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Abstract The in vitro corrosion behavior and biocom-

patibility of two Zr alloys, Zr-2.5Nb, employed for the

manufacture of CANDU reactor pressure tubes, and Zr-

1.5Nb-1Ta (at%), for use as implant materials have been

assessed and compared with those of Grade 2 Ti, which is

known to be a highly compatible metallic biomaterial. The

in vitro corrosion resistance was investigated by open cir-

cuit potential and electrochemical impedance spectroscopy

(EIS) measurements, as a function of exposure time to an

artificial physiological environment (Ringer’s solution).

Open circuit potential values indicated that both the Zr

alloys and Grade 2 Ti undergo spontaneous passivation due

to spontaneously formed oxide film passivating the

metallic surface, in the aggressive environment. It also

indicated that the tendency for the formation of a sponta-

neous oxide is greater for the Zr-1.5Nb-1Ta alloy and that

this oxide has better corrosion protection characteristics

than the ones formed on Grade 2 Ti or on the Zr-2.5Nb

alloy. EIS study showed high impedance values for all

samples, increasing with exposure time, indicating an

improvement in corrosion resistance of the spontaneous

oxide film. The fit obtained suggests a single passive film

presents on the metals surface, improving their resistance

with exposure time, presenting the highest values to the Zr-

1.5Nb-1Ta alloy. For the biocompatibility analysis human

osteosarcoma cell line (Saos-2) and human primary bone

marrow stromal cells (BMSC) were used. Biocompatibility

tests showed that Saos-2 cells grow rapidly, independently

of the surface, due to reduced dependency from matrix

deposition and microenvironment recognition. BMSC

instead display a reduced proliferation, possibly caused by

a reduced crosstalk with the metal surface microenviron-

ment. However, once the substrate has been colonized,

BMSC seem to respond properly to osteoinduction stimuli,

thus supporting a substantial equivalence in the biocom-

patibility among the Zr alloys and Grade 2 titanium. In

summary, high in vitro corrosion resistance together with

satisfactory biocompatibility make the Zr-2.5Nb and Zr-

1.5Nb-1Ta crystalline alloys promising biomaterials for

surgical implants.

1 Introduction

Zr, Nb and Ta belong to a group of elements (along with

Al, Ti, W) known as valve-metals, which are usually

covered by a spontaneously formed thin oxide layer; this

constitutes a barrier between the metal and the environ-

ment. Typical values for the initial thickness of these oxide

layers formed in air at room temperature are in the range

2–5 nm, though this thickness can be greatly increased by

anodic oxidation [1]. These oxides, which can be electric

insulators or semiconductors and resistant to attack by most

mineral acids, organic and alkaline solutions [2], have been
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the subject of intense investigations concerning their sta-

bility and physical properties [3–7].

Because of the high corrosion resistance of valve metals

in media of an oxidizing nature or containing chloride ions,

the areas of application of these metals and their alloys

were extended to biomedical uses, since most body fluids

in the human organism contain chloride ions [10]; thus,

rapid progress has occurred in the areas of medical

instrumentation and surgical implants [11].

Nowadays, as the fraction of senior citizens in the

population of most countries is increasing, the demand of

artificial implants has been growing, thus requiring more

investigations on materials for this purpose [12–14]. In

order to expand the use of alloys as biomaterials, the

development and study of new alloys presenting excellent

biocompatibility and sufficient mechanical/corrosion

resistance are necessary. Many studies have shown that

materials of low elasticity modulus (more flexible) can

better simulate a natural femur. Hence, there is an interest

in alloys of such characteristics in order to obtain a new

generation of materials for implants. In this context, the

study of zirconium alloys has become attractive due to

chemical properties similar to those of titanium alloys.

Conventional Zr metal shows acceptable mechanical

strength and good biocompatibility, thereby it is a mate-

rial of interest for surgical implants [15, 16]. In vivo

evidences have indicated that zirconium implants exhibit

good osteointegration [17, 18] and studies comparing

zirconium and titanium implants showed that the degree

of bone-implant contact is higher in the case of zirconium

[19, 20].

There are several Zr alloys utilized in the nuclear

industry that could be considered for medical applications

including the alloys Zircaloy-2, Zircaloy-4, Zr-1Nb and Zr-

2.5Nb. The Zr-1Nb alloy is being used as an advanced

cladding material for French pressurized water reactors,

under the designation M5, and for similar application in

Russian reactors under the designation E110. The Zr-2.5Nb

alloy has been used extensively for the manufacture of

Canadian Deuterium Uranium (CANDU) reactor pressure

tubes [21]. Niobium imparts creep resistance and additional

elevated temperature strength. Niobium, in and of itself, is

highly corrosion resistant, in addition to being a strength-

ener to zirconium. Tantalum is more corrosion resistant

than niobium due to the higher stability of its oxide. The

superior corrosion resistance and biocompatibility of tan-

talum have been extensively evaluated and recognized by

several researchers [22–24]. However, tantalum exhibits

only a limited mechanical resistance [25]. Thus, consider-

ing the individual characteristics of niobium and tantalum,

Zr–Nb–Ta ternary alloys are expected to present a good

combination of mechanical resistance, corrosion resistance

and biocompatibility.

Very few works are available on the in vitro corrosion

behavior of Zr alloys in simulated biological solutions and

their in vitro biocompatibility has scarcely been explored

[26]. Niobium and tantalum alloying additions appear to

improve the corrosion resistance of zirconium in simulated

physiologic media, but the electrochemical data are very

limited [27].

Aim of the present work was to study the in vitro cor-

rosion resistance and biocompatibility of two Zr alloys, Zr-

2.5Nb and Zr-1.5Nb-1Ta (at%), from here onward also

identified with the terms BIN (binary alloy) and TER

(ternary alloy) respectively, formed from nontoxic ele-

ments [12, 28, 29], for use as implant materials. The

in vitro corrosion behavior of the two alloys was assessed

in an artificial physiological solution using open circuit

potential and electrochemical impedance spectroscopy

(EIS) measurements. For comparison purposes, commer-

cially pure Grade 2 titanium, which is known to be a highly

compatible metallic biomaterial, was also investigated.

2 Experimental

2.1 Samples preparation and phase analysis techniques

The metals used were Zr (99.8 mass%, NewMet Koch,

Waltham Abbey, UK), Nb and Ta (99.6 mass%,

H.C.Starck, Inc., 45 Industrial place, Newton, MA

02461–1951/USA), Ti grade 2 (L. Klein SA, Chemin du

Long-Champ 110, Case postale 973 CH-2501 Biel—

Switzerland).

The Zr-2.5Nb and Zr-1.5Nb-1Ta (at.%) crystalline

alloys, with a mass of about 2 g each, were prepared by arc

melting from starting metals in pieces, in inert Ar atmo-

sphere, after some washing under vacuum. The samples

were melt and reversed at least 5 times to assure homo-

geneity, and let cooling in Ar till room temperature.

Before electrochemical measurements, phase analysis of

all the samples was carried out so as to check overall

composition, and morphology. Moreover, crystal structure

of the phases was verified. Metallographic and X-ray dif-

fraction (XRD) analyses were used. The first was per-

formed on the samples, dry-polished using standard

methods, by electron microscopy. The instrument was a

Zeiss scanning electron microscope (SEM), model EVO

40, working at a 20 kV acceleration, equipped with the

SmartSEMTM software. Quantitative electron probe

microanalysis (EPMA) of the phases was carried out using

an energy dispersive X-ray electron probe analyser (Tet-

ralink Pentafet model, Oxford Instruments). XRD analysis

was used in order to identify the crystal structures of the

phases, and to determine lattice parameters. The mea-

surements were performed on powdered samples mounted
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on a zero background Si support, by means of a vertical

diffractometer (Philip X’Pert model). Operating conditions

and data handling for these techniques are thoroughly

described elsewhere [30].

Proofs for biocompatibility tests were made as follows.

Samples for in vitro measurements were prepared cutting

in thin slices the Grade 2 titanium and the tested Zr

alloys, by means of a precision cut-off machine Struers

Secotom 10, equipped by an abrasive precision cut-off

wheel (HV 500–800). Small discs, 4 mm diameter and

1–1.5 mm thickness, were obtained. For each metal,

Grade 2 Ti, Zr-2.5Nb and Zr-1.5Nb-1Ta alloys, a total of

24 discs was used. The surfaces were lead to the same

roughness by dry polishing with extra fine emery paper

(320 grit size). All the samples were finally washed in an

ultrasonic cleaner in petroleum ether and, later, deionised

water.

2.2 Electrochemical characterization

Electrochemical experiments were conducted in a standard

three-electrode cell with 0.25 cm2 of exposed area in the

working electrode, having a platinum mesh as a counter

electrode and a saturated calomel electrode (SCE) as ref-

erence. The electrolyte used to simulate the physiological

medium was naturally aerated Ringer’s solution

(8.61 g l-1 NaCl ? 0.30 g l-1 KCl ? 0.49 g L-1 CaCl2).

The exposed surfaces of the working electrodes were pre-

pared by sequential grinding with silicon carbide paper up

to 2,000 grit size followed by mechanical polishing to

1 lm with diamond paste. All experiments were carried out

at 37�C, and the alloys were studied on as-cast conditions.

Open circuit potential measurements, EOC, for Grade 2 Ti,

Zr-2.5Nb and Zr-1.5Nb-1Ta alloys were carried out on

freshly polished samples, in naturally aerated aqueous

electrolyte without stirring, immediately after polishing.

The EOC was continuously monitored during 360 h expo-

sure. EIS measurements were carried out at open circuit

potential using an EG&G PAR system Model 2263 driven

by a computer. The impedance spectra were acquired in the

frequency range from 100 kHz to 10 mHz at seven points

per decade. The amplitude of the sinusoidal perturbation

signal was 10 mV. EIS plots were obtained as a function of

exposure time to the aggressive environment. EIS tests

were carried out in triplicate to evaluate results

reproducibility.

2.3 Biocompatibility analysis

2.3.1 Cell cultures

Human osteosarcoma cell line (Saos-2) [31] and human

primary bone marrow stromal cells (BMSC; Lonza Inc.,

Walkersville, MD, USA) were used. All cells were expan-

ded in plastic dishes using standard Coon’s modified Ham’s

F12 medium (Biochrom AG, Berlin, Germany) supple-

mented with 10% fetal calf serum (FCS, GIBCO-Invitro-

gen, Milano, Italy) in a humidified atmosphere with 5%

CO2 at 37�C. BMSC were supplemented with 10 ng/mL of

Fibroblast Growth Factor 2 (FGF-2; Peprotech EC, London,

UK), grown and used within passage 4. Cells were cultured,

trypsinized, collected and counted with standard procedures

[32]. Cells were resuspended in complete medium and

seeded onto the different supports (plastic, CN; Grade 2

titanium, Ti; Zr-2.5Nb alloy, BIN; Zr-1.5Nb-1Ta alloy,

TER) to a final concentration of 2 9 105 cells/ml. Discs of

each metal alloy under testing (approx. 4 mm in diameter)

were heat-sterilized and placed in 1% agarose coated

24-multiwell plates, to avoid cell attachment onto the well

surfaces. Aliquots corresponding to 10,000 cells were

deposited onto the surfaces of each material under testing,

plastic included, and let adhere for 4 h at 37�; then the

supports were washed with PBS and supplemented with

fresh medium for further testing. Cultures on plastic were

performed in parallel as controls. To all cultures complete

medium was changed twice a week. Two different cultures

of Saos-2 and two different pools of BMSC, (each derived

from two separate donors) were used for the experiments.

Osteogenic induction was performed on subconfluent

BMSC cultures, either on plastic or on titanium alloys, by

the exposure to a differentiation factors-enriched medium

(F12 medium supplemented with 10% FCS, 2.5 9 10-4M

ascorbic acid, 1.0 9 10-2M b-glycerophosphate; 1.0 9

10-7M dexamethasone) for 2 weeks, as elsewhere descri-

bed [33]. Non induced control cultures (CN–) were main-

tained in standard medium.

2.3.2 Growth kinetics

DNA analysis was performed essentially as described by

Zerega et al. [34]. After extensive washings, cells were

lysed in situ with a SDS solution (0.01% in PBS). The

lysates (100 ll) were normalized with Tris/HCl pH 7.8 and

EDTA, pH 7.3 (final concentrations in samples of 200 and

50 lM, respectively), supplemented with proteinase K

(final concentration 0.2 lg/ml) and heated overnight at

50�C in a thermobath. Samples were then centrifuged for

5 min at 4009g and supernatants collected in a clean tube.

Aliquots were incubated with a Hoechst 33258 Stain

Solution (Sigma-Aldrich srl, Milano, Italy; 0.5 lg/ml) for

5 min at RT. Readings were performed on a SPECTRA-

max-Gemini spectrophotofluorimeter (Molecular Devices

Inc., CA, USA; ex: 358 nm; Em: 458; cut-off: 455 nm).

Triplicate of each sample, for each alloy and each time-

point were assessed.
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2.3.3 mRNA quantitative real time PCR reactions

Messenger mRNA extraction was performed using the

PerfectPure RNA Cultured Cell Kit (50-Prime GmbH,

Hamburg, Germany), according to the manufacturer’s

instructions. Reverse transcription was performed using the

SuperScriptTM III first-strand synthesis system (Invitrogen,

Milano, Italy). The primer sets for the genes of interest

were purposely designed, custom-synthesized and pur-

chased from TibMolBiolsrl (Genova, Italy); sequences are

summarized in Table 1. Syber green real-time RT-PCR

protocols were performed using the RealMasterMix SYBR

ROX 2.5X (50-Prime). The same reaction conditions were

applied to assess each gene of interest, to avoid experi-

mental bias; first we performed a denaturing step at 95�C

for 3 min, followed by 30 cycling steps at 94� for 30 s,

60�C for 30 s and 72�C for 30 s. Specificity of the reaction

was assayed by thermal denaturation. Real time reactions

were performed in a Eppendorf Mastercycler Realplex2

apparatus (Eppendorf Italia srl, Milano, Italy). Relative

transcript levels in each target sample were referred to

standard curves of serial cDNA dilutions and normalized to

the corresponding target quantity of the GAPDH calibrator

gene.

3 Results and discussion

3.1 Microstructural characterization

SEM characterization of Zr-2.5Nb and Zr-1.5Nb-1Ta

alloys showed homogeneous morphologies, with no local

discontinuities. Moreover, electron probe microanalysis

confirmed calculated overall composition, detecting no

composition inhomogeneities.

Both the alloys showed a single-phase morphology,

crystallizing in hP2 Mg-type (a-Zr) structure, revealed by

XRD data, corresponding to equilibrium (a-Zr) solid

solution.

Morphology and phases composition of these alloys are

in agreement with the corresponding phase diagram [35,

36]. Lattice parameters, here not reported, resulted in

agreement with literature [36].

3.2 Electrochemical characterization

The open circuit potentials, EOC, variation with exposure

time of Grade 2 Ti, Zr-2.5Nb and Zr-1.5Nb-1Ta alloys in

Ringer’s solution at 37�C, for a period of 360 h are shown

in Fig. 1. Almost immediately after exposure, the potential

of the Grade 2 Ti is approximately -345 mV(SCE), and it

stabilizes at -170 mV(SCE) after 24 h exposure. The

potential then increases slowly and reaches approximately

-155 mV(SCE) after 360 h.

For the Zr-2.5Nb alloy, the initial open circuit potential

is around -245 mV(SCE), and it rapidly increases to more

noble potentials, reaching values around -110 mV(SCE)

after 24 h exposure. The potential is quite stable after 24 h,

and approximately -100 mV(SCE) after 360 h.

The variation of EOC with time for the Zr-1.5Nb-1Ta alloy

is similar to that for the Zr-2.5Nb alloy. The initial potential

is approximately -155 mV(SCE), then it increases rapidly

and after 24 h exposure it remains stable at approximately

-50 mV(SCE). After 360 h the EOC for this alloy is

-45 mV(SCE).

In all cases the drifting towards less negative potentials is

indicative that the metal surfaces are being spontaneously

passivated in Ringer’s solution due to the formation of an

oxide film. By comparing the results reported in Fig. 1, it can

be observed that the Zr-1.5Nb-1Ta alloy presents the least

negative EOC values, while the Grade 2 Ti exhibits the most

negative EOC values. These behaviours indicate that the

tendency for the formation of a spontaneous oxide is greater

for the Zr-1.5Nb-1Ta alloy and that this oxide has better

corrosion protection characteristics than the ones formed on

Grade 2 Ti or on the Zr-2.5Nb alloy in Ringer’s solution.

Figure 2 reports the impedance spectra, presented as

Bode plots, obtained at EOC for Grade 2 Ti, Zr-2.5Nb and Zr-

Table 1 Forward and reverse primer couples for the assessed genes

Gene Forward primer Reverse primer

GAPDH ACCCACTCCTCCACCTTTgA CTgTTgCTgTAgCCAAATTCgT

BSP gAAgAAgAgACTTCAAATg TATCCCCagCCTTCTTgggA

RUNX2 CTTCATTCgCCTCACAAACA TTgATgCCATAgTCCCTCCT

OP TggCTAAACCCTgACCCATCT gCTTTCgTTggACTTACTTggAA

OC CgCCgCCggCAgCTACCA TCAgAgATTTCCTCCCggATA

Col1 TTgCTCCCCAgCTgTCTTAT TCCCCATCATCTCCATTCTT

CD146 CAgCAAgCAgAACCCCAgCA ggACgTCAgACACATAgTTCA

GAPDH glyceraldehyde-3-phosphate dehydrogenase; BSP bone sialoprotein; RUNX-2 Core binding factor a-1 (Cbf-a1); OP osteopontin; OC
osteocalcin; Col1 type I collagen; CD146 MUC-18
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1.5Nb-1Ta alloys at different exposure times to Ringer’s

solution. In all cases the impedance values increase with

exposure time to the aggressive environment. The phase

angle, h, is a sensitive parameter used to indicate the pres-

ence of additional time constants in the impedance spectra at

the highest and lowest frequencies. The use of the log |Z|

versus log f format enables an equal representation of all

experimental over the entire frequency domain [37].

The Bode plots in Fig. 2 in the frequency range between

100 kHz and 10 mHz present only 1 time constant and a

near capacitive response with a phase angle close to 90�
and linear variation between log |Z| and log f, in a wide

range of frequencies, with a slope close to 1.

High impedance values (in the order of 106 X cm2) were

obtained for medium to low frequencies in all the samples,

suggesting high corrosion resistance in the aggressive

environment considered, and are indicative of a single, thin

passive oxide film present at the surface of the specimens

[38, 39] since the beginning of exposure.

A satisfactory fit (see Fig. 3 for the Zr-1.5Nb-1Ta alloy)

of all the data could be obtained using a simple Rs(QRp)

circuit (Fig. 4), where Rs and Rp are the solution and the

parallel (film) resistances, respectively, and Q is a constant

phase element (CPE), which takes account the capacitive

behaviour of the film. This equivalent circuit has been

generally used to fit oxides grown on Ti and Zr alloys

under different situations [40–43]. The impedance, ZCPE, of

CPE is described by the expression [44]:

ZCPE ¼ Q jxð Þn½ ��1

with -1 B n B 1 and j = H-1, while Q is a frequency

independent constant, being defined as pure capacitance for

n = 1, resistance for n = 0, inductance for n = -1. Diffu-

sion processes are characterized by the value of n = 0.5.

According to the fitting results, the n values are near 1 indi-

cating that Q presents an almost pure capacitive behaviour.

The variation of the film resistance, Rp, and the capac-

itance, Q, with time in Ringer’s solution is illustrated in

Fig. 5. It can be seen in Fig. 5a that the capacitance

decreases, in all cases, with increasing exposure time to the

aggressive environment, indicating that the oxide film

stability increases with increasing exposure time to Ring-

er’s solution. The film resistance, Rp (Fig. 5b) has the same

order of magnitude, 106 X cm-2, obtained by other authors
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studding different Ti alloys [39–41], and it increases with

exposure time, demonstrating that the spontaneously

formed oxide film on Grade 2 Ti, Zr-2.5Nb and Zr-1.5Nb-

1Ta alloys becomes more resistive with exposure time.

Finally, the lowest Q and highest Rp values for Zr-1.5Nb-

1Ta show that this alloy has better corrosion resistance and

higher stability than the other metals studied at 360 h

exposure to Ringer’s solution, which agrees with and

confirms the results obtained from the open circuit poten-

tial measurements (Fig. 1).

3.3 Biocompatibility

DNA content in Saos-2 and BMSC cultures was assayed to

evaluate the proliferation of both cell types onto the

experimental (Ti, BIN, TER) and reference (Plastic) sur-

faces. Data was expressed as the OD values of the nucleic

acid content in each sample, normalized to the average

value of the samples from control cultures, performed on

plastic, at time zero. Saos-2 cells grew on all surfaces

essentially at the same rate (Fig. 6a), displaying no contact

inhibition and a duplication rate of about 2 days, reaching

an average 14,8-fold increase in DNA content within the

experimental timings. On the other hand, BMSC prolifer-

ated to a lower rate on any of the assessed surfaces, plastic

included, with a duplication time of about 3–4 days

(Fig. 6b). Cell growth on any of the tested metal surfaces

displayed slightly poorer performances than on plastic,

particularly during the initial days of culturing (Fig. 6b,

compare lines Ti, BIN and TER with CN). By day 7,

however, there were no substantial differences among the

tested alloys, pure titanium and the controls run on plastic.

As expected in tumor-derived lines, Saos-2 displayed a fast
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growth rate: they are unleashed from contact inhibition and

their relatively early stage of differentiation accounts even

more for a reduced dependency from matrix deposition and

microenvironment recognition [45]. On the contrary

BMSC encompass the progenitors of mesenchymal tissues

deputed to bone repair and primarily involved in the

osteointegration processes of prosthetic surfaces [46–48].

For BMSC, crosstalk with the microenvironment and attach-

ment surfaces may be fundamental to address the cells to

specific differentiation fates. Therefore, their dependency

upon substrate recognition and matrix deposition may

explain a reduced proliferation and may be responsible of

an initial reduced cell attachment to the alloy surfaces [32].

Alternatively, the growth of only limited selected cell sub-

types may account for the same outcomes, once attachment

requirements are satisfied. Given the envisioned use of the

experimental alloys for prosthetic devices, we verified that

the differentiation potential of BMSC cells was not altered

upon culturing on the experimental surfaces. In vitro dif-

ferentiation was induced by stimulating confluent BMSC

cultures with an osteogenic factor-enriched medium for

14 days, as previously reported [33]. Induction proved

successful, as indicated by the increased expression of

several genes involved in the osteogenic differentiation, in

stimulated versus unstimulated control cultures (Fig. 7,

confront CN(–) vs. CN values). Expression levels of clas-

sical osteogenic markers, such as and BSP [49] and

RUNX2 [50], were clearly elicited upon addition of the

enriched medium in any of the tested surfaces, ranging

between 30–90-fold, and 5–10-fold of the un-stimulated

control level, respectively. Maximal expression was

detected in cells grown on plastic, progressively dimin-

ishing in Ti, BIN and TER alloys, although still relevant if

confronted with unstimulated cells (Fig. 7). BSP displays

the biophysical and chemical characteristics of a nucleator

and its expression is known to coincide with mineralization

in bone and cementum [51]. The contemporary upregula-

tion of RUNX2 keeps also in line with previous reports,

since this transcription factor known to directly control

BSP expression [52]. Moreover, both RUNX2 and osteo-

calcin are pre-requisites, in BMSC, for matrix deposition

and mineralization [50]. It should be noted, however, that

after the upregulatory burst RUNX2 and osteocalcin are

known to reduce their expression to control levels even

under simultaneous exposure to osteogenic stimuli [53, 54]

as well as during the late events of bone repair and

remodeling [55]. On our experimental surfaces osteopontin

(OP) was upregulated on pure titanium (Fig. 7,

2.94 ± 0.10; mean ± SD values of normalized expression

level) with respect to unstimulated or osteogenically

stimulated control cells; values returned to control levels in

cells cultured onto BIN or TER alloys. The mRNA level

for osteopontin was already demonstrated to increase upon

osteoblast-like cell seeding onto P- and/or Sr-enriched

titanium surfaces [56] whereas it did not show any differ-

ence between dual acid-etched- or machined-etched tita-

nium surfaces [57]. Recently OP-/- mice were shown to

display an impaired NK cell maturation in the bone

microenvironment [58]; however, although significant, the

reduced expression of OP in the osteogenically induced

BMSC seeded onto the BIN and TER alloys still complies

with expression values derived from osteogenically-

induced cells grown on plastic. Interestingly, in vitro

extracellular matrix enriched-titanium scaffolds were

demonstrated to enhance the mineralized matrix deposition

of BMSC by sustaining the expression of specific gene sub-

sets, among which OP itself [59]. In our settings the pure

titanium surface seems to drive the strongest expression of

matrix components (namely BSP and RUNX2), possibly

self-contributing to a more elevated OP expression. Con-

versely, among the tested genes, transcript levels for

Fig. 6 a Growth kinetics of Saos-2 cells. Data is normalized to the

OD readings of control samples cultured on plastic (Plastic). Curves

refers to growth kinetics on the different surfaces as detailed in the

legend; Ti: Grade 2 Ti, BIN: Zr-2.5Nb and TER: Zr-1.5Nb-1Ta

alloys. Experimental data points are the mean ± SD of three

determinations in two independent experiments. b Growth kinetics

of BMSC cells. Data is normalized to the OD readings of control

samples cultured on plastic (Plastic). Curves as for a. Experimental

data points are the mean ± SD of three determinations in two

independent experiments

J Mater Sci: Mater Med (2011) 22:1293–1302 1299

123



osteocalcin (OC), type I collagen (Coll 1) or CD146 did not

display significant variations when cells were seeded onto

the different surfaces under testing.

As a whole our expression data, then, may indicate that

the effects of the osteogenic induction are slightly less

evident in the BIN and TER alloys, possibly due to a dif-

ferent sensitivity to oxidation of the available surfaces,

initial cell attachment and matrix deposition. Nevertheless,

none of the tested surfaces is hindering the differentiation

properties of the BMSC or the biochemical stimuli of the

environment. In this respect, an essentially unaltered

expression level among the different alloys for CD146

mRNA, a recognized marker of cells capable of estab-

lishing the hematopoietic microenvironment in human

bone marrow [60], indicates that the assessed surfaces had

not undertaken a selective effects on the seeded bone

progenitors, and may be thus foreseen for prosthetic

applications in the light of their additional properties.

4 Conclusions

The in vitro corrosion behavior and biocompatibility of two

Zr alloys, Zr-2.5Nb, employed for the manufacture of

CANDU reactor pressure tubes, and Zr-1.5Nb-1Ta (at%),

for use as implant materials have been assessed and com-

pared with those of Grade 2 Ti, which is known to be a

highly compatible metallic biomaterial. The in vitro cor-

rosion resistance was investigated by open circuit potential

and EIS measurements, as a function of exposure time to

an artificial physiological solution. The results can be

summarized as follows:

1. Open circuit potential, EOC, values indicated that both

the Zr alloys and Grade 2 Ti undergo spontaneous

passivation due to spontaneously formed oxide film

passivating the metallic surface, in the aggressive

environment. Zr-1.5Nb-1Ta alloy presented the high-

est EOC values, while the Grade 2 Ti exhibited the

lowest EOC values, indicating that the tendency for the

formation of a spontaneous oxide is greater for the Zr-

1.5Nb-1Ta alloy and that this oxide has better corro-

sion protection characteristics than the ones formed on

Grade 2 Ti or on the Zr-2.5Nb alloy.

2. High impedance values were obtained for all samples,

and its increase with exposure time to the aggressive

solution indicated an improvement in corrosion resis-

tance of the spontaneous oxide film. The fit obtained

suggests a single passive film presents on the metals

surface, with resistance improving with exposure time.

Fig. 7 Expression levels of

osteogenic markers in BMSC

cultured on different surfaces.

Levels of mRNA for bone

sialoprotein (BSP), core binding

factor 2 (RUNX2), osteopontin

(OP), osteocalcin (OC), type I

collagen (Coll 1) and CD 146

are depicted for each surface:

CN plastic; Ti Grade 2 Ti, BIN
Zr-2.5Nb and TER Zr-1.5Nb-

1Ta alloys; normalization was

performed with respect to the

level of each assessed gene as in

BMSC cultured on plastic

before the osteogenic induction

(CN–); Histograms depict

normalized gene expression

values ± SD of three

determinations as assayed by

real-time RT-PCR
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The Zr-1.5Nb-1Ta alloy presented the highest Rp values,

showing that the alloy had better corrosion resistance

and higher stability than the other metals studied.

3. Biocompatibility tests showed that Saos-2 cells grow

rapidly, independently of the surface, due to reduced

dependency from matrix deposition and microenviron-

ment recognition. BMSC instead display a reduced

proliferation, possibly caused by a reduced crosstalk

with the metal surface microenvironment. However,

once the substrate has been colonized, BMSC seem to

respond properly to osteoinduction stimuli, thus sup-

porting a substantial equivalence in the biocompati-

bility among the Zr alloys and Grade 2 titanium.

The high in vitro corrosion resistance together with a

satisfactory biocompatibility make the Zr-2.5Nb and Zr-

1.5Nb-1Ta crystalline alloys promising biomaterials for

surgical implants.
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43. Martins DQ, Osório WR, Souza MEP, Caram R, Garcia A. Effect

of Zr content on microstructure and corrosion resistance of

Ti-30Nb-Zr casting alloys for biomedical applications. Electro-

chim Acta. 2008;53:2809.

44. Macdonald JR. Impedance spectroscopy. New York: Wiley;

1987.

45. Mackie EJ, Ramsey SJ. Modulation of osteoblast behaviour by

tenascin. Cell Sci. 1996;106:1597.

46. Haynesworth SE, Goshima J, Goldberg VM, Caplan AI. Char-

acterization of cells with osteogenic potential from human mar-

row. Bone. 1992;13(1):81.

47. Braccini A, Wendt D, Jaquiery C, Jakob M, Heberer M, Kenins

L, Wodnar-Filpowicz A, Quarto R, Martin I. Three-dimensional

perfusion culture of human bone marrow cells and generation of

osteoinductive grafts. Stem Cells. 2005;23:1066.

48. Giannoni P, Mastrogiacomo M, Alini M, Pearce SG, Corsi A,

Santolini F, Muraglia A, Bianco P, Cancedda R. Regeneration of

large bone defects in sheep using bone marrow stromal cells.

J Tissue Eng Regen Med. 2008;2:253.

49. Zreiqat H, Howlett CR. Titanium substrata composition influ-

ences osteoblastic phenotype: In vitro study. J Biomed Mater Res.

1999;47:360.

50. Marom R, Shur I, Solomon R, Benayahu D. Characterization of

adhesion and differentiation markers of osteogenic marrow

stromal cells. J Cell Physiol. 2005;202:41.

51. Ganss B, Kim RH, Sodek J. Bone sialoprotein. Crit Rev Oral Biol

Med. 1999;10:79.

52. Roca H, Phimphilai M, Gopalakrishnan R, Xiao G, Franceschi RT.

Cooperative interactions between RUNX2 and homeodomain pro-

tein-binding sites are critical for the osteoblast-specific expression of

the bone sialoprotein gene. J Biol Chem. 2005;280:30845.

53. Carvalho RS, Bumann A, Schaffer JL, Gerstenfeld LC. Pre-

dominant integrin ligands expressed by osteoblasts show prefer-

ential regulation in response to both cell adhesion and mechanical

perturbation. J Cell Biochem. 2002;84:497.

54. Lamour V, Detry C, Sanchez C, Henrotin Y, Castronovo V,

Bellahcene A. Runx2- and histone deacetylase 3-mediated

repression is relieved in differentiating human osteoblast cells to

allow high bone sialoprotein expression. J Biol Chem. 2007;282:

36240.

55. Behonick DJ, Xing Z, Lieu S, Buckley JM, Lotz JC, Marcucio

RS, Werb Z, Miclau T, Colnot C. Role of matrix metallopro-

teinase 13 in both endochondral and intramembranous ossifica-

tion during skeletal regeneration. PLoS ONE. 2007;2:e1150.

56. Park JW, Kim YJ, Jang JH. Enhanced osteoblast response to

hydrophilic strontium and/or phosphate ions-incorporated tita-

nium oxide surfaces. Clin Oral Implants Res. 2010;21(4):398.

57. Balloni S, Calvi EM, Damiani F, Bistoni G, Calvitti M, Locci P,

Becchetti E, Marinucci L. Effects of titanium surface roughness

on mesenchymal stem cell commitment and differentiation sig-

naling. Int J Oral Maxillofac Implants. 2009;24(4):627.

58. Chung JW, Kim MS, Piao ZH, Jeong M, Yoon SR, Shin N, Kim

SY, Hwang ES, Yang Y, Lee YH, Kim YS, Choi I. Osteopontin

promotes the development of natural killer cells from hemato-

poietic stem cells. Stem Cells. 2008;26(8):2114.

59. Pham QP, Kasper FK, Scott Baggett L, Raphael RM, Jansen JA,

Mikos AG. The influence of an in vitro generated bone-like

extracellular matrix on osteoblastic gene expression of marrow

stromal cells. Biomaterials. 2008;29(18):2729.

60. Sacchetti B, Funari A, Michienzi S, Di Cesare S, Piersanti S,

Saggio I, Tagliafico E, Ferrari S, Gheron Robey P, Riminucci M,

Bianco P. Self-renewing osteoprogenitors in bone marrow sinu-

soids can organize a hematopoietic microenvironment. Cell.

2007;131:324.

1302 J Mater Sci: Mater Med (2011) 22:1293–1302

123


	Study of the in vitro corrosion behavior and biocompatibility of Zr-2.5Nb and Zr-1.5Nb-1Ta (at%) crystalline alloys
	Abstract
	Introduction
	Experimental
	Samples preparation and phase analysis techniques
	Electrochemical characterization
	Biocompatibility analysis
	Cell cultures
	Growth kinetics
	mRNA quantitative real time PCR reactions


	Results and discussion
	Microstructural characterization
	Electrochemical characterization
	Biocompatibility

	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


