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T. Jämsä Æ J. Tuukkanen

Received: 10 August 2005 / Accepted: 15 February 2006 / Published online: 13 January 2007
� Springer Science+Business Media, LLC 2007

Abstract NiTi alloy is used in various medical appli-

cations and the surface titanium oxide layer produced

naturally or enhanced artificially has been thought to

offer a protecting film against allergic and toxic effects

of nickel (Ni). In this study, we investigated the effect

of different oxide layer thicknesses on the survival and

attachment of osteoblastic cells (ROS-17/2.8). AFM,

X-ray diffraction and electrical resistance measure-

ments were used to analyze the surface properties of

oxidized NiTi samples and the effect of oxidation on

material properties. The results clearly showed that

straight correlation between oxide thickness and

cellular well-being cannot be maid. However, the

different thicknesses of oxide layer on NiTi had

surprising impacts on cellular responses and also to

the properties of the metal alloy.

1 Introduction

Biomaterial technology aims to achieve new materials

and tailor old ones in order to produce biomedical

materials possessing properties that enable differenti-

ation and assembly of cells to form tissues or to

become biocompatible to the surrounding tissue [1].

Since cell adhesion, proliferation, differentiation, and

metabolism as well as the synthesis of extracellular

matrix (ECM) proteins are very sensitive to the surface

properties, the characteristics of a biomaterial surface

should provide conditions for promoting appropriate

cellular functions [2–4].

NiTi, a nickel–titanium alloy, is a quite new material

in medical applications with a long history in technical

science [5]. It has many unique properties, e.g. shape

memory and superelasticity, both based on a thermo-

elastic, reversible martensitic transformation [6],

distinguishing it from any other biomedical material

used. In endosseous implants, such as NiTi, the contact

area of the implant surface and the bone tissue forms

an interacting zone. Similarly to titanium (Ti) and

Ti-alloys, NiTi surface is always covered by a natural

thin layer of oxide [7]. The function of surface oxides

as a protecting film preventing allergic and toxic effects

of nickel (Ni) in NiTi has been emphasized in many

publications [7–10]. According to these, uniform thick

TiO2-based surface layer minimize the nickel release

compared to thinner oxide layer hence improving the

biocompatibility of the material. Straightforward, a

hypothesis can be made to allege that metal biomate-

rials should have thick oxide layer to prevent harmful

effects to surrounding tissue.

In this report, the main objective was to study if the

thickness of the TiO2-based layer truly has cell protec-

tive properties as hypothesized in many publications

[11–13]. We used fluorescently labeled cytoskeletal

protein paxillin [14, 15] to quantitatively analyze the

spatial state of focal adhesions in osteoblastic cells on

different oxide thicknesses. In addition, the viability of

the cells was studied by quantifying the live and dead

cells on the different NiTi surface conditions. As a
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result, we demonstrated that the average number and

size of focal adhesions that contained paxillin were

strongly affected by the oxidation state of the underly-

ing NiTi alloy. These modified surfaces of NiTi also had

a clear effect on cell survival and size. Surprisingly, these

cellular responses were contradictory to many of the

previously published results. In addition, oxidation

process changed to some extent the physical properties

of the NiTi alloy.

2 Materials and methods

2.1 Test materials and surface modifications

Fifteen disks of 6 mm-in-diameter and 4 mm-in-height

were made of hot-rolled binary NiTi alloy (55.7% Ni

and 44.3% Ti by weight). The samples were ground by

different silicon emery papers and polished with

chromium oxide paste. The test materials were washed

with detergent, rinsed, ultrasonically cleaned and

finally degreased with 70% ethanol. All the samples

were in austenitic state at the temperatures used in

biological tests (ranging from +21 to +37�C).

An additional 40 mm-in-diameter NiTi sample

(5 mm-in-height) for biological test and flat NiTi

samples of 15 · 15 · 2 mm3 in dimensions for X-ray

diffraction analysis were also made and handled as the

6 mm-in-diameter samples.

Six of the 6 mm-in-diameter NiTi disks were left

untreated, thus having only the natural thin oxide layer

at the metal alloy surface. To study the effect of oxide

thickness on cell responses, rest of the 6 mm-in-

diameter samples were divided into two groups: the

first group (5 disks) was oxidized in air during 2 h at

350�C and the second group (4 disks) at 450�C,

respectively. Hereafter, the non-treated sample type

is called austenite, referring to the phase state of the

alloy. The disks treated at 350�C are referred as straw

colored (SCO, straw-colored oxide) and the ones

oxidized at 450�C as blue colored (BO, blue-colored

oxide) corresponding to the color of the disks after the

heat treatment. The additional 40 mm-in-diameter

sample was oxidized at 600�C during 2 h. Before

biological tests the disks were sonicated, degreased

with 70% ethanol and autoclaved at 120�C for 20 min.

The NiTi samples were ready to use after cooling to

room temperature.

To control differences in electrical properties of

oxides, special flat samples 80 · 10 · 2 mm3 and

samples made of thin (0.5 mm-in-thickness) NiTi wire

were used. These groups of samples were oxidized

simultaneously with the samples for biological tests

and X-ray diffraction analysis.

2.2 Surface roughness

Surface roughness was measured from atomic force

microscopy (AFM) images. AFM imaging was con-

ducted in air with a commercial atomic force micro-

scope (Explorer, Thermomicroscopes, Sunnyvale, CA,

USA). Images were collected in contact mode using

triangular silicon nitride cantilevers (Veeco Instru-

ments, USA) with a z-scanner of 13.6 lm range. Image

resolution was 300 · 300. SPMLabNT software version

5.01 (Thermomicroscopes, Sunnyvale, CA, USA) was

used to calculate the surface roughness from first-order

plane leveled images. The analyzed image size was

100 · 90 lm. The numbers of analyzed images were 40

for austenitic sample type, 60 for BO and 80 for SCO.

The surface roughness was determined as the average

roughness.

2.3 X-ray diffraction analysis

The phase composition of surface layers before and after

oxidation was controlled by X-ray diffraction analysis

(XDA), using filtered CuKa radiation. To analyze the

structure of the upper surface layer in comparison with

that of the basic material, the grazing beam of 1�
incidence was used along with the usual one when 2h–h
angle relation was complied. The crystal lattice param-

eters were determined by extrapolation to h = 90� using

extrapolating function f(h) = 1/2(cos2h/h + cos2h/sinh).

The shifts of diffraction lines under grazing beam were

controlled by additional experiments when a thin layer

of vacuum annealed fine tungsten powder was used as a

reference at the surface of oxidized samples. Necessary

corrections were applied. The diffraction peaks that did

not correspond to austenite, martensite or Ni3Ti were

used as primary information for interpretation of

surface oxides phase compositions and structure.

2.4 Electrical resistance measurements

The differences in electrical properties of oxides were

assessed by changes in electrical resistance before and

after oxidation. The measurements of electrical resis-

tance were performed with industrial digital milliohm

meter MEGGER BT51 (Megger, USA) for the flat

samples and with specially designed circuit for the wire

samples. The specific resistance (resistivity) of the

material surface layers after oxidation was determined

by gradual etching with simultaneous control of
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changes in the samples electrical resistance and thick-

ness considering that the resistances of removed layer

and remained material as parallel connected.

2.5 Calculation of oxide thickness

Oxide thickness (d) after 2 h of oxidation was com-

puted from the sample mass gain per area unit in

accordance with the formula

d ¼ Dm=q;

where Dm is mass augmentation per sample area unit

and q is oxide density. This approach was based on the

assumption that the mass gain was a result of oxygen

adsorption only, and that all of this oxygen was used to

produce the TiO2 oxide. The validity of this assump-

tion was confirmed by the results of X-ray diffraction

(XRD) surface phase control, which demonstrated the

predominant content of TiO2 (rutile) in the surface

phase composition after all oxidation temperatures

used. The value of q = 4.2 g/cm3 for stoichiometric

TiO2 (rutile) [16] was used. To provide higher accuracy

of determination for the small mass augmentations

after 2 h of oxidation, their values were interpolated

from the equations fitted to the experimental data mass

gain versus oxidation time.

2.6 Cell culture

Rat osteosarcoma cell line ROS-17/2.8 (a generous gift

from G. A. Rodan, Merck Research Laboratories, West

Point, PA, USA) was used for the experiments. The

cells were cultured at 37�C in a humidified atmosphere

(5% CO2, 95% air) in alpha minimal essential medium

(aMEM, Gibco), supplemented with 10% fetal calf

serum (Bioclear), antibiotics (100 U of penicillin/mL,

100 lg of streptomycin/mL) and L-glutamine (2 mM).

The cultures were allowed to reach confluence before

subculturing onto the NiTi discs.

The cells were washed with phosphate-buffered

saline (PBS) and trypsin–EDTA was added to detach

adherent cells. The 6 mm-in-diameter discs were

placed individually on 24-well plate and 5 · 103 cells

were seeded per disc and allowed to attach for 3 h at

37�C before 1 mL complete medium per well was

added. The cells were allowed to grow for 48 h before

fixation with 3% (w/v) paraformaldehyde (PFA) or

staining with a cytotoxicity test kit. The separate large

NiTi disk (oxidized at 600�C) was treated the same

way, but due to the larger surface area, 3 · 104 cells

were seeded onto the disk and 10 mL complete

medium was added after the 3 h attachment.

2.7 Immunofluorescence staining and visualization

of focal adhesions

The PFA-fixed cells were permeabilized with 0.1% (v/v)

Triton-X-100 in PBS for 10 min on ice followed by

treatment with 0.2% BSA for 30 min at room temper-

ature. The cells were stained by using mouse monoclo-

nal paxillin antibody (ZYMED Laboratories, San-

Francisco, CA, USA) at 1:100 in PBS for 45 min on

ice. Staining was carried out with secondary antibodies

(ALEXA Fluor 488 goat anti-mouse IgG, Molecular

Probes, Oregon, USA) for 30 min on ice. To visualize

the nuclei, the cells were incubated with DNA-binding

fluorochrome Hoechst 33258 (1:1,000) for 10 min at

room temperature.

The focal adhesions were studied under a confocal

microscope LSM 510 equipped with an inverted micro-

scope Axiovert 100M and 63· objective (NA 1.2/water,

Zeiss, Germany). From each 6 mm-in-diameter disc, 8

frames were randomly scanned with 1,024 · 1,024

frame size (pixel size 0.14 · 0.14 lm). Nineteen frames

were scanned from the additional large NiTi disk

oxidized at 600�C. These optical sections were scanned

next to the metal alloy surface at the level containing

approximately most of the focal adhesions.

2.8 Quantification of focal adhesions

The numbers of focal adhesions were measured with a

digital image analyser (MCID M4 3.0 Rev. 1.1, Imaging

Research Inc., Canada). The measured area of interest

was 146.2 · 146.2 lm, corresponding to one confocal

microscope field. The confocal microscope images were

segmented on green color intensity, hue and saturation,

representing the emission color of the secondary

antibody. These interactively defined paxillin-contain-

ing focal adhesions were automatically counted from

the region of interest. All defined areas of one pixel in

size were excluded from the automatic count. The total

number of analyzed confocal pictures (after three

experimental runs) was 134 for austenite, 111 for SCO

and 93 for BO sample type. From the large NiTi disk 19

fields were analyzed. The average number of cells per

field was also calculated, and with the knowledge of the

average number and areas occupied by the focal

contacts per confocal image, the number and coverage

of focal plaques per cell was estimated.

2.9 Cytotoxicity test

The ROS-17/2.8 cells cultured 48 h on the NiTi

samples were washed with PBS and stained with a

LIVE/DEAD�Viability/Cytotoxicity kit (Molecular
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Probes, Oregon, USA). This assay is based on the

simultaneous determination of live and dead cells with

the detection of intracellular esterase activity by

calceinAM and plasma membrane integrity for ethidi-

um homodimer-1 (EthD-1), respectively. The optimal

concentrations of the EthD-1 dye were 0.1 lM and for

the calceinAM dye 1.0 lM [17].

Stained cells were immediately viewed under confo-

cal microscope LSM 510 (10· objective NA 0.45/water).

For each disk, five pictures were taken from randomly

chosen areas (1,024 · 1,024 frame size, pixel size

0.9 · 0.9 lm). These optical sections were scanned

from the most descriptive focal plane, illustrating the

stained cells in that area of interest as well as possible.

The confocal microscope images were analyzed with

digital image analyser. The measured area of interest

was 921.3 · 921.3 lm. From each image, the numbers

of live and dead cells were calculated and differences

between sample groups were estimated. The propor-

tional area (per one confocal field) occupied by live

cells was also obtained—that is the spreading of live

cells on the test surfaces. The total number of analyzed

pictures (after three experimental runs) was 91 for

austenite, 75 for SCO and 60 for BO sample type.

Cytotoxicity test was not performed to the large NiTi

sample oxidized at 600�C.

2.10 Statistical analysis

Mean values and standard deviations (SD) were com-

puted. Analysis of variance (ANOVA) and Student’s

t-test were utilized to assess the level of significance of the

differences between the experimental groups. Probabil-

ities of p < 0.05 were considered significant. All statisti-

cal analyses were performed with commercial software

(Origin 5.0 and 6.0, Microcal Software, Inc., USA).

3 Results

3.1 Surface roughness

The mean roughness of the artificially oxidized samples

was 0.262 lm for SCO and 0.310 lm for BO. The

average surface roughness for non-oxidized austenitic

NiTi was 0.849 lm. Statistical analyses showed that the

austenite samples were significantly rougher than the

oxidized surfaces (p < 0.001). Smaller difference was

found between the BO and SCO disks (p < 0.01).

3.2 X-ray diffraction

The X-ray patterns obtained under (h–h conditions

showed that the non-oxidized NiTi was characterized

in the initial state by B2 crystal structure (austenite)

with small quantities of Ti2Ni. The basic phase in the

bulk of NiTi after its oxidation at 350�C and at 450�C

was also austenite, but quantities of martensitic B19¢
phase in comparison to the initial state was present in

alloy structure. The intensities ratios for the strong

austenitic and martensitic lines demonstrated that the

alloy structure after oxidation at 450�C contained

higher amounts of martensite in comparison to that

after oxidation at 350�C. Data obtained from X-ray

experiments with grazing beam demonstrated that the

metal alloy next to the oxide layer had different phase

composition than the bulk. After oxidation at both

temperatures these layers contained higher amounts of

martensite than the bulk of the alloy.

3.3 Electrical resistance

The experiments showed that the electrical resistance

changes as a result of sample oxidation (Table 1). To

characterize the electrical properties of oxides the

average resistivity was calculated from the differ-

ences in oxidized sample resistance before and after

etching, thus considering the electrical resistances of

the oxide layer and the bulk material as parallel

connected. Table 1 represent the electrical properties

of the basic material and oxidized surface after 1 h

oxidation. Note the different signs in the results of the

change in resistivity when comparing NiTi in initial

stage and after oxidation.

3.4 Oxide thickness

The plots of mass gain per surface area unit (Dm) as a

function of time for NiTi samples oxidized at 350, 450

Table 1 Changes in electrical resistance (DR) of NiTi samples as a result of their oxidation, and resistivity of basic NiTi alloy (qNiTi)
and oxide layers (qox)

Oxidation temperature (�C) DR (ohm) qNiTi (initial)
(·10–6 ohm m)

qNiTi (after oxidation)
(·10–6 ohm m)

Change in qNiTi
(·10–6 ohm m)

qox
(·10–6 ohm m)

350 0.107 0.769 0.804 –0.035 2.61
450 0.019 0.791 0.770 0.021 8.48
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and 600�C demonstrated that NiTi oxidation followed

logarithmic time dependence at 350�C and parabolic

dependence at 450 and 600�C. The experimental

oxidation curves were described by the following

equations:

Dm ¼ 0:2205� 10�4 � lgt for oxidation at 350�C, ð1Þ

Dm1:67 ¼ 0:83311� 10�8 � t for oxidation at 450�C,

ð2Þ

Dm2 ¼ 4:744� 10�8 � t for oxidation at 600�C. ð3Þ

The related augmentations of oxide thickness (d)

after 2 h of oxidation were calculated from the Eqs.

1–3. Oxide thicknesses were: 15.6 nm for SCO,

51.0 nm for BO and 725.0 nm for the additional NiTi

sample oxidized at 600�C. Despite limitations condi-

tioned by the use of constant oxide density, the values

of oxide thicknesses estimated in the present study

were consistent with the oxide thickness obtained by

direct measurements in a study for similar oxidation

regimes [12]. Since the oxides after oxidation included

the initial natural oxide layer of non-oxidized NiTi,

the final values should be summarized with the initial

oxide thickness (d0). This is also the oxide thickness

for the austenite samples. In the absence of available

methods for its determination in the present study, we

ascribed to d0 the value of 5 nm, which was the

spontaneous oxide crystal size. Approximately the

same value (about 3 nm) was described by the theory

[18] and has been reported for mechanically polished

NiTi [19].

3.5 Cell attachment

Figure 1 represents images of ROS-17/2.8 osteoblastic

cells at the surface of the different NiTi alloy samples.

It is evident, that focal adhesion formation and their

average size is reduced when cells are grown on NiTi

surface oxidized at 450�C and 600�C (Fig. 1C and D)

compared to the other sample types. Despite the fact

that these BO NiTi disks and the one oxidized at 600�C

contained the thickest surface oxide layers (56.0 nm for

BO and 730.0 nm for 600�C oxidation), the cells

seemed to attach best to the surface with a quite thin

oxide layer (20.6 nm, Fig. 1B) or to the surface that

lacks artificially produced oxide layer (Fig. 1A).

Fig. 1 Immunofluorescence
staining of focal adhesion
with paxillin antibody on
ROS-17/2.8 cells. (A)
Austenitic NiTi, (B) NiTi
oxidized at 350�C (SCO),
(C) at 450�C (BO) and (D) at
600�C. Numerous white
patches represent focal
adhesion plaques. The
average thickness of the
surface oxide layer: (A)
5.0 nm, (B) 20.6 nm, (C)
56.0 nm and (D) 730.0 nm.
Magnification 63·, frame size
146.2 · 146.2 lm
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The results of cell adhesion studies in the austenite,

SCO and BO surface conditions are summarized in

Fig. 2. The average number of focal adhesions per cell

was significantly (p < 0.001) higher in the austenitic

and SCO samples compared to the BO ones (Fig. 2A).

Statistical analyses showed also a difference between

SCO and austenite samples (p < 0.01). Based on these

results, it seems that SCO surface had the highest

number of focal adhesion per cell. The average area

(lm2) occupied by focal adhesions, i.e. the size of focal

adhesions in a cell, or in an other way, the area of cell

membrane attach to NiTi surface, was similarly higher

in austenitic and SCO samples compared to the NiTi

treated in 450�C (p < 0.001, Fig. 2B).

It is highly important to remark that the average

number of cells per a confocal image after the 48-h

culturing period was statistically identical between the

different sample types. So the differences observed did

not depend on differences in the cell amount, but truly

were differences between focal adhesion number and

size between sample types. The total average number

of cells after 48 h was 1,100 on the austenite, SCO and

BO NiTi disks. This also means that a major part of the

cells originally seeded onto the samples (5 · 103 cells

per disc) did not attach. These cells were probably

flushed away from the NiTi button when culturing

media was added.

The additional 40 mm-in-diameter sample was also

analyzed. The results showed the same decreasing trend

as seen in the other NiTi samples. The number of focal

adhesions was approximately 16 plaques per cell and

the area covered by them was approximately 11 lm.

3.6 Cytotoxicity test

The results of the cytotoxicity assay demonstrated that

most of the cells grown on oxidized NiTi surfaces were

alive (Fig. 3A) and only a small portion of the cells

were dead (Fig. 3C). This was predictable, since NiTi is

considered to be non-cytotoxic [17]. There was a

significant difference (p < 0.001) in the number of live

cells between the austenite and SCO sample groups

(Fig. 3A), indicating that SCO surface had the largest

percentage of live cells of the three surfaces studied. In

addition, the cells were significantly smaller in NiTi

disks oxidized at 450�C (p < 0.05) compared to other

surface conditions (Fig. 3B, results presented per

confocal image). The SCO NiTi had the smallest

fraction of dead cells (Fig. 3C). The difference was

statistically highly significant (p < 0.001) when com-

pared to the austenitic sample type. Nonetheless, the

observed differences in the percentage of dead cells

between the three different sample types and the

overall number of dead cells were still quite small.

4 Discussion

In this study, we investigated the effect of different

levels of NiTi surface oxidation on osteoblastic cell

attachment and survival in order to reveal the influence

of the thickness of the oxide layer on these cellular

functions. It was clear from our results that straight

Fig. 2 (A) The average number of focal adhesions per ROS-17/
2.8 cell. The mean values of focal adhesions differ very
significantly (p < 0.001) between austenitic and BO (oxidized
at 450�C), and also between SCO (oxidized at 350�C) and BO
NiTi groups. Difference in the amount of focal adhesion plaques
was also observed between austenite and SCO disks (p < 0.01).
(B) The total area (lm2) of focal adhesions per ROS-17/2.8 cell.
Statistical differences between austenite and BO and between
SCO and BO were observed (p < 0.001). The results are
combined from three experimental runs. The analyzed numbers
of confocal images were: austenite = 134, SCO = 111 and
BO = 93. Each field had approximately 20 cells. ***p < 0.001;
**p < 0.05
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correlation between oxide layer thickness and cellular

well-being cannot be maid.

Cell adhesion to extracellular substratum is, to a

great extent, mediated by integrins; a heterodimeric

family of cell surface receptors [20]. Integrins are

directly associated via their cytoplasmic domains of

b-integrin subunits with the actin cytoskeleton through

a complex submembrane assembly of structural pro-

teins, such as talin and paxillin [21]. These proteins, in

addition with different signalling proteins, constitute

the diverse variety of focal adhesion complexes. Our

results showed that the amount and size of paxillin

containing focal adhesions deteriorates in ROS-17/2.8

osteosarcoma cells in correlation with surface oxide

thickness. This deterioration of cell attachment to the

underlining NiTi surface was not the outcome of

different cell numbers between sample types, since

the average number of cells was the same between

austenite, SCO and BO NiTi samples.

In addition, as support evidence, one NiTi sample

was oxidized at 600�C and tested during the procedures

previously described. This sample type should not only

have the thickest oxide layer in the range of temper-

atures used for oxidation [18], but its surface is

enriched by Ti as well [19]. The sample was included

to the experiments in intention to see if this kind of

surface promotes cell attachment as indirectly pre-

sumed in [22] and directly predicted in [19]. Analogous

to our other results, the extra NiTi sample showed

inadequate focal adhesion formation.

The results of the cytotoxicity test showed that in all

the tested surfaces the percentages of live cells were

high. The cell size appeared to be significantly larger

on the non-oxidized surface and on the samples

oxidized at 350�C when compared to the samples with

the thickest oxide surface. It can be hypothesized, that

the small cell size on the BO NiTi demonstrate slow

growth rate. Although the cell spreading on this sample

type was not completely suppressed, the confluence of

the cells was distinctively smaller compared to the

other surface conditions. The number of observed dead

cells was smaller in samples oxidized at 350�C com-

pared to the austenitic sample. The interpretation of

this result needs caution, since detached dead cells are

easily removed from the surface and thus the observa-

tion of dead cells might be somewhat misleading.

We cannot rule out the possible effects of roughness

on these adhesion results, since statistical analyses

clearly showed differences in this surface parameter

between the three NiTi surface conditions. But the

effect of these differences on cellular behavior is

Fig. 3 Results of the cytotoxicity test. (A) The percentages of
live cells in the ROS-17/2.8 cell populations on the three
different NiTi alloy samples. Statistical analyses showed a
significant difference in the percentages between SCO and
austenite NiTi disks (p < 0.001). (B) The proportional area
occupied by live cells. The mean values differ significantly
between austenitic and BO (oxidized at 450�C) sample groups
(p < 0.05). A similar difference is also observed between the
oxidized samples. These results are presented per one micros-
copy field (921.3 · 921.3 lm). (C) The percentages of dead cells
in the ROS-17/2.8 cell populations on the three sample groups. A
significant difference in the amount of dead cells between
austenitic and SCO NiTi was observed (p < 0.001). The results
are combined from three experimental runs. The analyzed
numbers of confocal images were: austenite = 91, SCO = 75
and BO = 60. ***p < 0.001; *p < 0.05
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probably small, since subtle difference in focal adhe-

sion length and no differences in focal adhesion

movement was observed with titanium samples having

much larger roughness differences (ranging up to

6.07 lm) [23]. In this study, the roughness varied at

the most only approximately 0.6 lm.

A recent study [24] has shown that cell attachment is

in strong dependence on the surface ability to adsorb

extracellular matrix (ECM) proteins. High ability to

adsorb proteins, in particular vitronectin (Vn) and

fibronectin (Fn), leads to better cell attachment on

biomaterials. On the other hand, poor adsorption of

proteins leads to cAMP dependent cell aggregation and

suppression of cell spreading and growth rate [25]. The

physical state of the ECM alters the properties of cell–

matrix adhesions [26]. Different biomaterial surface

properties are reflected to the ECM, in particular to the

molecular architecture of the ECM, including protein

conformation [27–29]. This directly influences the cells

ability to form adhesions complexes, and ultimately

affects many aspects of cell behavior. In this connec-

tion, the results obtained in the present study allow to

suggest that the observed differences in cell behavior

were conditioned by different abilities of oxidized

surface to absorb proteins. An example of heat-treat-

ment effect on protein adsorption onto TiO2 was earlier

reported in [30]. Volkenstein [31] studied the factors

affecting the adsorption ability of semiconductor film

on a metal surface. He showed that any chemical or

structural change taking place in the oxide surface and/

or in the bulk metal (that is in contact with the oxide)

will give rise to changes in the adsorption ability.

The changes in the amount of martensite next to the

oxide layer of NiTi could be the main reason for changes

in the conditions at the oxide–metal contact, since Gibbs

energies of austenite and martensite are different [32].

Thus the changes in oxide–metal contact potential

caused by alterations in phase composition could lead

to variations in external surface potential. The changes

in surface Fermi level should affect the surface adsorp-

tion ability. The different outcome of electrical resis-

tance after oxidation in the two temperatures along with

the results of cell attachment demonstrated the corre-

lation between surface electrical properties and cell

attachment. Furthermore, the results of the additional

sample oxidized at 600�C revealed not only different

value of the electrical resistance, but different sign as

well (DR = –0.087 ohm).

Our analyses showed that that crystal lattice strain

was remarkably different between the oxidized sam-

ples (350, 450 and 600�C). This means that the lattice

distortions between the oxidized samples are different.

Hence, the stresses exerted on the surface of the NiTi

samples are different between the sample types inves-

tigated. This might have more pronounce effect on

cellular behavior, instead of the TiO2-based surface

oxide layer, which might only have a secondary

contribution on the biocompatibility of NiTi alloy.

Although NiTi surface oxide layer might have some

protective effects on cells, our results indicate that the

possibility of directly enhancing biocompatibility of a

medical (metal) material merely with thickening the

surface oxide layer is not probably worth excessive

research, but detailed studies are needed for clarifying

the real factors behind successful implant–tissue inter-

action.
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