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Abstract In this work, a porous and homogeneous tita-

nium dioxide layer was grown on commercially pure tita-

nium substrate using a micro-arc oxidation (MAO) process

and Ca–P-based electrolyte. The structure and morphology

of the TiO2 coatings were characterized by X-ray diffrac-

tion, scanning electron microscopy (SEM), transmission

electron microscopy, and profilometry. The chemical

properties were studied using electron dispersive X-ray

spectroscopy (SEM–EDS) and X-ray photoelectron spec-

troscopy. The wettability of the coating was evaluated

using contact angle measurements. During the MAO pro-

cess, Ca and P ions were incorporated into the oxide layer.

The TiO2 coating was composed of a mixture of crystalline

and amorphous structures. The crystalline part of the

sample consisted of a major anatase phase and a minor

rutile phase. A cross-sectional image of the coating–sub-

strate interface reveals the presence of voids elongated

along the interface. An osteoblast culture was performed to

verify the cytocompatibility of the anodized surface. The

results of the cytotoxicity tests show satisfactory cell via-

bility of the titanium dioxide films produced in this study.

1 Introduction

Dental implants are frequently the best treatment option for

replacing missing teeth, and they help provide good quality

of life to edentulous patients [1]. A long-term solution,

slow bone loss, and the preservation of nearby healthy

tooth tissue are desirable aspects of tooth replacements.

Although the osseointegration of implants is considered to

be safe and durable, patients with poor bone quality might

suffer from bone resorption and biofilm infections. Since

the introduction of titanium implants by Branemark more

than three decades ago, a number of procedures have been

developed to improve their clinical performance [2–4]. The

success rate of dental implant therapy is related to the

intrinsic capacity of bone for repair. The chemical and

surface properties of implants, among other factors, play an

important role in improving the osseointegration of the

implant–tissue interface [5]. In this context, favourable

properties of titanium and titanium alloys are related to the

oxide surface layer that forms instantaneously in the pre-

sence of oxygen. This naturally formed oxide coating is

thin (approximately 3–8 nm in thickness), amorphous, and

stoichiometrically defective. It is stable and resistant to

corrosion, providing bioinert behaviour after implantation

characterized by relatively slow osteogenesis (bone for-

mation). In order to optimize the bone healing time and to

achieve long-term stability, improvements in the biologi-

cal, chemical, and mechanical properties of titanium

implants are made by modifying the surface. Many surface

modification techniques, such as thermal spraying, sol–gel

deposition, ion implantation, and micro-arc oxidation

(MAO), have been studied extensively [6–14].

Several approaches have been developed to modify the

surface of dental implants and to produce better clinical

results, especially in critical situations, such as immediate
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load and poor bone quality. In general, the surface changes

can be divided into two categories: physical modifications

involving moderate roughening of the surfaces and chem-

ical modifications involving a wide range of techniques,

such as functionalization, deposition, and chemical etching,

which can provide a bioinert surface composed of nano- to

microscale structures. Commonly, both approaches are

combined to achieve the desired surface characteristics. In

recent experiments, calcium (Ca) ion implantation was

found to affect the behaviour of bone cells significantly

[15]. It was also observed that the Ca ions can attract

proteins and growth factors, which are essential for bone

formation, and act as binding sites for bone mineral crys-

tals [16]. Han et al. (2003) [12] showed that incorporation

of Ca ions in a titanium dioxide (TiO2) coating has a

beneficial effect on bone tissue growth. The TiO2 coating

was produced using a mixture of ß-glycerophosphate (ß-

GP) and calcium acetate (CA), and the implants exhibited

enhanced adhesion to the bone [17].

Micro-arc oxidation (MAO), or anodic oxidation (AO),

is a particularly interesting way of producing ceramic oxide

coatings, due to its efficacy, versatility, and cost effec-

tiveness. It is an electrochemical treatment that can change

surface topography and chemical composition simulta-

neously [17, 18]. Another advantage of MAO is the ability

to prepare coatings on metal surfaces with complex

geometries, such as screw-shape dental implants [19]. The

final surface structure and composition are strongly influ-

enced by the electrolyte composition and the conditions of

the deposition process. Electrolyte ions are usually incor-

porated into the coating. Furthermore, the coating proper-

ties, such as topography, morphology, porosity, and

composition, can vary widely, depending on the different

process parameters used [2].

The synthesised titanium dioxide coating can adopt

anatase, rutile and, less commonly, brookite crystalline

polymorphic forms. The stability or metastability of the

TiO2 crystallographic forms can be tuned by the crystallite

size [20]. In nanocrystalline TiO2, anatase is the most

stable phase at ambient conditions, while the nano-rutile

polymorph is stable at ambient pressure above 800 �C.

Both phases usually coexist at ambient conditions due to a

metastability (or stability) of the adjacent phases in the

phase diagram. The superior reactivity of the anatase phase

seems to be more advantageous for biomaterials applica-

tions, such as apatite formation in simulated body fluid

(SBF) [21].

The purpose of this study was to investigate how elec-

trolyte ions of a Ca–P-based electrolyte are incorporated

into a titanium dioxide coating during MAO. In addition,

the morphology, roughness, thickness, structure, chemical

composition, and wetting properties of the TiO2 coating

were evaluated. It is well known that the surface properties

strongly affect cellular behaviour [8]. Accordingly, the

oxide coatings were investigated to analyse the cell adhe-

sion, spreading, proliferation, cell differentiation, and

alkaline phosphatase activity (ALP). The tests were con-

ducted in vitro using osteoblast cells cultured for up to

21 days.

2 Materials and methods

2.1 Sample preparation

Disks of commercially pure titanium (ASTM-Grade 2),

12 mm in diameter and 1 mm in thickness, were used as

the substrate. Prior to the anodisation, the samples were

ground/polished using up to #1200SiC abrasive papers,

cleaned with acetone for 30 min in an ultrasonic bath, and

hot-air dried. The samples were anodised in an aqueous

solution containing 0.5 mol L-1 calcium acetate monohy-

drate (CaAc, Ca(CH3COO)2�H2O) and 0.02 mol L-1 b-

glycerophosphate disodium pentahydrate (bGF, C3H7Na2-

O6P). The MAO process was performed using 150 V DC

voltage and 2 A current for 20 s. A 60-Hz pulsed DC

power supply was used with an offset voltage of 200 V.

The sample produced with this preparation method is

referred to as TiO2–Ca. In order to better investigate the

effect of Ca on the physicochemical properties of synthe-

sized TiO2 coating, a control TiO2 layer without Ca atoms

was prepared using the same synthesis method (MAO) on a

geometrically equivalent Ti substrate. The anodisation of

the control sample (TiO2–control) was performed in the

electrolyte solution composed of a mixture of phosphoric

and sulphuric acids (0.25 mol L-1). The MAO process was

performed using 280-V DC voltage and 0.1 A current for

3,600 s. This sample was designated TiO2–control.

A platinum electrode was used as the cathode (negative)

and the titanium disk was used as the anode (positive

electrode). The reaction occurred in a water-filled glass

jacket system used to minimise overheating during the

anodisation. After the MAO treatment, the samples were

carefully washed with distilled water and then air-dried.

2.2 Characterization

Scanning electron microscopy (SEM) (Quanta 200; FEI

Company, Eindhoven, Netherlands) with energy-dispersive

X-ray spectroscopy (EDS) (EDAX Inc., Mahwah, NJ) was

used to characterise the morphology of the coatings and to

determine the elemental composition in four different

regions, using an accelerating voltage of 15 kV. A dual-

beam FIB/SEM instrument (Nova Nanolab; FEI Company,

Eindhoven, Netherlands) with Pt gas injection system and

Omniprobe sample micromanipulator was used to make a
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transverse cut in the coating to estimate its thickness and to

obtain specimens for the coating–substrate interface ana-

lysis. A platinum layer was deposited onto the sample

surface to protect it during the FIB milling. The FIB con-

sisted of Ga ions accelerated by a 30 kV voltage against the

target.

Transmission electron microscopy (TEM) characterisa-

tion was performed using a Cs probe-corrected instrument

(Titan 80-300TM; FEI Company, Eindhoven, Netherlands)

operating at an accelerating potential of 300 kV. Two

imaging techniques were used—conventional diffraction

contrast TEM and scanning transmission electron micros-

copy (STEM) using a high-angle dark-field (HAADF)

detector. EDS in STEM was used to investigate regions

containing amorphous and crystalline nanostructures.

Specifically, a coherent, focused probe was raster scanned

across the specimen, and at each probe position, the

resultant X-ray emission spectrum was recorded. Finally,

an elemental map was constructed.

The roughness was measured using a stylus profilometer

(DEKTAK 6 M; Veeco, New York, NY). Measurements

were collected electromechanically by moving the sample

under a 0.7-lm radius diamond-tipped stylus. Each mea-

surement consisted of a sample movement over a 2-mm

line for 30 s by a high-precision translation stage at 3-mg

stylus force. Three TiO2–Ca samples were analysed, each

by ten roughness measurements. The Ra parameter (the

arithmetic mean of the deviations of the measured profile

from the mean line) was used to characterise surface

roughness.

The chemical and phase compositions of the samples

were evaluated by X-ray photoelectron spectroscopy (XPS)

(ESCAplus P System; Omicron Nanotechnology, Taunus-

stein, Germany) and X-ray diffraction (XRD) (Bruker

AXS, Karlsruhe, Germany). The XPS analyses were per-

formed in an ultra-high vacuum medium using a mono-

chromatic Al Ka = 1,486.7 eV X-ray source with 16-mA

emission at a voltage of 12.5 kV. High-resolution spectra

were obtained using 40-eV pass energy for calcium, tita-

nium, oxygen, and phosphorous. An argon ion flux was

used to sputter the surface in the depth profile measure-

ments. The flux parameters were defined as follows: energy

of 3 keV, emission of 17 mA, incidence angle of 45�, and

duration up to 100 min. The binding energies were refer-

enced to the carbon 1 s level at 284.6 eV. The Shirley

background and a least-squares routine, as implemented in

the Casa XPS software (licensed by Omicron Nanotech-

nology, Taunusstein, Germany), were used for peak fitting.

Raman spectra were acquired with a Horiba T64000

spectrometer (Horiba Instruments Inc., Irvine, CA) equip-

ped with an LN-2-CCD operated in micro-single mode with

a 600-gr/mm grating. The excitation source was a He–Ne

laser (632.8-nm wavelength) with 70-lW (48 W/mm2)

power at the sample, using a microscope objective of 50x

(0.75 NA). The acquired spectra were fitted using a single

Lorentzian function for each peak to determine the posi-

tions of the peaks and the respective widths.

Symmetric (Bragg–Brentano) and grazing-incidence

(0.5� X-ray incidence angle) X-ray powder diffraction

patterns of the surfaces were obtained with a Brucker D8-

Focus (Bruker-AXS, Karlsruhe, Germany) diffractometer

using Cu Ka radiation (Ni filter) with a 2H step of 0.02�
and acquisition time of 80 s/step. The phase analysis of the

coating was performed by the Rietveld method, which is

implemented in Topas-Academic software [22].

Fourier transform infrared spectroscopy (FTIR) analyses

were performed with a PerkinElmer Spectrum GX spec-

trometer (PerkinElmer, Waltham, MA) using the potassium

bromide (KBr) transmission technique.

The wettability of the coatings was evaluated by mea-

suring the contact angle formed by a droplet (1 ll) at the

three-phase boundary (liquid, gas, and solid) intersection

using a contact angle goniometer (NRL A-100; Ramé-Hart,

Randolph, NJ). Three different types of liquids were used

in the tests: distilled water, diiodomethane, and ethylene

glycol. Three measurements were performed for each

liquid on triplicate TiO2–Ca samples. Each measurement

represents an average of 30 measurements taken within

150 s at 5-sec interval. Preliminary in vitro cell viability

experiments were performed in triplicate using osteoblast

cells on the surfaces. Adhesion of the cells to the surfaces

was assessed 4 and 24 h after beginning the tests. The cells

were cultured for 14 and 21 days to study their

proliferation.

3 Results and discussion

The SEM micrographs (Fig. 1) show the uniform porous

morphology of the coating’s surface. Visible, intercon-

nected pores were homogeneously distributed over the

surface, with no noticeable cracks (Fig. 1a). This type of

surface morphology is favourable for osseointegration

when a surface is in direct contact with human tissue [19].

Surface properties such as roughness and composition are

considered key parameters for altering cell activity. Rough

surfaces result in significantly better cell attachment,

spreading, proliferation, and differentiation compared to

smooth surfaces [8, 23]. Nishimoto et al. [24] showed that

serum adhesive proteins preferentially bind to rough sur-

faces, which have greater surface area compared with

smooth surfaces. In this study, the TiO2 coatings had an

average roughness value (Ra) of 4.79 ± 0.4 lm and an

average thickness of 4.39 ± 0.8 lm.

Lincks et al. [25] studied the effect of titanium surface

roughness on cellular response. Two types of finished
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surfaces were used—machined and wet grounded—(Ra up

to 4.24 lm), which were machined and fine-polished with a

smooth titanium surface (Ra of 0.22 lm). Results of that

study demonstrated that rough surfaces enhance cell

growth and differentiation, which benefit bone healing.

Figure 1b shows a micrograph of the cross-sectional

surface obtained with FIB/FEG-SEM. Despite the presence

of elongated voids in the oxide layer, no gaps were

observed at the interface between the coating and substrate.

Similar results were obtained by Abdullah, who reported

subsurface pores near the metal surface and perfect

attachment of the TiO2 coating to the metal surface [21].

Figure 2a depicts a typical TEM micrograph of the

oxide layer, showing a mixed microstructure composed of

crystalline (light grey cross) and amorphous (black cross)

titanium dioxide phases. Figure 2b shows EDS spectra of

the amorphous and crystalline regions marked by black and

light grey crosses, respectively, in the STEM image of

Fig. 2a. The measured Ca/Ti ratio was higher in the

amorphous phase (*0.26) than in the crystalline phase

(*0.03), indicating that calcium atoms tend to concentrate

predominantly in the amorphous phase rather than in the

crystalline phase. In the case of phosphorous, similar P/Ti

ratios were observed in both phases: *0.07 in the amor-

phous phase and *0.03 in the crystalline phase. It is

possible that the low concentration of P ions in the elec-

trolyte (0.02 M C3H7Na2O6P) favours an even distribution

of these atoms in the coating.

The electron diffraction pattern depicted in Fig. 3 shows

the presence of anatase and rutile crystallographic poly-

morphs of titania. This result was confirmed by XRD

(Fig. 4a); the powder patterns of the TiO2–Ca sample

Fig. 1 SEM images of a titanium oxide coating topography and b cross-sectioned layer–substrate interface

Fig. 2 TEM micrograph of

TiO2–Ca coating: a orange

cross is crystalline phase and

blue cross is amorphous phase;

b EDS spectra of amorphous

and crystalline phases showing

O/Ti, P/Ti, and Ca/Ti elemental

atomic ratios
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exhibit diffraction peaks of both the anatase and rutile

crystalline phases superimposed on an amorphous back-

ground. The diffraction peaks of the titanium substrate

vanish in the grazing incidence spectrum (Fig. 4b). Addi-

tional weak peaks, which can be seen in the diffraction

patterns, can be attributed to minor phases that eventually

form during the synthesis. The minor phases cannot be

identified due to the low peak intensities and overlap of the

minor phase peaks with the anatase and rutile peaks. In

distinction to TiO2–Ca sample, the rutile polymorph was

not formed after the synthesis of the TiO2–control coating

(Fig. 4c). This result might indicate that Ca atoms promote

the metastabilisation of an otherwise unstable rutile phase

in TiO2 formation. The phase analysis of the TiO2–Ca

sample via the Rietveld method indicated an anatase–rutile

weight phase proportion equal to 81:19. The amorphous

content in the sample surface can be estimated from the

measured relative integrated intensity of the amorphous

background (proportional to the respective area in the

diffraction pattern). The reference background intensity

was obtained using pure Ti substrate measured under the

same experimental conditions as the studied TiO2–Ca

sample. The background intensity defined by the Ti sub-

strate approximates the diffuse intensity in XRD patterns

coming from scattering processes other than diffraction

from the TiO2–Ca sample. The corrected integrated

intensities of the amorphous and crystalline phases in the

diffraction pattern of the TiO2–Ca sample had a proportion

of 80:20. The 80 wt% value can be viewed as an estimation

of the amorphous content in the coating that most likely

incorporates various amorphous phases.

Li et al. [19] also detected an amorphous phase in their

titanium oxide surface coating. This amorphous phase was

demonstrated by a characteristic diffuse peak in the 20�–

30� 2h range of the XRD pattern. The authors assumed that

anodisation with a Ca–P-based electrolyte leads to the

formation of amorphous phases in anodic oxide coatings.

This conclusion is consistent with the results of other

reports on mixed-phase amorphous/crystalline TiO2 pro-

duced by MAO [26, 27].

The obtained Raman spectrum of the TiO2–Ca sample

was dominated by the peaks from the anatase phase (Fig. 5).

The assignment of the measured peaks is provided in

Table 1. The Raman peak at 439 cm-1 can be attributed to

the Eg mode of the rutile phase. The same peak, with higher

relative intensity, was also observed in the Raman spectrum

of the TiO2–control sample (Fig. 5a). This finding might

indicate the manifestation of P atoms, as the TiO2–control

sample did not exhibit a rutile phase in the respective XRD

patterns (Fig. 4c). The peak at 592 cm-1 that appears as a

shoulder of the intense Raman mode at 632 cm-1 in both

Raman spectra (Fig. 5a, b) cannot be explained by the

anatase or rutile phases. This shoulder can be attributed to

the effect of P atoms rather than to the effect of Ca atoms,

because the same peak is observed in the Raman spectrum of

the TiO2–control sample free of Ca. The comparison of the

Raman spectra of TiO2 samples with and without Ca ions

shows slight differences in the positions of the Raman

bands, which can be attributed to a chemical factor

(Table 1). However, the observed shifts are small (within

the measurement uncertainty) and might be caused by other

factors, such as different crystallite sizes [28], in addition to

differences in chemical composition. The noticeable dif-

ferences in peak broadening between the two samples, in

principle, could be an indirect manifestation of the Ca atoms

in the structure of the TiO2–Ca coating. Morphological

properties that affect the width of Raman peaks, such as

TiO2 phase crystallinity, can be related either to Ca-bearing

phases formed in the coating or to incorporation of Ca atoms

into the TiO2 structure, where both factors would increase

the degree of crystallinity of the TiO2 phase.

EDS in STEM was used to map the regions containing

amorphous and crystalline phases. Selected elemental maps

(Fig. 6a–e) show the distribution of the titanium (Fig. 6b),

oxygen (Fig. 6c), phosphorus (Fig. 6d), and calcium

(Fig. 6e) atoms in the same region of the coating. These

images reveal clear trends in the elemental distributions. It

can be seen that the calcium content in the amorphous

regions is much higher than in the crystalline regions,

whereas the phosphorus atoms are distributed more or less

uniformly across the entire mapped area. In some works, an

increase in the calcium content and a decrease in the

phosphorus content has been observed with increasing

crystallinity [28–30].

Fig. 3 Electron diffraction pattern of the TiO2–Ca coating
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The depth distributions of the main elements in the

coating are shown in Fig. 7a, where the atomic concen-

trations (at%) are plotted as a function of the sputtering

time. The XPS chemical analyses were performed before

sputtering and after sputtering durations of 20, 40, 60, 80,

and 100 min. Large variations in the concentrations of all

atoms were observed up to 40 min of sputtering, which

then vanished upon further sputtering, up to 100 min. The

carbon concentration showed the higher variation after the

sputtering (*76–8 %), probably because of the strong

adsorption of this element by the pores in the TiO2 surface.

The removal of carbon atoms from the surface by

sputtering results in an increase in the relative contents

of all elements in the deeper layers of the coating. The

overall oxygen content stabilizes at *64 at% for at least

40 min after sputtering, whereas the titanium content

becomes constant at *21 at%. The elemental composi-

tion remains nearly constant upon further chemical depth

profiling. We did not directly control the thickness of the

sample during the sputtering process in the XPS mea-

surements. However, indirect qualitative estimation of

the sputtered thickness was provided by measuring the

carbon atoms. The carbon depth profile is indicative of

the sample layer thickness prone to adsorption of other

elements. The total sputtering time (100 min) was more

than twice the time after which the concentration of

carbon atoms stabilises (40 min). Consequently, a sput-

tering time [40 min is expected to be sufficient to

access the deeper layers of the sample, which are free of

adsorbed species.

Fig. 4 Selected X-ray

diffraction patterns of the TiO2–

Ca coating obtained in a Bragg–

Brentano configuration and

b grazing incidence geometries.

Asterisks indicate impurity

phases; c TiO2–control obtained

in Bragg–Brentano

configuration

Fig. 5 Raman spectrum of the

samples: a TiO2–Ca and

b TiO2–control, showing

anatase and rutile phases and

effect of the Ca ions on the

Raman peak frequencies

Table 1 Raman results for TiO2–Ca and TiO2–control

Peak

number

Peaks assignment

(A-anatase, R-rutile)

Position (± 2 cm-1) Width (cm-1) Relative intensity (%)

TiO2–Ca TiO2–control TiO2–Ca TiO2–control TiO2–Ca TiO2–control

1 Eg(1)
A , B1g

R 137 140 12.1 ± 0.1 16.8 ± 0.1 100 100

2 B1g(1)
A 389 388 24 ± 2 28 ± 4 5.7 ± 0.3 6.5 ± 0.5

3 Eg
R 439 443 40 ± 7 56 ± 14 2.4 ± 0.2 3.6 ± 0.3

4 A1g
A , B1g(2)

R 510 509 31 ± 2 42 ± 4 5.3 ± 0.3 8.1 ± 0.4

5 – 592 585 30 ± 9 31 ± 10 1.5 ± 0.3 2.5 ± 0.4

6 Eg(3)
A , A1g

R 632 630 28 ± 1 40 ± 2 10.9 ± 0.3 15.2 ± 0.4

1774 J Mater Sci: Mater Med (2014) 25:1769–1780

123



High-resolution XPS spectra of titanium, oxygen, cal-

cium and phosphorous were collected in order to investi-

gate the chemical state of the elements in the coating.

Figure 7b presents a typical XPS survey spectrum, which

shows the presence of Ti, O, Ca, and P on the surface of the

coating. The contents (at%) of each element at the surface

were also calculated from survey spectra. Table 2 lists the

measured XPS peaks, binding energies (eV), relative

atomic percentages, FWHMs (full widths at half-maxi-

mum), and chemical groups found in the coating.

The surface was composed of 21 at % of titanium, as

determined from the Ti 2p(3/2) core-level binding energy.

Based on the shape of the measured Ti 2p(3/2) peak, it can be

deconvoluted into four components (Fig. 8a), corresponding

to TiO, TiOH, Ti2O3, and TiO2, analogously to the work of

Marino et al. [9]. The peak component corresponding to

Ti2O3 has a binding energy of 456.3 eV and accounts for

22 % of the Ti atoms. The TiO2 XPS peak has a binding

energy of 457.9 eV and corresponds to 74 % of the Ti atoms,

which is the main contribution to the Ti 2p peak of the oxide

coating. The peak at 455.1 eV is consistent with TiO (tita-

nium oxide) and/or TiOH (titanium hydroxide), and can be

interpreted as either or both compounds. These compounds

account for only 4 % of the Ti atoms.

Fig. 6 a Cross-section TEM micrograph of TiO2–Ca and chemical elemental maps: b titanium, c oxygen, d phosphorus, and e calcium

Fig. 7 a TiO2–Ca atomic

concentration (at%), calculated

from survey XPS spectrum, as a

function of sputtering time;

b XPS survey spectrum of the

TiO2 coating showing the

chemical elements present in the

coating
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The doublet with a separation of 3.5 eV in Fig. 8b is

consistent with the XPS database lines for the calcium

cations. The FWHMs of both peaks in the doublet are

approximately 1.5 eV, which corresponds to the calcium

atomic content of 7 % at the surface. The peak at 346.7 eV

is attributed to CaCO3 (calcium carbonate) and accounts

for 22 % of the Ca atoms in the analysed surface. The main

peak at 347.2 eV corresponds to Ca(PO4)2 and CaHPO4

(both calcium phosphates) and is the major contribution

(78 %) to the overall Ca 2p3/2 peak intensity [31]. The

literature data show positive responses of in vitro assays

regarding a beneficial osseointegration role of the calcium

and phosphorous present in the coatings [32]. The incor-

poration of Ca and P in anodic oxide films offers a com-

positional basis for the formation of calcium phosphates.

Calcium phosphate is one of the inorganic phases of hard

tissue (bone) and has osteoinductive properties in physio-

logical fluids, making it important in osseointegration [30].

The oxygen 1 s peak in Fig. 8c can be described by two

broad components, the first one representing the oxygen

atoms coordinated to titanium in TiO2. The binding energy

associated with these oxygen atoms is 529.9 eV, and they

account for 75 % of all oxygen in the probed sample vol-

ume. This percentage is very similar to that obtained for the

titanium atoms (74 %) in TiO2. The second O1 s peak can

be attributed to OH and other oxygen-containing species.

For example, the binding energy of 531.1 eV (relative

fraction of 25 %) corresponds either to the (PO4)3- anion

in the phosphates or to Ti–OH and CaO species. The high

FWHM value of this peak indicates that other oxygen-

containing species are also possible, as discussed in the

literature [33, 34]. As noted by Abbasi [34], the coatings

are exposed to oxygen plasma during the MAO process,

and this phenomenon might cause oxygen radicals to attach

to the surface.

The measured phosphorous 2p peak (Fig. 8d) is centred

at 133.2 eV and corresponds to an atomic content of 2 %.

This binding energy indicates that the phosphorous atoms

Fig. 8 High-resolution XPS

spectra of TiO2–Ca showing the

fit calculations and chemical

groups for the elements: a Ti

(2p), b Ca (2p), c O (1 s), and

d P (2p)

Table 2 Summary of binding energies, contents, FWHM, and

assignments of TiO2–Ca coating calculated from fits of Ca 2p, Ti 2p,

and O 1 s high-resolution XPS peaks

Peak Binding

energy (eV)

Content

(%)

FWHM Chemical group

Ca 2p3/2 (1) 346.7 22 1.2 CaCO3

Ca 2p3/2 (2) 347.2 78 1.5 Ca3(PO4)2,

CaHPO4

Ti 2p3/2 (1) 455.1 4 2.4 TiO, TiOH

Ti 2p3/2 (2) 456.3 22 1.7 Ti2O3

Ti 2p3/2 (3) 457.9 74 1.4 TiO2

O 1 s (1) 529.9 75 1.6 TiO2

O 1 s (2) 531.1 25 2.0 OH, (PO4)3-,CO

P 2p 133.2 100 2.2 (PO4)3-,(HPO4)2-
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form phosphate ions, (PO4)3- and (HPO4)2- [8, 35]. The

width of the P 2p peak (FWHM of 2.2 eV) is similar to that

obtained by Schreckenbach et al. and Horowitz and Parr

[14, 36]. The authors of these studies suggested that the

high temperatures of the MAO process increase phosphate

condensation, leading to the formation of both phosphate

and pyrophosphate groups. According to Marino et al. [8],

the P 2p doublet changes after argon sputtering, and some

of the phosphorous atoms have lower binding energies

(*128.5 eV) due to the formation of phosphide species [9,

37]. No phosphide peak was observed in the present study.

The presence of Ca and P ions has been reported to be

advantageous for cell growth [38, 39]. The XPS data

unambiguously show that calcium phosphates form in the

synthesised coating, despite the fact that the respective

phases were not detected with XRD (probably because of

the amorphous state and/or amounts lower than the

experimental detection limit). TEM elemental mapping of

the coating supports this result (Fig. 6a–e). The amorphous

regions, as confirmed by electron diffraction, contained Ca

atoms (the EDS Ca/Ti ratio was 0.26 %), while almost no

calcium was detected in the crystalline part of the coating

(the EDS Ca/Ti ratio was 0.03 %), as shown in Fig. 2b.

Conclusive evidence of calcium phosphate formation

was provided by the FTIR studies. FTIR spectra of the

TiO2–Ca and TiO2–control samples are shown in Fig. 9.

The control sample exhibited bands characteristic of phos-

phate groups, methylene, and carboxyl species. The car-

boxyl and methylene groups were probably the result of

residual organic species used during the MAO process. The

most intense bands were in the regions of 1,740 cm-1

(stretching C=O vibration), 1,480 cm-1 (stretching CO3
2-),

1,000–1,100 cm-1 (m3 PO4
3-, asymmetric stretching mode

Fig. 9 FTIR spectra of TiO2 coatings: a TiO2–control sample and

b TiO2–Ca. In contrast to the TiO2–control sample, which essentially

shows phosphate, carbonyl, and titanium–oxygen molecular vibra-

tions, the TiO2–Ca spectrum shows Ca–O, Ca–P, and OH stretching

modes

Table 3 Molecular vibrations modes and their respective assignments obtained from FTIR comparing TiO2–control and TiO2–Ca samples [41,

42]

TiO2–control TiO2–Ca Vibrational mode Assignment

465 – m2 (PO4)3- Phosphates

– 583 m4 (PO4)3- Phosphates

400–800 400–800 Stretching O–Ti–O

790 – Oscillation mode H2O

875 – Stretching P–O-C

– 956 Stretching Calcium phosphates

1,084 1,108 m3 (PO4)3- Phosphates

1,140 1,127 m3 (PO4)3- Phosphates

1,173 1,164 m3 (PO4)3- Phosphates

– 1,305 Asymmetric stretching C–O-C

1,360 – Deformation Carboxyl and methylene groups

1,384 1,385 Bending CH3

– 1,415 m3 stretching Ca–O

1,450 1,463 Bending C–H

1,480 – m3 stretching CO3

– 1,634 Bending O–H

1,740 1,732 Stretching C=O

2,852 2,877 Symmetric stretching C–H

2,920 2,931 Asymmetric stretching C–H
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of hydroxyapatite), and 875 cm-1 (stretching P–O-C). This

sample also showed the presence of H2O at 1,653 cm-1

(bending mode) and H2O oscillating motion at 790 cm-1

[40].

The FTIR study of the TiO2–Ca sample clearly showed

characteristic bands of the anatase polymorph of TiO2. The

broad band in the 400–800 cm-1 region of IR spectra is

assigned to Ti–O vibrations in TiO2 lattice [40]. The same

broad band of relatively lower intensity overlapped with

the vibration mode of phosphate at 465 cm-1 (see Table 3)

can be observed in the IR spectrum of the TiO2–control

sample. The obtained FTIR data corroborated the Raman

data of this study, indicating higher ordering (crystallinity)

of the TiO2 lattice in TiO2–Ca sample, which exhibits more

pronounced TiO2 lattice modes. Other bands at 1,463,

1,415, 1,164, 1,000–1,100, and 956 cm-1 observed in the

IR spectrum are identified in Table 3 [41]. The presence of

calcium phosphates and calcium carbonates in the TiO2–Ca

coating is evident by the appearance of the bands at 956

and 1,415 cm-1, respectively, in agreement with the XPS

results of this and earlier studies [32, 43, 44].

As previously mentioned, the surface topography of the

coating plays an important role in cell behaviour, such as

orientation, shape, and adhesion of the cells on the surface.

In general, cell adhesion becomes more favourable with

increasing hydrophilicity of the surface, which is another

important surface property affecting cell behaviour. The

wettability of the coating is determined by measuring the

contact angle formed between the solid surface and the

liquid/air interface of a droplet. The equilibrium contact

angle is given by Young’s equation, coshc = (rSV-rSL)/

rLV, where rSV, rSL, and rLV denote the solid–vapour,

solid–liquid, and liquid–vapour interfacial energies (sur-

face tension), respectively. This equation describes the

thermodynamic equilibrium among the liquid (L), solid

(S), and gas/vapour (V) phases [45, 46]. Wenzel showed

that Young’s equation can apply only when all surfaces are

perfectly smooth [47]. In a surface with positive wetting

tendency (hc \ 90�), the roughness enhances this tendency

by reducing the contact angle (as should be the case of the

studied samples). The measured apparent contact angles of

distilled water, diiodomethane, and ethylene glycol on the

synthesised TiO2–Ca coating were below 90�, with

respective values of 71.7 ± 6.7�, 61.9 ± 5.9�, and

57.0 ± 8.7� (Fig. 10a). Consequently, the produced TiO2–

Ca surface was hydrophilic [48], a fact that facilitates

protein spreading and cell attachment to the surface [8].

The porous texture of hydrophilic rough surfaces can result

in a transition from the Wenzel state of wetting to the

Cassie–Baxter [49] state, which is characterised by the

formation of a liquid film spreading over the surface

beyond the droplet. Such a phenomenon, called hemi-

wicking, may occur if the contact angle is below a certain

critical value [50]. This critical angle, in turn, depends on

the roughness factor of the surface and the dry fraction of

wetted surface, connected generally in an intricate manner.

The complete imbibition of all drops was observed after

900 s, a fact that suggests a sluggish dependence of the dry

fraction of wetted surface on the contact angle that pro-

motes drop spreading.

Based on in vitro cytotoxicity tests, the TiO2–Ca coating

did not appear to be toxic to cells. The cells on the TiO2

surface spread considerably more on the tested surface

regions than on the control surface regions. No significant

difference (p \ 0.05) in ALP activity was observed. Fig-

ure 10a shows the surface with no cells and the surfaces

after 14 (Fig. 10b) and 21 days (Fig. 10c) of cellular

activity. Intense cellular activity can be inferred from these

images; the TiO2 surface features are still visible after

14 days but are completely covered by cells after 21 days,

indicating successful cell adhesion and differentiation.

4 Conclusions

In the present study, titanium dioxide films produced by

MAO in a Ca–P-based electrolyte formed a homogenous

porous layer with no visible cracks. Structurally, the films

consisted of crystalline and amorphous phases. The TiO2

crystalline phases were anatase and rutile. The amorphous

phase was mainly composed of TiO2 and calcium phos-

phates. Phosphorous was present in both the crystalline and

amorphous regions of the samples. XPS analysis confirmed

Fig. 10 a Wettability of the TiO2–Ca coating; b SEM image of the

surface with no cells; c SEM image of the surfaces after 14 days of

cellular activity; d SEM image of the surfaces after 21 days of

cellular activity
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that Ca and P were incorporated into the film in the form of

calcium phosphates (Ca3(PO4)2/CaHPO4), which might

contribute to osseointegration. In addition, the possibility

of the adsorption of Ca and P ions could not be discarded.

Relevant molecular groups were observed in FTIR and

XPS experiments. It is probable that both the adsorption of

Ca and P ions and the formation of Ca/P bearing phases

occurred during the synthesis of the TiO2 layer. Raman and

XRD measurements showed that Ca incorporation

increased the crystallinity of the TiO2 phase. Contact angle

measurements indicated that the anodic surface was

hydrophilic and prone to time-dependent superhydrophi-

licity, which is important for cell adhesion. The synthesised

coatings did not exhibit any toxic effects during in vitro

cytotoxicity tests.
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