti 2p3/2 for TiO2 films 
produced by reactive ion plating [25]. 

From the O ls high,resolution spectra prior to 
immersion in solution, component A is attributed to 
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bulk TiOz. However, controversies arise in assigning 
the two higher binding energy O ls components. 
The two carbon components (286.1 eV and 288.1 eV) 
observed in the high-resolution C ls spectra were 
suggested to correspond to C-O and C=O species, 
respectively, and thus contributed to the two oxygen 
components at higher binding energies [26, 28-30]. 
Other investigators have reported that these two 
higher energy oxygen components are contributions 
from hydroxyl groups and chemisorbed water [31]. 

After immersion in ~-MEM, relative concentrations 
of components A and B of the O ls spectrum were 
observed to change with time, an indication of a 
dynamic surface. It was not surprising to observe a 
decrease in the concentration of component A, since 
this component was attributed to the bulk TiO e . This 
decrease in the concentration of component A was the 
result of the increasing Ca-P deposition, and thus the 
coverage of the TiO 2 layer. The increase in the relative 
concentration of component B indicated contribu- 
tions from the solution, thereby causing a change in 
the surface composition. The presence of another 
species such as PO4 in addition to the initial small 
amount of C-O species was suggested. Comparing 
the O ls spectra for the brushite and hydroxyapatite 
standards confirmed that component B was primarily 
due to PO 4 species. The relative concentration of 
component C was not statistically changed during 
immersion, suggesting that the deposition of inorganic 
constituents did not contribute to this component. 
Thus, component C was primarily due to either 
C=O and/or possibly hydroxyl species. 

After immersion in the ~-MEM solution, Ca and P 
were observed on the Ti surface. With an increase in 
immersion time, the concentration of Ca and P in- 
creased. In concurrence with the O ls spectrum, the 
P 2p spectrum also indicated a dynamic surface dur- 
ing immersion. The high-resolution P 2p spectra was 
asymmetric after 6 days immersion and was resolved 
into two components. The peak positions of these two 
components were more similar to the peak positions 
of the brushite standard than the hydroxyapatite 
standard. This suggested that after 6 days immersion, 
the Ca-P compounds on the Ti surfaces exhibited a 
chemistry similar to brushite. The phosphorus depo- 
sited on the Ti surfaces at peak positions 133.1 eV and 
134.3 eV corresponded to HPO,]- and H2PO 2 spe- 
cies, respectively. Furthermore, the initially higher 
atomic concentration of phosphorus as compared to 
calcium ions has been similarly observed by other 
investigators [32]. It has been suggested that the 
passive dissolution of oxide in solution may possibly 
cause the reaction of phosphorus ions with the Ti 
surface, thereby resulting in the initially high phos- 
phorus adsorption. This phosphorus adsorption has 
been similarly observed during the change in the 
kinetics of passive dissolution behaviour of titanium 
oxide [33]. 

As observed during FTIR analyses, a broad PO 4 
absorbance band was exhibited in the range 900 cm- 1 
to 1200 cm- 1. In concurrence with the XPS analyses, 
this broad band indicated an amorphous fine 
crystalline Ca-P compound on the Ti surfaces [34, 
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35]. In agreement with other investigations, the 
formation of amorphous fine crystalline Ca-P  
compound is speculated to be dependent upon the 
crystallinity of the sample surface [35]. However, since 
XPS analyses have indicated an amorphous fine 
crystalline compound having chemistry similar to 
brushite, these compounds could be a precursor for 
the formation of brushite or a mixture of brushite 
and oxyhydroxyapatite [36]. This is in agreement 
with other studies in which a mixture of brushite 
and neutral Ca-P compounds are reported to be 
amorphous fine crystalline as determined by X-ray 
diffraction during initial precipitation [37]. The 
transformation of amorphous fine crystalline Ca-P to 
crystalline Ca-P phases such as brushite have also 
been reported to require factors such as the presence 
and concentrations of calcium, phosphorus and 
magnesium ions, pH and temperature [36]. 

5. Summary 
The overall success of a Ti implant is dependent on the 
surface properties, which may include the composition 
and structure of ionic deposits on the implant surface. 
In this study, an amorphous TiO 2 layer was observed 
on the Ti surface. XPS analyses revealed that the oxide 
surface is not purely TiO2, but also contains contam- 
ination such as hydrocarbons, C-O, C=O and hy- 
droxyl species. In the presence of ~-MEM, dynamic 
change in the surface chemistry were observed. Ions 
such as phosphorus were initially deposited in greater 
concentration than Ca ions, and with time, these ions 
were increasingly deposited as amorphous fine crystal- 
line Ca-P compounds, with Ca/P ratio of 1.2 after 12 
days immersion. Comparing the P 2p peak positions 
to known standards, these amorphous fine crystalline 
Ca-P deposits after 6 days immersion were similar to 
brushite in chemistry. A greater understanding 
is required of the nature and transformation 
of amorphous Ca-P compounds, and their influence 
on tissue response in vivo. 
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