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Nowadays, biomaterials can be used tomaintain or replace several functions of the human body if necessary. Ti-
tanium and its alloys, i.e. Ti6Al4V are the most commonmaterials (70 to 80%) used for structural orthopedic im-
plants due to their unique combination of goodmechanical properties, corrosion resistance and biocompatibility.
Addition of β-stabilizers, e.g. niobium, can improve themechanical properties of such titanium alloys further, si-
multaneously offering excellent biocompatibility. In this in vitro study, human osteoblasts and fibroblasts were
cultured on different niobium specimens (Nb Amperit, Nb Ampertec), Nb sheets and Ti-42Nb (sintered and
3D-printed by selective laser melting, SLM) and compared with forged Ti6Al4V specimens. Furthermore,
human osteoblasts were incubated with particulates of the Nb and Ti-42Nb specimens in three concentrations
over four and seven days to imitate influence of wear debris. Thereby, the specimens with the roughest surfaces,
i.e. Ti-42Nb and Nb Ampertec, revealed excellent and similar results for both cell types concerning cell viability
and collagen synthesis superior to forged Ti6Al4V. Examinations with particulate debris disclosed a dose-depen-
dent influence of all powders with Nb Ampertec showing the highest decrease of cell viability and collagen syn-
thesis. Furthermore, interleukin synthesis was only slightly increased for all powders. In summary, Nb Ampertec
(sintered Nb) and Ti-42Nb materials seem to be promising alternatives for medical applications compared to
common materials like forged or melted Ti6Al4V.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Constraint or loss of functions in the human body can be the result of
tumors, fractures, injuries as well as chronic diseases, infections or sim-
ply aging [1]. Nowadays,maintenance or replacement of those functions
can be achieved through the application of biomaterials mainly
consisting ofmetals, ceramics or polymers [2–4]. Titanium and its alloys
are the most common used implant materials in orthopedic surgery
with an amount of 70 to 80% [5–7]. Their application ranges from load
bearing areas like in orthodontics and orthopedics to gastroenterology
as well as cardiovascular and reconstructive aspects. They possess ap-
preciablemechanical properties, good corrosion resistance and biocom-
patibility [8–12]. The most frequently used titanium-based material is
the titanium aluminum vanadium alloy Ti6Al4V (also referred to Ti
Grade 5) [13–16]. However, by now the elemental component vanadi-
um is proved to be toxic and aluminum is suspected to cause e.g.
Alzheimer disease [7,17–19].

Titanium alloys in general crystallize in a hexagonal close-packedα-
phase (stable at 25 °C) which at 882 °C reversibly transforms into a β-
phase with body-centered cubic crystal structure. Addition of alloying
elements may stabilize this phase or cause crystallization, i.e. stabiliza-
tion of α+ βmixtures [20]. The β–type titanium alloys possess signifi-
cantly smaller Young's moduli compared withα- orα+ β alloys. Some
of the even build deformation-induced martensite structure possessing
a shape-memory effect [21]. The formation of the β–type structure may
avoid a mechanical mismatch in elasticity of bone and implant, causing
stress shielding associatedwith implant loosening. Specific β-stabilizers
for titanium alloys further improve the material properties [22–26]. For
example, non-toxic and non-allergenic niobium represents a relatively
new and promising implantable biomaterial, which is proved for its bio-
compatibility in vitro and in vivo. It has a corrosion resistance superior
to titanium resulting from a self-passivating inert (native) oxide surface
layer [27–32]. Furthermore, some niobium alloys offer a shapememory
effect (SME) and possess superelastic properties, analogous to selected
nickel alloys [7,32,33]. Nickel titanium alloys (NiTi) gained in impor-
tance in the last decades [34] being accounted for by its SME up to 8%
[35], biocompatibility and mechanical properties (elastic modulus,
compressive strength)which are close to bone. Even though NiTi is cor-
rosion and wear resistant [35–38] there are concerns including toxicity,
allergenic reactions and carcinogenic potential of dissolved nickel ions
[27,39,40].

NiobiumandTi-Nb alloys or niobiumoxide (Nb2O5)materials repre-
sent excellent alternatives for medical applications [31,39,41,42], even
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though mechanical properties require for improvement [2]. Moreover,
one of the problems of biomaterials used is the surface contamination
with residues or particles within the production process and the forma-
tion of wear debris due to mechanical strain and friction of articulating
implant components [43–45]. Particles andwear debris can accumulate
in the periprosthetic tissue being size-dependent phagocytosed and ac-
tivating or inhibiting the attendant cells. For example, osteoblasts, mac-
rophages and osteoclasts are known to interact in various fashions [43,
45–47]. Those particles cause inflammatory reactions and moreover,
lead to increased differentiation of bone resorbing osteoclasts and inhi-
bition of bone forming osteoblasts. Finally, all these factors result in
osteolysis and aseptic implant loosening [43,45,47].

The intention of the present study is to demonstrate the superior
biocompatibility of Ti/Nb-based alloys comparedwith conventionalme-
tallic implantmaterials like Ti6Al4V. This includes biomedical issues, i.e.
preservation of cell activities (osteoblasts, fibroblasts) and non-toxicity
as well as (bio-) mechanical aspects, which are work in progress and
will be published subsequently. The focus is not only on intrinsic mate-
rial properties, but also on their morphologies, also considering 3D-
printed bulk materials.

Therefore, in the present in vitro study, human osteoblasts andfibro-
blasts were cultured on two different niobium specimens (Nb Amperit,
Nb Ampertec), Nb sheets as well as Ti-42Nb specimens (sintered and
manufactured by SLM), compared with forged Ti6Al4V and referenced
to tissue culture polystyrene (TCPS) as growth control. Furthermore,
human osteoblasts were incubated with four particulates of the above
mentioned groups to imitate influence of wear debris.

2. Materials & methods

Niobiumpowders andniobium sheet used in this study are commer-
cial products produced and distributed by H.C. Starck Tantalum and Ni-
obium GmbH, Goslar, Germany. Product data sheets can be obtained on
request from www.hcstarck.com. Spherical Ti-42Nb powder was ob-
tained by EIGA (Electrode Induction Melting Gas Atomization, EIGA)
of Ti-42Nb rods. Appropriate SEM images are displayed in Fig. 1. Chem-
ical analysis, particle size and abbreviations of the different powders
Fig. 1. SEM images of niobiumpowders recorded at 100×magnification. A: AMPERIT 160NIOBIU
Ti-42Nb powders - C: powder fraction b63 μm, D: powder fraction 103 μm - 350 μm.
used in this study are provided in Table 1. Additionally, chemical analy-
sis of niobium sheet is given.
2.1. Preparation of test specimens

All specimens prepared for cell-biological investigations were cylin-
drical pellets with dimensions of d × l = 10 mm× 2 mm compounded
from the abovementioned powders. Nb Amperit was uniaxially pressed
at 25 °C using a lab toggle press applying a load of 65 bars. Nb Ampertec
was uniaxially pressed at 25 °C using a lab toggle press applying a load
of 65 bars and subsequently sintered in vacuum at 1200 °C for 10 min.
Ti-42Nb powders could not successfully be compacted by uniaxial
pressing due to their spheroidal shape. Accordingly, powder consolida-
tion was performed pressureless by sintering at 1000 °C for 10 min of a
3 mmpowder bed in Al2O3 sinter rings on Nb sheets. As-obtained spec-
imensweremachined to 2mmheight. Ti-42Nb specimenswere obtain-
ed by additive manufacturing, i.e. selective laser melting (SLM) of Ti-
42Nb (sieve fraction b 63 μm) using a TruPrint 1000 equipment
(TRUMPF GmbH + Co. KG, Ditzingen, Germany) operated at
Laserzentrum Hannover, Hannover, Germany. The following laser/scan
parameters were applied: laser power 50 W, scan speed 400 mm/s,
hatch 120 μm, powder bed feed rate 50 μm/layer. Surface roughness of
the test specimens (Rz, Ra)was analyzed bymeans of a tactilemeasure-
ment method using a Hommel-Etamic T1000 and a sampler (TKU300,
probe tip radius 5 μm,) (both: Jenoptik, Jena, Germany). Thereby, a
probe tip with defined radius slides across the surface of the test speci-
men permeating into the surface subject to the probe tip radius. The
measuring range was 320 μm and the length of tactile measurement
was 8 mm. Three surface points per specimen (n ≥ 3) were swept
(Table 2).

To illustrate surface properties of the several metallic samples field
emission scanning electronmicroscopic (FESEM) images were generat-
ed. The sample surface is gold-plated (~25 nm) using a sputter coater
(Leica SCD004, Wetzlar, Germany) and figured with a Merlin
VPcompact microscope (Carl Zeiss AG, Oberkochen, Germany) with a
50-fold magnification (Fig. 2).
MMETAL 14–45 μm, B: AMPERTECNIOBIUMEBMELTED45–75 μm,C/D: AMPERTECMAP
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Table 1
Particle size (PS) and chemical analysis of the powders used in this study. The chemical composition of the niobium sheet is provided for comparison.

Abbreviation PS (μm) Nb (%) Ti O (ppm) C (ppm) H (ppm) N (ppm) Mg (ppm)

AMPERIT 160 NIOBIUM METAL Nb Amperit 15–45 99.90% n.d. b2500 b100 b100 b150 b10
AMPERTEC NIOBIUM EB MELTED Nb Ampertec 45–75 99.90% n.d. 750 10 b10 41 b1
AMPERTEC MAP Ti-42Nba Ti-42Nb b350 41.47 58.26% 2212 103 b10 51 b10
NIOBIUM SHEET Nb Sheet n.a. N99.99% 20 ppm 90 30 10 24 n.d.

a AMPERTEC MAP Ti-42Nb was subsequently fractionized (b63 μm, 63 μm–105 μm, 105 μm–350 μm) by sieving.
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Forged Ti6Al4V pellets, which served as bench mark material to
compare with niobium (Nb) and Ti-42Nb samples, were provided by
DOT GmbH, Rostock, Germany.

2.2. Cell isolation

Cell cultivation was carried out in an incubator (Binder GmbH,
Tuttlingen, Germany) at simulated in vivo conditions at 5% CO2, 21%
O2 and 37 °C with regular medium changes. Human osteoblasts were
isolated after patient agreement from the spongiosa of patients under-
going primary total hip replacement as previously described by Lochner
et al. [48]. Briefly, the spongiosa was mechanically removed from the
femoral head, washed with PBS and enzymatically digested using colla-
genase A, culture medium without fetal calf serum (FCS) and dispase II.
The gained suspension was sown out in cell culture flasks after remov-
ing spongiosa fragments. Cultivation was carried out in osteogenic cell
culture medium (MEM Dulbecco, Biochrom AG, Berlin, Germany) with
10% FCS, 1% penicillin/streptomycin, 1% amphotericin B, 1% HEPES buff-
er (all: Gibco®-Invitrogen, Darmstadt, Germany) and additional osteo-
genic additives (dexamethason (100 nM), L-ascorbic acid (50 μg/ml)
and β-glycerophosphate (10 mM) (all from Sigma-Aldrich, Munich,
Germany). The osteogenic character of the isolated cells was proved
via alkaline phosphatase staining with fuchsin substrate chromogen
(DAKO, Hamburg, Germany).

Human fibroblasts were isolated from skin biopsies (breast, eyelid)
provided by a local aesthetic clinic. After excision of adipose tissue, the
remaining tissue was cut in equal segments (2–3 mm edge length),
which were then transferred to 6-well-plates (2–3 per well) with the
epidermis upwards. After 20 min of surface drying, skin was overlaid
with 3 ml DMEM-medium (with Glutamax, 10% FCS, 1% penicillin/
streptomycin, 1% amphotericin B (all: Gibco®-Invitrogen, Darmstadt,
Germany)) and cultured for three weeks. Subsequently, cells were
transferred to tissue culture flasks and cryo-preserved after further
confluence.

The test pellets were seeded with osteoblasts and fibroblasts in a
density of 20.000 cells (third and fifth passage) per 48-Well in 500 μl
culture medium. Ti-42Nb SLM specimen were tested subsequently
and only used for human osteoblast cultivation. Cultivation on the test
pellets was carried out for 96 h with an exchange of culture medium
after 48 h. The Local Ethical Committee approved the use of the
human cells for the experiments. The characteristics of the used
human cells are listed in Table 3.

For incubationwith niobiumpowders, the several powderswere ap-
portioned in amounts of 5 mg in glass jars and gamma-sterilized with
25 kGy. To produce a stock solution powders were re-suspended in
Table 2
Dimensions and roughness valuesa of the test pellets.

Test pellet Dimensions d × l [mm]

Ti6Al4V 10 × 2
Nb Amperit 10 × 2
Nb Ampertec 10 × 2
Nb sheet 10 × 1
Ti-42Nb sintered 10 × 2
Ti-42Nb SLM 10 × 2

a Rz - arithmetical mean deviation of the profile|Ra – average roughness of all individual m
500 μl of PBS (=10 mg/ml) and diluted with culture medium to get
three working solutions (0.1/0.2/0.5 mg/ml). These concentrations
were determined by means of appropriate pre-testings. First trials
were performed on the basis of preliminary works of the working
group regarding the influence of orthopedic wear particles on human
cells [48–50]. Based on these results powder concentrations were
adapted. The wide range was used to reveal concentration-dependent
differences. Osteoblasts free of powder served as control group. Cultiva-
tion was carried out for four and seven days with exchanges of culture
medium after 48 h and after 48 h and 96 h, respectively.
2.3. Metabolic cell activity and live/dead staining

Metabolic activity of cells on the test pellets was determined via mi-
tochondrial dehydrogenase activity (WST-1 test) (Roche, Grenzach-
Wyhlen, Germany) after 96 h of cultivation. Activity of cells cultured
with niobium powders was proven after four and seven days, respec-
tively. The tetrazolium salt WST (water soluble tetrazolium) is trans-
formed to formazan by mitochondrial succinate dehydrogenase from
metabolically active cells. Thereby, adsorption is directly proportional
to the metabolic cell activity and was measured at 450 nm in a Tecan
reader (Infinite F200 Pro, Männedorf, Switzerland). Live/dead staining
(Live/Dead Cell Viability Assay, Invitrogen, Darmstadt, Germany) was
used to analyze qualitative cell viability. Therefore, adherent cells
were simultaneously incubated with two fluorescence dyes after re-
moving the culture medium. Vital cells were visualized green due to
calcein AM (494/517 nm), which is embedded in the cell plasma.
Dead cells get red by ethidium homodimer-1 (528/617 nm) interacting
with the cell nuclei. Microscopic pictures were taken using an inverted
microscope (Nikon TS 100, Nikon GmbH, Duesseldorf, Germany) with
the appropriate filters for fluorescence images. All images were made
using similar magnification and exposure time.
2.4. Enzyme-linked immunosorbent assays

Protein syntheses were quantified by means of enzyme-linked im-
munosorbent assays (ELISAs). Pro-collagen type I (Metra C1CP EIA Kit,
Quidel, Buende, Germany)was chosen for human osteoblasts and fibro-
blasts. Therefore, protein content in the culture supernatants was deter-
mined according to the manufactures instructions after 96 h of
cultivation with test pellets. CICP synthesis of osteoblasts cultured
with niobium powders was measured after four and seven days,
respectively.
Ø Rz [μm] Ø Ra [μm]

15.71 ± 1.27 2.38 ± 0.15
7.04 ± 3.08 1.28 ± 0.88
17.50 ± 8.95 2.49 ± 1.08
18.14 ± 3.23 4.39 ± 0.38
41.65 ± 28.39 7.38 ± 5.86
46.83 ± 5.70 9.06 ± 1.28

easured values.



Fig. 2. FESEM images of the tested pellets. A – Ti6Al4V, B – Nb Amperit, C – Nb Ampertec, D – Nb sheet, E – Ti-42Nb sintered; F - Ti-42Nb SLM; magnification: 50×; bar: 100 μm.
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2.5. Cytokine analysis

To verify a possible immune-stimulatory effect of the different niobi-
um powders, a cytokine multiplex (interleukin (IL)-6, IL-8, monocyte
chemotactic protein (MCP-1)) (Bio-Rad, Munich, Germany) was done
according to the manufactures instructions. In brief, a multi-cytokine-
detection in the culture supernatants was conducted by means of mi-
crosphere beads interlinking several cytokines via specific monoclonal
antibodies and fluorescence dyes. The appropriate cytokine concentra-
tion was calculated based on a standard curve. Concentration of MCP-
1 was mainly out of range.

2.6. Statistical analysis

The statistical significance was calculated with Mann-Whitney-U
test using IBM® SPSS® Statistics Version 20 (IBM Corp., New York,
USA). Data were shown as box plots or mean + SEM. Boxes denote in-
terquartile ranges, horizontal lines within the boxes denote medians,
and whiskers denote minimum and maximum values. Values of
p b 0.05 were set to be significant.

3. Results

Human osteoblasts and fibroblasts were cultured on different niobi-
um pellets for 96 h to verify their biocompatibility. The specimenswere
compared to Ti6Al4V pellets and referenced to TCPS as growth control.
Metabolic activity of human osteoblasts was significantly decreased on
Nb Amperit (−52%) and Nb sheet (−80%) (Fig. 3, left). Ti6Al4V
(−29%), Nb Ampertec (−15%) and Ti-42Nb SLM (−8%) caused a
slightly reduced activity compared with the reference. Against this, cul-
tivation on Ti-42Nb sintered (+17%) significantly increased metabolic
activity of human osteoblasts towards control.

Similar results were obtained if cultivating human fibroblasts on
those surfaces. While Ti6Al4V (−68%) and Nb Amperit specimen
(−52%) as well as Nb sheet (−92%) led to significant loss of metabolic
Table 3
Characteristics of the human donorsa used for the cell experiments.

Test material Donors Gender Average age

Pellets (A-E in Fig. 2) Osteoblasts (n = 7) 5♂/2♀ 65.29 ± 14.47
Ti-42Nb SLM Osteoblasts (n = 4) 4♂/–♀ 61.25 ± 6.34
Pellets (A-E in Fig. 2) Fibroblasts (n = 4) –♂/2♀ (2 n/a) 40 ± 7.07 (2 n/a)
Powders (A-D in Fig. 1) Osteoblasts (n = 8) 4♂/4♀ 69.25 ± 8.46

a n = number of different donors.
activity, Nb Ampertec (−6%) and Ti-42Nb sintered (−13%) only slight-
ly deviated from the reference. Accordingly, the metabolic activity of
human fibroblast on these specimen was much higher than on the
other samples (Fig. 3, right). These results are to a certain extend
sustained by live/dead staining (Fig. 4). Thereby, results depended on
the amount of metabolic cells as well as the specific level of cell activity.

Furthermore, protein synthesis of matrix relevant pro-collagen type
1 (CICP) was determined using ELISA. CICP synthesis was significantly
reduced in supernatants of human osteoblasts cultured on the metallic
surfaces. Nb Amperit (−92%) andNb sheet (−78%) resulted in the low-
est synthetic activity, followed by Ti6Al4V (−58%), Ti-42Nb sintered
(−45%), Ti-42Nb SLM (−39%) and Nb Ampertec (−26%) compared
to TCPS (Fig. 5, white). Accordingly, Ti-42Nb sintered as well as Ti-
42Nb SLM and Nb Ampertec revealed a significantly higher metabolic
activity towards CICP compared with the other metals. Cultivation of
human fibroblasts on Ti6Al4V and niobium surfaces, i.e. Nb Amperit
(−69%) and Nb sheet (−54%) resulted in a distinct decrease of meta-
bolic activity towards control (Fig. 5, gray). Ti6Al4V (−3%) and control
medium displayed a similar performance in the Pro-collagen type I syn-
thesiswhereas CICP synthesiswasnoticeably increased onNbAmpertec
(+12%) and Ti-42Nb sintered (+9%)

In addition, human osteoblasts were cultured in the presence of dif-
ferent Nb powders using three concentrations (0.1/0.2/0.5 mg/ml) over
four and seven days. Themetabolic activity of the cells was significantly
reduced compared with the control in all experiments and mostly con-
centration-dependent. To receive information of the influence of surface
area of the powders on the metabolic activity, two sieve fractions of Ti-
42Nb powder namely a fine-grained powder with x b 63 μm and a
coarse powder with 103 μm b x b 350 μm were investigated.

Each experiment indicated a considerable impact of the powders on
the cell metabolism, i.e. a decrease of activity after four and seven days
of cultivation (Fig. 6). While the cell activity of Nb Amperit powder was
reduced from day four to seven there was no time-dependent influence
for Nb Ampertec detectable. However, the latter had the strongest im-
pact on the cell metabolism and reduced the cell activity to b40% com-
paredwith the reference, for concentrations of 0.2 and 0.5 mgNb/ml. In
contrast, Ti-42Nb powders provoked higher activities after seven days
than after four days. Interestingly, the coarse Ti-42Nb powder
(103 μm b x b 350 μm) caused a slight concentration-dependent in-
crease of metabolic activity at day four, which became significant at
day seven. Table 4 depicts the significant differences between all tested
powders at day 4 and 7, respectively.

To investigate the cell-powder interaction, light microscopic pic-
tures were recorded using an inverted microscope (Nikon TS 100,
Nikon GmbH, Duesseldorf, Germany). Those indicate up-take of small
particulates (Fig. 7, right picture) and partially powder agglomeration.



Fig. 3.Metabolic activity of human osteoblasts (left, n ≥ 4) and humanfibroblasts (right, n=4) on different test pellets (Ti6Al4V, Nb Amperit, Nb Ampertec, Nb sheet, Ti-42Nb sintered, Ti-
42Nb SLM) after 96 h cultivation. Boxes denote interquartile ranges, horizontal lineswithin the boxes denotemedians, andwhiskers denoteminimumandmaximumvalues. For statistical
analysis Mann-Whitney-U test was conducted. Data were compared to the growth control (100%, *p) and against each other (°p). *p b 0.05, **p b 0.01, ***p ≤ 0.001.

Fig. 4. Live/dead staining of humanosteoblasts andfibroblasts on different test pellets (Ti6Al4V, Nb Amperit, Nb Ampertec, Nb sheet, Ti-42Nb sintered, Ti-42Nb SLM) after 96 h cultivation.
Living cells are displayed in green, dead ones in red. Magnification: 40×, Scale bar: 50 μm.
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After cultivation with several niobium powders live/dead staining was
conducted which approved the results of the investigations on themet-
abolic activity (Fig. 8).

In addition, pro-collagen type I synthesis was analyzed. Data of col-
lagen synthesis were relativized to metabolic activity and referred to
powder-free control (Fig. 9). Again, concentration-dependent influence
of niobium powders was clearly visible. While Nb Amperit powder
Fig. 5. Pro-collagen type I synthesis of human osteoblasts (white, n ≥ 4) and human fibroblasts (
sintered, Ti-42Nb SLM) after 96 h cultivation. Boxes denote interquartile ranges, horizontal line
For statistical analysis Mann-Whitney-U test was conducted. Data were compared to the grow
resulted in a significant increase of collagen synthesis higher than con-
trol at nearly any point, Nb Ampertec and fine-grained Ti-42Nb revealed
a decreasing pro-collagen type I synthesis with raising powder concen-
trations. Ti-42Nb powder (103 μm b x b 350 μm) only led to a negligible
decrease of synthesis compared to control. Altogether, the pro-collagen
type I syntheses increased with increasing time for either of the sub-
strates in either concentration (Table 5).
gray, n ≥ 2) on different test pellets (Ti6Al4V, Nb Amperit, Nb Ampertec, Nb sheet,Ti-42Nb
s within the boxes denotemedians, andwhiskers denote minimum andmaximum values.
th control (100%, *p) and against each other (°p). *p b 0.05, **p b 0.01, ***p ≤ 0.001.



Fig. 6.Metabolic activity of humanosteoblasts cultivatedwith differentNb and Ti-42Nb powders in three concentrations (0.1, 0.2 and 0.5mg/ml) for four and seven days. Data aremean±
SEM (n = 8). For statistical analysis Mann-Whitney-U test was conducted. Data were compared to the growth controls (day 4 = *p/day 7 = °p) and between day 4 and day 7 (^p).
Comparison of powder concentrations per niobium/Ti-42Nb powder is marked with +p (4 days) and #p (7 days); *p b 0.05, **p b 0.01, ***p ≤ 0.001.
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To evaluate an inflammatory response of human osteoblasts to four
different niobium powders, interleukin syntheses were examined. IL-6
production was slightly increased after cultivation with Nb Amperit,
Nb Ampertec and fine-grained Ti-42Nb powder at day four compared
to control and raised further to day seven (Fig. 10). Dose-dependency
is not that consistent between the powders. Coarse-grained Ti-42Nb
caused a slight dose-dependent increased IL-6 synthesis being signifi-
cantly higher than control at day four and decreasingwith further culti-
vation until day seven.

Measurement of IL-8 synthesis revealed similar results compared to
IL-6 synthesis for the several niobium powders. However, IL-8 was syn-
thesized in a lower amount and was most widely equal to the control
group (Fig. 11). There was no consistent trend perceptible between
the several groups concerning dose- and time-dependency.
Table 4
Appropriate significances to Fig. 5 comparing the different test powders. For statistical analysis
icances for day 4 are above those of day 7, respectively.

n.s. - not significant.
4. Discussion

In the present in vitro study, the biocompatibility of five different ni-
obium-basedmetallic samples (Nb Amperit, Nb Ampertec, Nb sheet, Ti-
42Nb sintered, Ti-42Nb SLM) towards human osteoblasts and fibro-
blasts is investigated and compared with Ti6Al4V pellets. In a previous
work niobium exhibited better performance than titanium, using cell
lines and testing proliferation, metabolic activity and maintenance of
cell morphology [51]. Woo et al. [52] also used sintered Ti-42Nb,
which was obtained by high energy ball milling, and demonstrated
that mechanical properties and biocompatibility were superior to
Ti6Al4V. An improved biocompatibility of coated Ti-Nb alloys has also
been stated compared with pure Ti [53]. Moreover, shape memory ef-
fect and superelasticity are proved for Ti-Nb alloys [25,53]. Park et al.
Mann-Whitney-U test was conducted. Values of p b 0.05 were set to be significant. Signif-



Fig. 7. Light microscopic pictures of control cells without powder (left, scale bar: 100 μm) and incorporation of powder particles by human osteoblasts at day four (Nb Ampertec (0.5mg/
ml), scale bar: 10 μm).

Fig. 8. Live/dead staining of humanosteoblasts culturedwith different Nb and Ti-42Nb powders in three concentrations (0.1, 0.2 and 0.5mg/ml) after four and seven days. A –NbAmperit,
B - NbAmpertec, C – Ti-42Nb powder (63 μm b x), D - Ti-42Nb powder (103 μm b x b 350 μm). Living cells are displayed in green, dead cells are displayed in red. Magnification: 40×, Scale
bar: 50 μm.

Fig. 9. Pro-collagen type I synthesis of human osteoblasts cultivatedwith different Nb and Ti-42Nb powders in three concentrations (0.1, 0.2 and 0.5 mg/ml) for four and seven days. Data
aremean± SEM (n=8). For statistical analysisMann-Whitney-U test was conducted. Data were compared to the growth controls (day 4= *p/day 7= °p) and day 4 towards day 7 (^p).
Comparison of concentrations is marked with +p (4 days) and #p (7 days); *p b 0.05, **p b 0.01, ***p ≤ 0.001.
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Table 5
Appropriate significances to Fig. 8 comparing the several test powders against each other. For statistical analysis Mann-Whitney-U test was conducted. Values of p b 0.05 were set to be
significant. Significances for day 4 are above those of day 7, respectively.

n.s. - not significant.
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[22] cultured fibroblast cell lines on several pure metals and Ti alloys
containing e.g. Nb, V or Al. WST-1 test showed good biocompatibility
of pure Nb and the highest cell viability for Ti-10Nb. Those results are
approved by de Andrade et al. [8] and Cremasco et al. [6] culturing rat
osteoblasts and a fibroblast cell line on Ti-35Nb, respectively. Do Prado
et al. [23] analyzed expression of relevant genes encoding for cell adhe-
sion, differentiation and matrix synthesis in human osteoblasts. There-
by, Ti-35Nb revealed similar results to titanium. Bai et al. [31] used
fibroblast and osteoblast cell lines to examine and prove cell prolifera-
tion and differentiation on Ti-45Nb. Biocompatibility of Ti–50Nb, Ti-
30Nb, Ti-26Nb as well as Ti-15Nb, Ti-10Nb and Ti-5Nb with osteoblast
and fibroblast cell lines was also attested [24,32,54–56]. Hofstetter et
al. [57] also used human osteoblasts suggesting that Nb surfaces are
Fig. 10. IL-6 synthesis of human osteoblasts cultivated with different Nb and Ti-42Nb powders
SEM (n= 8). For statistical analysis Mann-Whitney-U test was conducted. Data were compare
difference between the several niobium powders at day 7; *p b 0.05, **p b 0.01, ***p ≤ 0.001.
more suitable than titanium. Likewise alloys containing Ti, Nb and a fur-
ther element like e.g. tantalum or aluminum are proved to be suitable
formedical applications [7,14,18,58–60]. Besides in vitro biocompatibil-
ity, niobium is also verified for in vivo use [27,61,62]. Nevertheless, a cell
specific behavior on materials with different surface roughness is also
stated. For instance, proliferation and differentiation of osteoblasts is
proved to be roughness-dependent [63–66]. It is controversially
discussed whether osteoblasts prefer rough surfaces [63,67] [10,68,
69]. Our present study strongly supports these thesis, since the speci-
mens with the roughest surfaces (both Ti-42Nb and Nb Ampertec) re-
vealed the best results concerning metabolic activity and collagen
synthesis. As described by Lohmann et al. [70], cell response of osteo-
blasts to surface roughness depends on their maturation state. In
in three concentrations (0.1, 0.2 and 0.5 mg/ml) for four and seven days. Data are mean±
d to the growth controls (day 4 = *p/day 7 = °p) and day 4 towards day 7 (^p).). §p tags



Fig. 11. IL-8 synthesis of human osteoblasts cultivated with different Nb and Ti-42Nb powders in three concentrations (0.1, 0.2 and 0.5 mg/ml) for four and seven days. Data are mean±
SEM (n = 8). For statistical analysis Mann-Whitney-U test was conducted. Data were compared to the growth controls (day 4 = *p/day 7 = °p) and day 4 towards day 7 (^p). $p tags
difference between the several niobium powders at day 7; *p b 0.05, **p b 0.01, ***p ≤ 0.001.
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contrary, preference for smooth surfaces is well displayed for fibroblasts
[67,68,71]. The presented data do not endorse these studies since be-
havior of human osteoblasts and fibroblasts was nearly similar indicat-
ing the best results for both Ti-42Nb surfaces and Nb Ampertec. Those
surfaces differed strongly in their roughness values. Thus, the results
might also be influenced by the surface material. Furthermore, Nb
Ampertec and Nb sheet showed nearly identical coefficients of rough-
ness, while Nb Ampertec resulted in great metabolic activity and pro-
collagen type I synthesis for both types of cells. Hence, the adverse re-
sults for Nb sheets might be ascribed to production residues since
those specimen were only stamped from on big sheet of metal without
any further post-processing except ultrasonic bath and sterilization.

Furthermore, niobium powders (Nb Amperit, Nb Ampertec, and
spherical Ti-42Nb in two particle sizes)were used for osteoblast exposi-
tion to imitate influence of particulate debris on potential osteolysis. The
time- and dose-dependent influence of powders on themetabolic activ-
ity of human osteoblasts (Fig. 6) is supported by the live/dead fluores-
cence staining quite well (Fig. 8). A decrease of cell density and
increase of dead cells is perceptible mainly for Nb Ampertec and Ti-
42Nb powder (63 μm b x) with higher concentrations and cultivation
time reflecting the results of metabolic activity. Nb Amperit und Ti-
42Nb powder result in a slight decrease of cell density. Nevertheless,
human cells are more sensitive than cell lines, but reacting in a donor-
specific manner. Accordingly, metabolic activity is not reflected by
live/dead staining, generally. For comparison it should be taken into ac-
count that pure powders (Amperit, Ampertec) and “alloy powders” (Ti-
42Nb) had been used offering different chemical compositions. Apart
from that particle size is oneof themain factors influencing cell reaction.
Particles of Nb Ampertec are larger than Nb Amperit ones, whichmight
be a reason for the decreasedmetabolic cell activity. Since Ti-42Nbpow-
ders revealed an opposite result, here the chemical particle composition
might be with higher influence than the particle size. As discernible in
Fig. 1, titanium free niobium powders show a different particle mor-
phology compared to Ti-42Nb ones. The particles are more edged than
the spherical particles of the Ti-42Nb powders, which is proven to be
an important factor for biological response. Dependency of cellular re-
sponses on the shape of particles is stated for at least polymer wear de-
bris showing a decreased aggressive potential of spherical particles
compared to othermorphologies [72,73]. For amore detailed evaluation
further investigations on this topic are required. A previouswork inves-
tigating wear debris of Nb alloys like e.g. Ti-6Al-7Nb compared with
common Ti6Al4V indicated a lower inflammatory response of mono-
cytes cultured with Nb-containing particulates [27]. Kuroda et al. [74]
examined influence of Nb and Ti wear debris in different concentrations
over four and seven days on osteoblast cell lines and proved a dose-de-
pendent influence on cell viability being depressed and lowest with the
highest particle concentration. Thereby, viability of cells was still slight-
ly higher using Nb debris. Similar experiments were done by Sakai et al.
[46], who approved these results, but suggested that rather particulates
wielded a slight effect on cells, but not the extracts. It is still proven that
the effects of particulates on cells are caused by the direct contact of par-
ticulates with the cell membrane and phagocytosis of particles by cells
[46]. Nevertheless, the recovery of viability is possible if the exposure
level is below the “threshold particulate concentration value” [46]. Fur-
thermore, it is well known, that cell viability is influenced by particulate
size, concentration, composition and dissolved ions. Even contact with
bodyfluid (blood, urine, saliva, serum) or culturemedium results in cor-
rosion processes of metals releasing ions to their environment [3,75],
while intensity of ion dissolution is depending on medium properties
(pH, temperature, chemical composition) [11,75,76] and the dissolution
rate and roughness of the metal [77,78]. Caicedo et al. [79] published a
comprehensive study concerning metal ion-induced cell effects. Addi-
tionally, in our present study random supernatants of the test speci-
mens were analyzed after 72 h via Inductively Coupled Plasma -
Atomic Emission Spectroscopy (ICP-AES) for testing purposes using an
ICP Optical Emission Spectrometers (Varian/Agilent 715-ES,
Waldbronn, Germany). Sample digestion and dilution were done with
HNO3 and with H2O2 and H2O, respectively. Due to technical incidents
a high dilution of samples was necessary, so all tested supernatants
were under the detectable limit. However, Obata et al. [80] demonstrat-
ed a concentration-dependent influence of Nb ions, which induced dif-
ferentiation andmineralization of osteogenic cells rather than initial cell
adhesion and proliferation. Niobium surfaces are well known to exhibit
good resistance against corrosion in simulated body fluid and excellent
biocompatibility [41].

There are no previous in vitro studies regarding the influence of ni-
obium and Ti-42Nb powders on human cells examining cell viability,
collagen and interleukin synthesis. Our results indicate a slight release
of IL-6 after particulate exposure,while IL-8 synthesis is nearly unaffect-
ed. Therefore, further work concerning inflammatory influence should
be done. In addition, gene expression analysis and measurement of
other matrix relevant markers should be taken into account. Moreover,
comparative analysis in terms of the influence of particle sizes to cell be-
havior are obligatory.

In summary, there are only fewprevious studies covering the in vitro
biocompatibility of niobium and especially Ti-42Nb. None of them are
dealingwith spherical Ti-42Nb powders which are required for produc-
tion of patient-specific implants using 3D-printing, e.g. SLM or EBM. In
the present study, those materials show promising results with
human osteoblasts and fibroblasts andmight be an alternative for med-
ical applications to common metallic implant materials like Ti6Al4V
alloys.
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5. Conclusions

Specimens and powders based on niobium (Nb Amperit, Nb
Ampertec) and spherical Ti-42Nb (sintered, SLM) were determined in
cell cultures of human osteoblasts andfibroblasts. Thereby, the roughest
surfaces, both Ti-42Nb surfaces and Nb Ampertec specimen, revealed
excellent results concerning cell viability and collagen synthesis com-
pared to commonly used implant material Ti6Al4V. Nevertheless, the
cell specific preferences for surface roughness known from literature
could not be ascertained. Both cell types acted in a similar manner. Ex-
aminations with particulate debris disclosed a dose-dependent and
partly time-dependent influence of all four powders, thereby Nb
Ampertec showed the highest decrease of cell viability and collagen
synthesis. Furthermore, interleukin synthesis was only slightly in-
creased for all powders. In summary, Nb Ampertec and Ti-42Nb seem
to be promising alternatives for medical applications compared to com-
monly applied implant materials such as Ti6Al4V.

Conflicts of interest

The authors declare no conflict of interest.

Acknowledgments

The authors thank Dr. Jürgen Weber (Aesthetics clinic Rostock) for
allocation of tissues for fibroblast isolation. We would like to thank the
electron microscopy center, University Medicine Rostock for enabling
FESEM images. We thank DOT GmbH Rostock for providing the
Ti6Al4V test pellets. Furthermore Dr. Anika Jonitz-Heincke, Doris
Hansmann andMario Jackszis are gratefully acknowledged for technical
support and Ronny Hagemann (Laser Zentrum Hannover e.V., LZH) for
selective laser melting (SLM) of the Ti-42Nb test specimens. We thank
PD Dr. Wolfgang Baumann (Leibniz Institute for Catalysis, Rostock) for
performing ICP-OES measurements.

This research did not receive any specific grant from funding agen-
cies in the public, commercial, or not-for-profit sectors.

References

[1] E.A. Lewallen, S.M. Riester, C.A. Bonin, H.M. Kremers, A. Dudakovic, S. Kakar, R.C.
Cohen, J.J. Westendorf, D.G. Lewallen, A.J. vanWijnen, Tissue engineering. Part B, Re-
views 21 (2015) 218–230.

[2] J.R. Davis (Ed.), Handbook of Materials for Medical Devices, fourth ed.ASM Interna-
tional, Materials Park, Ohio, 2006.

[3] M. Geetha, A.K. Singh, R. Asokamani, A.K. Gogia, Prog. Mater. Sci. 54 (2009)
397–425.

[4] M. Kulkarni, A. Mazare, P. Schmuki, A. Iglič, Biomaterial surface modification of tita-
nium and titanium alloys for medical applications, A. Seifalian, A. de Mel, D.M.
Kalaskar (Eds.), Nanomedicine, One Central Press (OCP) (2014) 111–136.

[5] L.M.R. de Vasconcellos, Y. Rodarte, R.F. do Prado, L.G.O. de Vasconcellos, M.L.D.
Alencastro Graa, C.A. Alves Cairo, R. Hudak, Biomedical Engineering - Technical Ap-
plications in Medicine, InTech, 2012.

[6] A. Cremasco, A.D. Messias, A.R. Esposito, E.A.d.R. Duek, R. Caram, Mater. Sci. Eng. C
31 (2011) 833–839.

[7] Y. Li, C. Yang, H. Zhao, S. Qu, X. Li, Y. Li, Materials 7 (2014) 1709–1800.
[8] D.P. de Andrade, L.M.R. de Vasconcellos, I.C.S. Carvalho, L.F.d.B.P. Forte, S. de Souza, E.

Luzia, R.F.D. Prado, D.R.D. Santos, C.A.A. Cairo, Y.R. Carvalho, Mater. Sci. Eng., C 56
(2015) 538–544.

[9] E. Goyenvalle, E. Aguado, R. Cognet, X. Bourges, G. Daculsi, KEM 361-363 (2008)
1351–1354.

[10] C.W. Chan, I. Hussain, D.G. Waugh, J. Lawrence, H.C. Man, Mater. Sci. Eng. C 42
(2014) 254–263.

[11] S.W. Fage, J. Muris, S.S. Jakobsen, J.P. Thyssen, Contact Dermatitis 74 (2016)
323–345.

[12] T.A. Tabish, M.T. Butt, M. Ali, Journal of Faculty of Engineering & Technology 19
(2006).

[13] L.M. da Silva, A.P.R.A. Claro, T.A.G. Donato, V.E. Arana-Chavez, J.C.S. Moraes, M.A.R.
Buzalaf, C.R. Grandini, Artif. Organs 35 (2011) 516–521.

[14] A. Cimpean, V. Mitran, C.M. Ciofrangeanu, B. Galateanu, E. Bertrand, D.-M. Gordin, D.
Iordachescu, T. Gloriant, Mater. Sci. Eng., C 32 (2012) 1554–1563.

[15] P.F. Gostin, A. Helth, A. Voss, R. Sueptitz, M. Calin, J. Eckert, A. Gebert, J. Biomed.
Mater. Res. B Appl. Biomater. 101 (2013) 269–278.

[16] M. MetikošHuković, A. Kwokal, J. Piljac, Biomaterials 24 (2003) 3765–3775.
[17] R. Medda, A. Helth, P. Herre, D. Pohl, B. Rellinghaus, N. Perschmann, S. Neubauer, H.
Kessler, S. Oswald, J. Eckert, J.P. Spatz, A. Gebert, E.A. Cavalcanti-Adam, Interface
Focus 4 (2014) 20130046.

[18] T. Osathanon, K. Bespinyowong, M. Arksornnukit, H. Takahashi, P. Pavasant, J. Mater.
Sci. Mater. Med. 17 (2006) 619–625.

[19] S. Sista, C. Wen, P.D. Hodgson, G. Pande, J. Biomed. Mater. Res. A 97 (2011) 27–36.
[20] M. Niinomi, M. Nakai, J. Hieda, Acta Biomater. 8 (2012) 3888–3903.
[21] T. Grosdidier, M.J. Philippe, Mater. Sci. Eng. A 291 (2000) 218–223.
[22] Y.-J. Park, Y.-H. Song, J.-H. An, H.-J. Song, K.J. Anusavice, J. Dent. 41 (2013) 1251–1258.
[23] R.F. do Prado, S.B. Rabelo, D.P. de Andrade, R.D. Nascimento, V.A.R. Henriques, Y.R.

Carvalho, C.A.A. Cairo, de Vasconcellos, Luana Marotta Reis, J. Mater. Sci. Mater.
Med. 26 (2015) 259.

[24] I. Jirka, M. Vandrovcova, O. Frank, Z. Tolde, J. Plsek, T. Luxbacher, L. Bacakova, V.
Stary, Mater. Sci. Eng., C 33 (2013) 1636–1645.

[25] Y. Guo, K. Georgarakis, Y. Yokoyama, A.R. Yavari, J. Alloys Compd. 571 (2013) 25–30.
[26] J. Xu, X.-J. Weng, X. Wang, J.-Z. Huang, C. Zhang, H. Muhammad, X. Ma, Q.-D. Liao,

PLoS One 8 (2013), e79289. .
[27] M. Niinomi, T. Narushima, M. Nakai (Eds.), Advances in Metallic Biomaterials: Tis-

sues, Materials and Biological Reactions, Springer Berlin Heidelberg, Berlin Heidel-
berg, 2015.

[28] R. Olivares-Navarrete, J.J. Olaya, C. Ramírez, S.E. Rodil, Coatings 1 (2011) 72–87.
[29] K. Mediaswanti, C. Wen, E. P., C.C. Berndt, J. Wang, in: J. Sieniawski (Ed.), Titanium

Alloys - Advances in Properties Control, InTech, 2013.
[30] M. Vandrovcova, I. Jirka, K. Novotna, V. Lisa, O. Frank, Z. Kolska, V. Stary, L. Bacakova,

PLoS One 9 (2014), e100475. .
[31] Y. Bai, Y. Deng, Y. Zheng, Y. Li, R. Zhang, Y. Lv, Q. Zhao, S. Wei, Mater. Sci. Eng., C 59

(2016) 565–576.
[32] R.E. McMahon, J. Ma, S.V. Verkhoturov, D. Munoz-Pinto, I. Karaman, F. Rubitschek,

H.J. Maier, M.S. Hahn, Acta Biomater. 8 (2012) 2863–2870.
[33] C.E. Wen, J.Y. Xiong, Y.C. Li, P.D. Hodgson, Phys. Scr. T139 (2010) 14070.
[34] S.A. Bernard, V.K. Balla, N.M. Davies, S. Bose, A. Bandyopadhyay, Acta Biomater. 7

(2011) 1902–1912.
[35] M.H. Elahinia, M. Hashemi, M. Tabesh, S.B. Bhaduri, Prog. Mater. Sci. 57 (2012)

911–946.
[36] K. Alvarez, H. Nakajima, Materials 2 (2009) 790–832.
[37] A. Bansiddhi, T.D. Sargeant, S.I. Stupp, D.C. Dunand, Acta Biomater. 4 (2008) 773–782.
[38] C. Chu, C. Chung, P. Lin, S. Wang, Mater. Sci. Eng. A 366 (2004) 114–119.
[39] D. Pradhan, A.W. Wren, S.T. Misture, N.P. Mellott, Mater. Sci. Eng., C 58 (2016)

918–926.
[40] A. Biesiekierski, J. Wang, M. Abdel-Hady Gepreel, C. Wen, Acta Biomater. 8 (2012)

1661–1669.
[41] P. Neacsu, D.-M. Gordin, V. Mitran, T. Gloriant, M. Costache, A. Cimpean, Mater. Sci.

Eng., C 47 (2015) 105–113.
[42] S. Zhang, X. Cheng, Y. Yao, Y. Wei, C. Han, Y. Shi, Q. Wei, Z. Zhang, Mater. Sci. Eng., C

53 (2015) 50–59.
[43] Y. Abu-Amer, I. Darwech, J.C. Clohisy, Arthritis Res. Ther. 9 (Suppl. 1) (2007) S6.
[44] G.M. Keegan, I.D. Learmonth, C.P. Case, J. Bone Joint Surg. Br. Vol. 89 (2007) 567–573.
[45] Y. Jiang, T. Jia, P.H. Wooley, S.Y. Yang, Acta Orthop. Belg. 79 (2013) 1–9.
[46] T. Sakai, S. Takeda, M. Nakamura, Dent. Mater. J. 21 (2002) 133–146.
[47] D. Bitar, J. Parvizi, World J. Orthod. 6 (2015) 172–189.
[48] K. Lochner, A. Fritsche, A. Jonitz, D. Hansmann, P. Mueller, B. Mueller-Hilke, R. Bader,

Int. J. Mol. Med. 28 (2011) 1055–1063.
[49] A. Jonitz-Heincke, K. Lochner, C. Schulze, D. Pohle, W. Pustlauk, D. Hansmann, R.

Bader, Mol. Med. Rep. 14 (2016) 1491–1500.
[50] C. Schulze, K. Lochner, A. Jonitz, R. Lenz, O. Duettmann, D. Hansmann, R. Bader, Int. J.

Mol. Med. 32 (2013) 227–234.
[51] B. O'Brien, in: M. Niinomi, T. Narushima, M. Nakai (Eds.), Advances in Metallic Bio-

materials: Tissues, Materials and Biological Reactions, Springer Berlin Heidelberg,
Berlin Heidelberg, 2015.

[52] K.D. Woo, Met. Mater. Int. 14 (2008) 327–333.
[53] J. Xiong, Y. Li, P.D. Hodgson, C. Wen, J. Biomed. Mater. Res. A 95 (2010) 766–773.
[54] S. Sista, C. Wen, P.D. Hodgson, G. Pande, Mater. Sci. Eng., C 33 (2013) 1573–1582.
[55] S.E. Kim, H.W. Jeong, Y.T. Hyun, Y.T. Lee, C.H. Jung, S.K. Kim, J.S. Song, J.H. Lee, Met.

Mater. Int. 13 (2007) 145–149.
[56] Y. Li, C. Wong, J. Xiong, P. Hodgson, C. Wen, J. Dent. Res. 89 (2010) 493–497.
[57] W. Hofstetter, H. Sehr, M. de Wild, J. Portenier, J. Gobrecht, E.B. Hunziker, J. Biomed.

Mater. Res. A 101 (2013) 2355–2364.
[58] V.S.A. Challa, S. Mali, R.D.K. Misra, J. Biomed. Mater. Res. A 101 (2013) 2083–2089.
[59] L. Shapira, A. Klinger, A. Tadir, A.Wilensky, A. Halabi, Clin. Oral Implants Res. (2009).
[60] C. Treves, M. Martinesi, M. Stio, A. Gutierrez, J.A. Jimenez, M.F. Lopez, J. Biomed.

Mater. Res. A 92 (2010) 1623–1634.
[61] M. Bruschi, D. Steinmüller-Nethl, W. Goriwoda, M. Rasse, Journal of Oral Implants

2015 (2015) 1–14.
[62] H. Matsuno, A. Yokoyama, F. Watari, M. Uo, T. Kawasaki, Biomaterials 22 (2001)

1253–1262.
[63] A.F. Mavrogenis, R. Dimitriou, J. Parvizi, G.C. Babis, J. Musculoskelet. Nueronal Inter-

act. 9 (2009) 61–71.
[64] E. Eisenbarth, D. Velten, M. Muller, R. Thull, J. Breme, J. Biomed. Mater. Res. A 79

(2006) 166–175.
[65] C. Wirth, B. Grosgogeat, C. Lagneau, N. Jaffrezic-Renault, L. Ponsonnet, Mater. Sci.

Eng. C 28 (2008) 990–1001.
[66] H. Zhang, J. Han, Y. Sun, Y. Huang, M. Zhou, Mater. Sci. Eng., C 56 (2015) 22–29.
[67] T.P. Kunzler, T. Drobek, M. Schuler, N.D. Spencer, Biomaterials 28 (2007)

2175–2182.
[68] C. Wirth, V. Comte, C. Lagneau, P. Exbrayat, M. Lissac, N. Jaffrezic-Renault, L.

Ponsonnet, Mater. Sci. Eng. C 25 (2005) 51–60.

http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0005
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0005
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0005
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0010
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0010
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0015
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0015
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0020
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0020
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0020
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0025
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0025
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0025
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0030
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0030
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0035
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0040
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0040
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0040
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0045
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0045
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0050
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0050
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0055
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0055
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0060
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0060
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0065
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0065
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0070
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0070
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0075
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0075
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0080
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0085
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0085
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0085
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0090
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0090
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0095
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0100
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0105
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0110
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0115
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0115
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0120
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0125
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0125
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0130
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0130
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0130
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0135
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0140
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0140
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0145
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0145
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0150
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0150
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0155
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0155
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0160
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0165
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0165
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0170
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0170
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0175
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0180
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0185
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0190
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0190
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0195
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0195
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0200
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0200
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0205
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0205
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0210
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0215
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0220
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0225
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0230
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0235
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0235
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0240
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0240
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0245
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0245
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0250
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0250
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0250
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0255
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0260
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0265
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0270
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0270
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0275
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0280
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0280
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0285
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0290
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0295
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0295
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0300
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0300
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0305
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0305
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0310
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0310
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0315
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0315
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0320
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0320
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0325
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0330
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0330
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0335
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0335


766 J. Markhoff et al. / Materials Science and Engineering C 73 (2017) 756–766
[69] W. Chrzanowski, E.A.A. Neel, D.A. Armitage, X. Zhao, J.C. Knowles, V. Salih, J. Biomed,
Mater. Res. 9999A (2009) NA-NA.

[70] C.H. Lohmann, L.F. Bonewald, M.A. Sisk, V.L. Sylvia, D.L. Cochran, D.D. Dean, B.D.
Boyan, Z. Schwartz, J. Bone Miner. Res. Off. J. Am. Soc. Bone Miner. Res. 15 (2000)
1169–1180.

[71] D.G. Waugh, J. Lawrence, C.W. Chan, I. Hussain, H.C. Man, Laser Surface Engineering,
Elsevier, 2015 653–676.

[72] S.-Y. Yang, W. Ren, Y. Park, A. Sieving, S. Hsu, S. Nasser, P.H. Wooley, Biomaterials 23
(2002) 3535–3543.

[73] W. Ren, S.-Y. Yang, H.-W. Fang, S. Hsu, P.H. Wooley, Biomaterials 24 (2003)
4819–4826.
[74] S. Kuroda, S. Takeda, M. Nakamura, Dent. Mater. J. 22 (2003) 507–520.
[75] M. Es-Souni, H. Fischer-Brandies, Anal. Bioanal. Chem. 381 (2005) 557–567.
[76] P. Fili, J. Lausmaa, J. Musialek, K. Mazanec, Biomaterials 22 (2001) 2131–2138.
[77] M.C. Cortizo, M.F.L. De Mele, A.M. Cortizo, Biol. Trace Elem. Res. 100 (2004)

151–168.
[78] H. Huang, Biomaterials 24 (2003) 3585–3592.
[79] M. Caicedo, J.J. Jacobs, A. Reddy, N.J. Hallab, J. Biomed. Mater. Res. 86A (2008)

905–913.
[80] A. Obata, Y. Takahashi, T. Miyajima, K. Ueda, T. Narushima, T. Kasuga, ACS Appl.

Mater. Interfaces 4 (2012) 5684–5690.

http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0340
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0340
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0345
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0345
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0345
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0350
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0350
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0355
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0355
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0360
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0360
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0365
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0370
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0375
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0380
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0380
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0385
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0390
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0390
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0395
http://refhub.elsevier.com/S0928-4931(16)30863-3/rf0395

	Influence of different grained powders and pellets made of Niobium and Ti-�42Nb on human cell viability
	1. Introduction
	2. Materials & methods
	2.1. Preparation of test specimens
	2.2. Cell isolation
	2.3. Metabolic cell activity and live/dead staining
	2.4. Enzyme-linked immunosorbent assays
	2.5. Cytokine analysis
	2.6. Statistical analysis

	3. Results
	4. Discussion
	5. Conclusions
	Conflicts of interest
	Acknowledgments
	References


