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A B S T R A C T

Beta-type Ti-based alloys are promising new materials for bone implants owing to their excellent mechanical
biofunctionality and biocompatibility. For treatment of fractures in case of systemic diseases like osteoporosis
the generation of implant surfaces which actively support the problematic bone healing is a most important
aspect. This work aimed at developing suitable approaches for electrodeposition of Sr-substituted hydroxyapatite
(Srx-HAp) coatings onto Ti-45Nb. Potentiodynamic polarization measurements in electrolytes with 1.67mmol/L
Ca(NO3)2, which was substituted by 0, 10, 50 and 100% Sr(NO3)2, and 1mmol/L NH4H2PO4 at 333 K revealed
the basic reaction steps for OH– and PO4

3− formation needed for the chemical precipitation of Srx-HAp. Studies
under potentiostatic control confirmed that partial or complete substitution of Ca2+- by Sr2+-ions in solution has a
significant effect on the complex reaction process. High Sr2+-ion contents yield intermediate phases and a
subsequent growth of more refined Srx-HAp coatings. Upon galvanostatic pulse-deposition higher reaction rates
are controlled and in all electrolytes very fine needle-like crystalline coatings are obtained. With XRD the in-
corporation of Sr-species in the hexagonal HAp lattice is evidenced. Coatings formed in electrolytes with 10 and
50% Sr-nitrate were chemically analyzed with EDX mapping and GD-OES depth profiling. Only a fraction of the
Sr-ions in solution is incorporated into the Srx-HAp coatings. Therein, the Sr-distribution is laterally homo-
geneous but non-homogeneous along the cross-section. Increasing Sr-content retards the coating thickness
growth. Most promising coatings formed in the electrolyte with 10% Sr-nitrate were employed for Ca, P and Sr
release analysis in Tris-Buffered Saline (150mM NaCl, pH 7.6) at 310 K. At a sample surface: solution volume
ratio of 1:200, after 24 h the amount of released Sr-ions was about 30–35% of that determined in the deposited
Srx-HAp coating. In vitro studies with human bone marrow stromal cells (hBMSC) revealed that the released Sr-
ions led to a significantly enhanced cell proliferation and osteogenic differentiation and that the Sr-HAp surface
supported cell adhesion indicating its excellent cytocompatibility.

1. Introduction

In the current research on new metallic materials for load-bearing
implants for the skeleton system, beta-type Ti-based alloys are con-
sidered as being most promising. They exhibit a very good mechanical
biofunctionality due to an outstanding combination of low stiffness for
the reduction of stress shielding with high strength, fatigue and wear
resistance as well as an excellent biocompatibility [1]. These aspects are
of particular importance for implants needed for the growing number of
patients with systemic bone diseases like osteoporosis which is char-
acterized by reduced bone mass and density as well as micro-

architectural deterioration of bone tissue. This disease demands special
measures to support the problematic bone healing process and to ensure
high implant reliability [2].

A special focus is on beta-type Ti-Nb alloys with only non-toxic
constituents which exhibit with 60–69 GPa much lower Young's mod-
ulus values than clinically used implant materials like CP-Ti and Ti-6Al-
4V (100 and 110 GPa, respectively) [1,3]. Careful compositional design
with beta-stabilizing elements and the development of thermo-
mechanical processing strategies for controlled adjustment of micro-
structural parameters are effective to further improve the mechanical
properties, in particular towards significant materials strengthening

https://doi.org/10.1016/j.msec.2019.110425
Received 21 February 2019; Received in revised form 23 October 2019; Accepted 11 November 2019

⁎ Corresponding author.
E-mail address: a.gebert@ifw-dresden.de (A. Gebert).

Materials Science & Engineering C 108 (2020) 110425

Available online 14 November 2019
0928-4931/ © 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/09284931
https://www.elsevier.com/locate/msec
https://doi.org/10.1016/j.msec.2019.110425
https://doi.org/10.1016/j.msec.2019.110425
mailto:a.gebert@ifw-dresden.de
https://doi.org/10.1016/j.msec.2019.110425
http://crossmark.crossref.org/dialog/?doi=10.1016/j.msec.2019.110425&domain=pdf


[4–6]. For those alloys very low metal release rates and improved re-
sponse of human bone marrow stromal cells (hBMSC) in comparison to
the established materials were observed [7–9].

Generally, Ti and Ti-based alloys form naturally thin oxide layers
which protect the surface against corrosion. Though in many funda-
mental studies those surfaces are claimed to be bioinert, it is meanwhile
established by in vitro and in vivo studies that also Ti (alloy) implants
can significantly enhance the inflammatory response and thus, may
cause complications in wound healing processes [10,11]. To suppress
this and to improve osseointegration the surface of Ti-based implant
materials must be suitably modified towards optimum chemistry,
roughness, topography etc. [12]. A common approach is the coating
with hydroxyapatite (HAp) which is known as bioactive, osteo-
conductive and biocompatible ceramic [13]. Hydroxyapatite is a cal-
cium phosphate, pure (i.e., stoichiometric) HAp crystallizes in mono-
clinic, P21/b space group symmetry, with 88 atoms per unit cell and
Ca20(PO4)12(OH)4 stoichiometry. Any precipitation under atmospheric
conditions leads to the inclusion of carbonate ions, which necessitate
charge compensation and, thus, lead to vacancies, deformations of the
lattice and adoption of hexagonal, P63/m space group symmetry, with
44 atoms per unit cell and Ca10(PO4)6(OH)2 stoichiometry [14]. The
tetrahedral coordinated phosphate anion has a strong covalent bonding
character and interacts strongly with neighboring ions. Calcium cations
occupy two different lattice sites, Ca(I) is nine-fold coordinated to
oxygen ions from phosphate groups and Ca(II) is seven-fold coordinated
– with oxygen ions from six phosphate groups and from one hydroxide
group [15]. The mineral phase of bone and teeth is assimilated to
synthetic hydroxyapatite but differs slightly. Biological apatites can be
carbonated and can also contain significant amounts of further foreign
ions, either incorporated in the apatite crystal lattice or adsorbed on the
crystal surface. The bone structure is thereby flexible in the acceptance
of mineral substitutions, e.g. Na, Mg, Zn, Si, Sr. A comparative com-
pilation of trace elements in human bone can be found in [16]. Che-
mical substitutions in artificial HAp do not only alter its microstructure,
stability or crystallinity. For example, Sr-cations Sr2+ can be in-
corporated into the HAp lattice substituting at Ca-sites and thus,
forming continuous solid solutions Srx-HAp up to full substitution Sr-
HAp [17,18].

Osteoporosis is characterized by an impaired balance of bone re-
sorption by osteoclasts and bone formation by osteoblasts. Strontium is
established in systemic osteoporosis therapy – it is known to stimulate
bone formation by acting as inhibitor of osteoclastic resorption as well
as stimulator of proliferation and differentiation of bone-forming cells
[19,20]. A growing number of studies focusses on local delivery of
strontium species into a bone defect by integration of strontium in
biomaterials like hydroxyapatite, calcium phosphate bone cements or
bioglasses [21–23] which in part are also employed as metallic implant
coatings.

A commercial method for the coating of implants made of Ti or Ti-
6Al-4V is plasma spraying of chemically synthesized HAp [24,25].
However, this clinically accepted process has some limitations as it is
difficult to control the layer composition and structure as well as, the
processing temperatures are quite high (> 1273 K). Those temperatures
are much higher than the beta-transus temperatures and therefore,
would lead for example in case of the metastable Ti-45Nb alloy to the
precipitation of undesired secondary phases in the beta-microstructure
which would increase the Young's modulus. For this new alloy type
suitable surface treatment methods at low operation temperatures are
needed. Moreover, biomimetic methods for coating deposition based on
chemical syntheses of calcium phosphates, hydroxyapatites are widely
studied, e.g. as reported in [16,26,27]. Alternative to those methods,
cathodic electrodeposition is a time-effective low cost and low tem-
perature method for coating implant surfaces. Moreover, via control of
electrochemical parameters it allows even the coating of complex-
shaped substrates or of porous structures with inner surfaces [28]. With
this technique not only metallic layers can be achieved. By combining

the electrochemical reduction with a subsequent chemical precipitation
reaction on the electrode surface in which the reduced species act as
reactants, also non-conductive ceramic layers like calcium phosphates,
hydroxyapatite, can be deposited. The morphology as well as the phase
composition of the obtained layers can be controlled by adjusting the
deposition parameters, as it was shown in electrodeposition studies
onto stainless steel or Ti-6Al-4V substrates [29,30]. The electrochemical
deposition of HAp layers on newly developed beta-type Ti-40Nb was
recently demonstrated [28,31]. Especially in the temperature range of
333–353 K and upon potentiostatic polarization conditions adhesive
HAp layers with needle- to plate-like morphologies and with thick-
nesses of several micrometers were deposited. Few first publications
report on studies regarding the incorporation of additional metal spe-
cies into electrodeposited Ca-phosphate layers which either substitute
Ca-ions in the crystal structure or form additional phases. Drevet et al.
[32] conducted electrodeposition onto Ti-6Al-4V substrates in electro-
lytes comprising Ca(NO3)2 and Sr(NO3)2 in different concentration ra-
tios besides NH4H2PO4 (and H2O2). The application of long current
pulses was found to be effective for depositing calcium-deficient apatite
coatings with up to 5% Sr substituting Ca in the structure. But the
electrodeposits were of low crystallinity and only additional annealing
at 1273 K for 15 h led to mixtures of crystalline Hap and beta-TCP
(tricalcium phosphate). Wolf-Brandstetter et al. [33] investigated the
co-deposition of Cu-species with Ca-phosphate coatings onto CP-Ti
substrates with special focus on the effect of the current pulse para-
meters. Those control the amounts of generated Ca-phosphate and Cu-
species and have an impact on the detailed chemistry and morphology
of the nano-needle shaped deposits with consequences for metal re-
lease, especially of Cu-ions in synthetic body fluids. However, while
more advanced studies e.g. on biomimetic deposition or micro-arc
oxidation of Sr-substituted HAp coatings already reported successful in
vivo test results, i.e. marked improvements in the behavior of bone
tissue formation around Ti implants [34,35], those low temperature
electrodeposition techniques are still quite new. They are currently at a
stage of gaining a fundamental understanding of reaction mechanisms
and the impact of electrochemical parameters on the resulting coating
characteristics.

Aim of the present work is to develop suitable approaches for Sr-
substitution in electrochemically deposited hydroxyapatite on beta-Ti-
45Nb surfaces without additional high temperature treatments.
Potentiostatic deposition and galvanostatic pulse-deposition in elec-
trolytes with different Sr-ion concentrations at 333 K are investigated
and the reaction processes leading to different coating morphologies
and compositions are discussed. Furthermore, first release studies in a
physiological solution and first cytocompatibility tests with hBMSC are
conducted to analyze selected layer conditions in vitro.

2. Materials and methods

2.1. Electrochemical polarization and deposition studies

Ti-45Nb alloy samples were prepared as substrates for the electro-
deposition of Sr-modified Hap. Discs with a thickness of 0.1 cm and a
diameter of 1.5 cm were cut from a commercial Ti-45Nb rod (ATI
specialty alloys and components, USA). The samples were mechanically
ground with SiC paper up to P1200 grit and P4000 grit, respectively,
rinsed with distilled water and ethanol and dried in air. For electro-
chemical studies the samples were mounted in a specimen holder so
that the surface area exposed to the electrolyte was 0.95 cm2.

For the electrolyte, the salts Ca(NO3)2, NH4H2PO4 and Sr(NO3)2
(Merck Millipore analytical grade) were diluted in de-ionized water.
The used salt concentrations are given in Table 1. The substitution of
Ca2+-ions by Sr2+-ions in the electrolyte is described by the Sr /
(Ca+ Sr) ratio calculated from the salt concentrations. The chosen Sr-
free electrolyte composition – denominated as Sr0 in this study - is
based on studies of Wolf-Brandstetter et al. [33].
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Accordingly, Sr100 is the Ca-free solution – the Ca-nitrate was
completely substituted by Sr-nitrate. The Sr10 and Sr50 electrolytes
have a 10% and 50% Sr-salt substitution, respectively. The resulting
layers are indicated according to the electrolyte that was used for their
deposition. All electrolytes had a pH value of 5.2 at 296 K.

Electrochemical measurements were performed in a double-walled
glass cell (Sensortechnik Meinsberg, Germany) which was combined
with a thermostat to control a temperature of 333 K. Experiments were
carried out with a Solartron SI 1287 electrochemical interface which
was connected to the three-electrode cell comprising a working elec-
trode (the sample under study), a platinum net as counter electrode and
a Ag/AgCl electrode (SSE, E= 0.197 V vs. NHE) as reference electrode.
The electrolyte was constantly stirred with a magnetic stirrer. In order
to avoid any precipitation from the electrolytes prior to an electro-
chemical experiment, only freshly prepared electrolytes were used and
fast heating of the stirred electrolyte was done.

Cyclic potentiodynamic polarization studies were conducted using a
scan-rate of 1mV/s. After measuring the open circuit potential (OCP)
for 1 h, the sample was polarized negatively from OCP to −2 V vs. Ag/
AgCl, then positively back to the OCP. Based on the recorded current
density versus potential curves, cathodic potentials were selected for
the potentiostatic deposition experiments. For those the OCP was sta-
bilized for 10min after sample immersion to the electrolyte and then,
the electrode potential was stepped to the deposition potential where it
was held constant for 3 h. For galvanostatic pulse-deposition, after OCP
stabilization a cathodic current density was applied according to the
following scheme (after [32]): jd=−15mA/cm2 was applied for
ton= 20 s followed by a break (jb= 0mA/cm2) for toff=30 s. This
cycle was repeated 96 times. After the deposition experiments, the
coated substrates were rinsed with distilled water and dried at room
temperature in air. Each electrochemical measurement was repeated at
least three times to ensure a high level of reproducibility.

2.2. Characterization of the electrodeposited layers

Grazing incidence X-ray diffraction (XRD) analysis was carried out
by means of a Philips X'Pert Pro thin film diffractometer in order to
investigate the phase composition of the deposited layers. Cu-Kα ra-
diation was used (40mA, 40 kV) with an incidence angle of 2° and the
2θ range was from 15 to 60°. Phase analysis was done with the ICSD
database.

High resolution scanning electron microscopy (SEM) analyses were
carried out using a Zeiss Leo Gemini 1530 SEM equipped with an en-
ergy dispersive X-ray (EDX) detector (X-Flash SSD, Bruker). To receive
the SE-contrast (SE – secondary electron) images with high quality, the
ceramic-type deposits were covered with a very thin Au layer by means
of sputtering. EDX mappings were conducted to analyze the lateral
distribution of Ca, P, O and Sr in the coatings.

Element depth distribution profiles of the deposited layers were
obtained by means of glow discharge optical emission spectroscopy
(GD-OES) depth profiling technique. A radio-frequency (rf) source de-
signed and built in-house was employed to produce sputtering craters of
1mm in diameter. The construction is based on the Universal Sample
Unit from Spectruma Analytik GmbH (Hof, Germany). Discharge
parameters of 500 V anode voltage (resulting in about 425 V amplitude

and 425 DC bias) and 2 hPa Ar pressure result in a sufficiently flat crater
shape and an erosion rate of about 100 nm/s. Intensity-time curves of
selected emission lines (H 121.567 nm, O 130.217 nm, N 149.262 nm, P
178.280 nm, Nb 319.340 nm, Ti 337.279 nm, Ca 393.367 nm, Sr
421,552 nm) were recorded using a high sensitive Photomultiplier
(PMT) based GDA750 (Spectruma Analytik GmbH).

2.3. Wet chemical analysis for deposit characterization and release studies

Inductively coupled plasma optical emission spectrometry (ICP-
OES) using an ICP-OES iCAP 6500 Duo View (Thermo Fisher Scientific)
was employed for the determination of element concentrations in
electrodeposited layers and in a physiological solution. In case of the
chemical analysis of galvanostatically deposited layers, for one layer
type four control samples were used. Each sample was dissolved in a
beaker with concentrated HNO3 (65%, analytical grade, Merck
Millipore) and subsequently, distilled water was added to obtain in total
a solution of 50 g mass. Each solution was analyzed four times for the
determination of Ca, P and Sr concentrations. Release studies of Ca, Sr
and P from electrodeposited layers into a physiological solution were
conducted based on DIN EN ISO 10993-15 [36] “Biological evaluation
of medical devices – Part 15: Identification and quantification of de-
gradation products from metals and alloys”. As a complex simulated
body fluid does not allow a reliable metal ion trace concentration
analysis in solution, samples were immersed in TBS (Tris-Buffered
Saline, BioUltra, tablets for 500mL, Fa. Sigma-Aldrich) which is based
on 150mM NaCl (~0.9% NaCl) with pH 7.6 at a temperature of
310 ± 1 K. For the simulation of static solution conditions, the ratio of
sample area (cm2)/immersion solution (ml) was 1:1 and after 1 h, 4 h,
24 h and 7 days immersion the solution was analyzed. For exemplarily
simulating dynamic solution conditions, a ratio of sample area (cm2)/
immersion solution (ml) was 1:200 was chosen and after 24 h immer-
sion the solution was analyzed. For each test condition four control
samples were immersed in TBS and two blind solutions were analyzed,
each solution was analyzed three times. At the given test conditions the
quantification limits for the elements released in TBS are
0.00020 μmol/cm2 for Ca, 0.00019 μmol/cm2 for Sr and 0.00098 μmol/
cm2 for P.

2.4. In vitro studies with human bone marrow stromal cells (hBMSC)

The effect of layers from galvanostatic pulse experiments on cellular
processes was determined in an in vitro study with hBMSC, isolated
from the bone marrow of one healthy male donor after obtaining in-
formed consent (kindly provided by the Medical Clinic I, Dresden
University Hospital). The ethics commission of Technische Universität
Dresden approved the application of the hBMSC for in vitro experi-
ments. Cells were cultured in alpha-MEM containing 9% FCS, 10 U/ml
penicillin, 100 μg/ml streptomycin and 1% L-glutamine; osteogenic
differentiation was induced by addition of 0.1 μmol dexamethasone,
50 μM beta-glycerophosphate and 5mM ascorbic acid 2- phosphate
(osteogenic supplements (OS); Sigma-Aldrich).

2.4.1. Indirect cell culture
The effects of the ions released from the electrodeposited layers

were evaluated in an indirect cell culture setup. Coated and uncoated
reference samples were immersed in 1ml/sample cell culture medium
with osteogenic supplements (OS+) for 24 h. Simultaneously, hBMSC
were seeded in 48 well-plates (8× 103/well) and allowed to adhere for
24 h. From day 1 on, medium from the immersed samples was trans-
ferred onto the cell layers (300 μl/well; n=3) every 3 to 4 days, fresh
medium was added to the samples. As control, medium which was not
in contact with any material was used. After 1, 14 and 21 days, cell
layers were frozen until analysis.

Table 1
Salt concentrations and element concentration ratios of the used electrolytes.

Electrolyte c(Ca
(NO3)2)
[mol/L]

c(NH4H2PO4)
[mol/L]

c(Sr
(NO3)2)
[mol/L]

Sr/(Ca+ Sr) (Ca+ Sr)/P

Sr0 0.00167 0.001 – 0 1.67
Sr10 0.001503 0.001 0.000167 0.1 1.67
Sr50 0.000835 0.001 0.000835 0.5 1.67
Sr100 – 0.001 0.00167 1 1.67
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2.4.2. of hBMSC proliferation and osteogenic differentiation
Proliferation was determined by means of intracellular lactate de-

hydrogenase (LDH) activity as described [37]. In brief, after cell lysis in
1% Triton X-100/PBS (50min on ice including 10min ultrasonication),
LDH activity was measured from aliquots of the lysates using the Cy-
toTox 96 Non-Radioactive Cytotoxicity Assay (Promega) and correlated
with the cell number using a calibration line. Osteogenic differentiation
was characterized by alkaline phosphatase (ALP) activity measurement
in aliquots of the lysates as described [37]. In brief, p-nitrophenyl
phosphate (pNpp, Sigma-Aldrich) was converted to p-nitrophenolate
(pNp) which was photospectrometrically quantified; the amount of pNp
was related to the cell number in each lysate (calculated from LDH
activity) to gain the specific ALP activity in μmol pNp/30min/106 cells.

2.4.3. Direct contact culture
For evaluation of the cell morphology in contact with electro-

chemically coated vs. uncoated Ti-45Nb surfaces, samples were im-
mersed in cell culture medium for 2 h and seeded with 4·104 cells/
sample. During cultivation for 14 days, cell culture medium (OS+) was
changed every 3 to 4 days. After 1, 7 and 14 days, samples were washed
with PBS and fixed in 3.7% formaldehyde/PBS for fluorescence mi-
croscopy. Cell nuclei and actin cytoskeleton were stained with DAPI
(4′,6-diamin-2-phenylindol, Invitrogen) and Alexa Fluor 488® phal-
loidin (Invitrogen); fluorescence microscopy was performed with a
Keyence BZ9000E (Keyence, Japan).

3. Results and discussion

3.1. Potentiodynamic polarization analyses

Potentiodynamic polarization measurements were conducted in the
cathodic regime to analyze the reaction steps at the Ti-45Nb substrates
in the Ca(NO3)2 and NH4H2PO4 electrolytes without (Sr0) and with Sr
(NO3)2 substitutions (Sr10, Sr50, Sr100) which are specified in Table 1.
In Fig. 1 examples of current density vs. potential curves which were
obtained in the Sr-free (Sr0) and in the Sr10 electrolyte are shown. In
this negative potential regime, an increasing rate of the reduction re-
action of water (eq. (1.4)) with negative potential shift leads to a
general curve shape which is dominated by a gradual increase of the
cathodic current density. Nevertheless, in accordance with literature
data one may formally distinguish characteristic potential regions
which are ascribed to the following reactions [38–40]:

Region I

+ + → +
− − − −NO H O 2e NO 2OH3 2 2 (1.0)

+ + →
− −(O 2H O 4e 4OH )2 2 (1.1)

Region II

+ → +
− − −2H PO 2e 2HPO H2 4 4

2
2 (1.2)

+ → +
− −2HPO OH PO H O4

2 –
4

3
2 (1.3)

Region III

+ → +
− −2H O 2e H 2OH2 2 (1.4)

Due to low concentrations of reactants in solution, mass transport-
controlled reduction reactions (1.0)–(1.3) with limited rate are to be
expected which will be superimposed with the main reaction (1.4).
Also, in this mixed process the kinetics of the electrochemical reaction
steps will be influenced by the beginning chemical precipitation of non-
conductive coatings (1.5) which gradually block the electrode surface.
Therefore, expected characteristic peaks or shoulders in the polariza-
tion curves corresponding to (1.0)–(1.3) may be in each electrolyte only
more or less pronounced and may occur variably in wider potential
ranges. Thus, in practice formal regions I and II are often not clearly
identifiable.

In the Sr0 electrolyte, in region I (−0.7 to −1.2 V vs. Ag/AgCl) the
nitrate (NO3

−) reduction according to Eq. (1.0) is the main source for
the generation of hydroxide ions (OH−). Besides, a minor contribution
from the reduction of small concentrations of dissolved oxygen to hy-
droxide ions according to Eq. (1.1) is taken into account. In region II
(−1.2 to −1.8 V vs. Ag/AgCl) the hydrogen reduction and protolytic
reaction of the dihydrogen phosphate ion (H2PO4

−) leads to the for-
mation of the hydrogen phosphate ion (HPO4

2−) (Eq. (1.2)). The pre-
sence of hydroxide ions generated in Eqs. (1.0) and (1.1). enables a
further protolytic reaction to form the phosphate ion (PO4

3−) according
to Eq. (1.3). Region III (from −1.8 V vs. Ag/AgCl) is dominated by the
reduction of water according to Eq. (1.4). In consequence of these re-
duction steps, the pH value in the vicinity of the Ti-45Nb cathode in-
creases corresponding to OH−-ions which are adsorbed at the cathode
surface. Ca2+-ions migrate to the cathode surface and cause a pre-
cipitation reaction with formed PO4

3−- and OH−-ions to a Ca-phos-
phate, hydroxyapatite, according to reaction (1.5):

+ + →
+ − −10Ca 6PO 2OH Ca (PO ) (OH)2

4
3

10 4 6 2 (1.5)

In the reverse potential scan no significant reaction peaks are visible
indicating that the formed products are electrochemically stable.
Previous works showed for similar electrolytes that HAp formation fa-
vorably takes place in a potential region from −0.4 to −1.6 V vs. Ag/
AgCl [38,41]. In the present study in Sr0, a potential of −1.2 V vs. Ag/
AgCl was chosen for further deposition experiments. This is within
potential regions I and II and far more positive than region III which is
dominated by the cathodic water decomposition with strong pH value
change.

When substituting 10% of Ca-nitrate concentration in the electrolyte
with Sr-nitrate (Sr10), the current density vs. potential curve reveals a
similar cathodic response. The overall current density level is decreased
indicating that the overall cathodic reduction rate is reduced.
Furthermore, in the potential regions I and II two reaction peaks (at
about −1.2 V and− 1.5 V vs. Ag/AgCl) are detectable which are at-
tributed to reactions 1.0(1.1) and (1.2)(1.3), respectively. The second
reaction peak at −1.5 V vs. Ag/AgCl is more pronounced in the Sr10
electrolyte than in Sr0. This suggests an impact of Sr2+-ions on the rate
of the hydrogen reduction and related protolytic reactions with an ex-
pected effect on the precipitate characteristics. Ca and Sr are chemically
quite similar and thus, it can be assumed that Sr2+-ions likewise take
part in the HAp precipitation process described above (eq. (1.5)) and as
suggested in [32] leading to a Srx-HAp compound. From this polar-
ization behavior in the Sr10 electrolyte shown in Fig. 1, a deposition
potential of −1.5 V vs Ag/AgCl was selected for further studies.

The Sr-nitrate content in the electrolyte was further increased up to
100% (i.e. Ca-nitrate completely substituted by Sr-nitrate). Fig. 2

Fig. 1. Cathodic current density vs. potential curves recorded on Ti-45Nb
electrodes in water-based electrolyte Sr0 with 1.67mM Ca(NO3)2 and 1mM
NH4H2PO4 and in electrolyte Sr10 with 10% substitution of Ca(NO3)2 with Sr
(NO3)2 (see Table 1) at 333 K and at a scan-rate of 1mV/s; the vertical arrows
mark the OCP.
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comparatively shows current density vs. potential curves recorded in
electrolytes with 10, 50 and 100% Sr-nitrate. The increasing Sr2+-ion
content in the solution changes the reaction process. When using the
Sr50 electrolyte, the overall current density level decreases further
compared to that measured in the Sr0 and Sr10 electrolytes. Moreover,
the reaction steps in potential regions I and II are not that pronounced
anymore. The simultaneous presence of Sr2+-ions and Ca2+-ions in the
electrolyte has obviously an inhibiting effect on the overall charge
transfer on the surface of the Ti-45Nb cathode and also, on the stepwise
dihydrogen phosphate ion transformation into phosphate ion (Eqs.
(1.2) and (1.3)). Nevertheless, from the current density vs. potential
curves recorded in electrolyte Sr50 a deposition potential of −1.4 V vs.
Ag/AgCl was derived which was formally defined in potential region II.
When completely substituting the Ca-nitrate by Sr-nitrate (electrolyte
Sr100) the overall current density level is quite high again and is similar
to that attained in Sr-free electrolyte (Sr0). The discrete reaction steps
are barely visible. A deposition potential of −1.3 V vs. Ag/AgCl was
defined. In Sr100, the formation of Sr-HAp is expected corresponding to
the formation of Ca-based HAp in the Sr0 electrolyte. In both cases
cathodic reactions on the Ti-45Nb surfaces are less inhibited compared
to the simultaneous presence of Sr+- and Ca2+-species in the electro-
lyte.

Altogether, due to the differences in the potentiodynamic polar-
ization curves recorded in the various electrolytes (Figs.1, 2), for po-
tentiostatic deposition tests in Sr0, Sr10, Sr50 and Sr100 potentials
were chosen which are within potential regions I and II (and away from
region III) and which correspond to a similar cathodic current density
level in a range of 0.2–0.4 mA/cm2.

3.2. Potentiostatic deposition and layer characterization

Potentiostatic deposition experiments were carried out by stepping
the electrode potential from OCP to a cathodic potential which was
identified from the previous polarization studies (Section 3.1). Ex-
emplary current density transients recorded in the different electrolytes
are shown in Fig. 3. Considering the reaction mechanism for the HAp
formation in Section 3.1, those reflect in principle only the electron
transfer reaction steps. But chemical reaction steps leading to non-
conductive precipitates on the Ti-45Nb substrate can have an impact on
their kinetics.

In the Sr0 electrolyte, the current density transient reveals after the
initial double layer recharge a maximum of ~0.6 mA/cm2 at ~500 s
followed by a gradual current density decay. Besides the nitrate (and
oxygen) reduction (equation 1.0 (1.1.)), this maximum may be mainly
ascribed to the superimposed steps of the phosphate ion formation (Eqs.

(1.2), (1.3)). In consequence, a chemical precipitation (Eq. (1.5)) is
possible which leads to a gradual Ti-45Nb surface blocking with a non-
conductive Ca-phosphate. In the Sr100 electrolyte, the transient reflects
a similar principle behavior, but the maximum occurs much earlier, i.e.
already after 45 s, and is with ~0.43mA/cm2 significantly smaller. The
subsequent current density decay to smaller values is faster. This sug-
gests a faster precipitation of a non-conductive Sr-phosphate layer with
more pronounced blocking effect. However, studies based on chemi-
cally synthesized apatites (equilibrium conditions) revealed that the
solubility of crystalline Sr-HAp in salt solutions is higher than that of
Ca-HAp which would contradict the above conclusion [18]. The for-
mation of Ca- or Sr-phosphate phases proceeds via a variety of inter-
mediate phases, e.g. complexes or amorphous phases which nucleate
preferentially [18] and those can transform gradually into crystalline
Ca- or Sr-apatite phases by hydrolysis [42,43]. Electrochemical reac-
tions proceed at non-equilibrium. With the current density transients
mainly the early stages of the deposition process are followed at which
intermediate phosphate phases with low crystallinity may form at the
Ti-45Nb substrates which do not exhibit the properties of the equili-
brium phases.

In the mixed electrolytes Sr10 and Sr50, the current density tran-
sients comprise 2 (or 3) maxima which may be attributed to the timely
resolved reactions (Eqs. (1.0)–(1.3), Section 3.1). Especially in Sr50
these peaks are shifted to longer times and the overall current density
level is much lower than that measured in Sr0 and Sr10. In the mixed
solutions a retarded cathodic reaction rate is observed with increasing
Sr2+-ion fraction in potentiodynamic and in potentiostatic polarization
mode. Formally, the formation of Sr-substituted Ca-phosphate (−hy-
droxyapatite) (Srx-HAp) is expected. As the ionic radius of Sr is larger
than that of Ca (Sr2+=0.116 nm, Ca2+=0.100 nm [44]), this could
lead to a steric hindrance of the growing HAp lattice during the pre-
cipitation reaction. Moreover, for chemically synthesized crystalline
Srx-HAp phases an increasing solubility with increasing Sr-content was
detected [18]. Again this contradicts the observed behavior under
electrochemical conditions. Thus, also here, we may assume the early
formation of intermediate phases with low crystallinity which have a
stronger impact on the electron transfer reactions than those forming in
Sr-free electrolyte.

In all cases, potentiostatic deposition leads to an early formation of
layers which can block the Ti-45Nb surfaces and retard further reduc-
tion reactions. Consequently, limited layer growth must be expected.
Figs. 4 and 5 show top-view SEM images and XRD patterns of coatings
which were deposited in the four electrolytes under potentiostatic
control for 3 h. Typical SEM and XRD results of as-ground Ti-45Nb
substrate surface states are shown in [7–9,31]. In the Sr10 electrolyte
(Fig. 4b), similar as in the Sr0 electrolyte (Fig. 4a, see also [31]) brittle

Fig. 2. Cathodic current density vs. potential curves recorded on Ti-45Nb
electrodes in water-based electrolyte Sr10, Sr50 and Sr100 with 10%, 50% and
100% substitution of Ca(NO3)2 with Sr(NO3)2 (see Table 1) at 333 K and at a
scan-rate of 1mV/s; the vertical arrows mark the OCP.

Fig. 3. Current density transients of potentiostatic polarizations conducted at
the indicated potentials in electrolytes Sr0, Sr10, Sr50 and Sr100 at 333 K; inset:
initial transient period in Sr100 electrolyte.
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coatings with mainly plate-like morphology are observed. XRD analysis
revealed that the layers consist of hydroxyapatite as the main phase.
The most pronounced reflection at around 26° indicates a {002}-or-
ientation of the deposited HAp crystals on the metallic substrate. This is
similar to what was reported before for the electrodeposition of HAp on
Ti, Ti-Nb and Ti-6Al-4V [31,45–47]. However, at least two or more
small reflections occur which must be attributed to non-identifiable

secondary phases. This supports the idea which was earlier developed
after FIB cutting of a HAp coating cross section [31] that, upon po-
tentiostatic deposition initially intermediate phases of low crystallinity
form on the beta-type alloy substrates. At a later stage those can act as
seed-layer for the chemical precipitation of (Sr-substituted) hydro-
xyapatite with crystalline morphology. Those layers have typically a
micrometer thickness, e.g. ~3–5 μm for HAp layers formed at −1.2 V
for 3 h. Their adhesion to a mechanically ground Ti-Nb surface was
evaluated by scratch testing revealing a critical loading of about 9 N.
Coating failure was observed mainly upon severe plastic deformation of
the substrate [31].

When increasing the Sr-content in the electrolyte to 50%, the re-
sulting layer yields weak diffraction peaks which indicate only limited
crystallinity (Fig. 5). Accordingly, with SEM (Fig. 4c) denser and more
brittle coatings with much more refined spongy-like Hap morphology
are detected. For layers forming in the electrolyte Sr100, the transition
to a very fine needle-like morphology (Fig. 4d) is observed. These layers
are relatively dense. XRD patterns in Fig. 5 reveal a clear shift of the
diffraction peaks for the apatite phase to smaller diffraction angles with
increasing Sr-content in the electrolyte. This indicates the incorporation
or complete substitution of Sr-species in the hydroxyapatite phase
whereby larger Sr-ions on Ca-sites cause an expansion of the hexagonal
lattice and thus, an increase of the lattice parameter.

Altogether, this confirms that partial or complete substitution of
Ca2+-ions by Sr2+-ions in the electrolyte greatly effects the complex
electrochemical-chemical formation of hydroxyapatite under potentio-
static control with consequences for the layer properties. High Sr-con-
tents seemingly yield an early precipitation of intermediate layers and a
subsequent growth of more refined apatite coatings. Chemically syn-
thesized hydroxyapatite can grow in very different morphologies – this
depends very sensitively on the particular growth conditions [14,26].
Upon potentiostatic deposition, pH value and phosphate ion con-
centration in the vicinity of the Ti-45Nb substrate vary with time. To-
gether with the different impact of the cations on the formation of in-
termediate and final apatite phases this yields a complex pattern of
influencing factors. Therefore, it is difficult to clarify the coating pro-
cess in these electrolytes in detail.

3.3. Galvanostatic pulse-deposition and layer characterization

In further studies cathodic current density pulses were applied for
coating formation on the Ti-45Nb substrates. Under galvanostatic
conditions constantly higher reaction rates for PO4

3—ion and OH−-ion
formation (Eqs. (1.0)–(1.4)) are enforced which have an impact on the

Fig. 4. SEM images (SE contrast) of potentiostatically deposited layers on Ti-
45Nb in electrolyte Sr0 at −1.2 V (a), in electrolyte Sr10 at −1.5 V (b), in
electrolyte Sr50 at −1.4 V (c) and in electrolyte Sr100 at −1.3 V (d) (all po-
tentials vs. Ag/AgCl).

Fig. 5. TF-XRD patterns (incidence angle 2°) of layers potentiostatically de-
posited at the indicated potentials (all vs. Ag/AgCl) in electrolyte Sr0, Sr10,
Sr50 and Sr100 (see Table 1) at 333 K on Ti-45Nb; the indicated lattice planes
belong to the HAp phase (PDF: 01–071-5048) unless indexed with beta-Ti-45Nb
and “?” indicate not identified reflections.
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subsequent chemical precipitation reaction (Eq. (1.5)) and thus, on
layer morphology and growth rates. According to earlier studies
[32,33], a galvanostatic pulse-deposition mode was used. Current
density pulses of −15mA/cm2 were applied for 20 s with intermissions
of 30 s under open circuit conditions. During the latter, reactive species
in the electrolyte are transported towards the cathode surface and thus,
local depletion of reactants is avoided. Those experiments were con-
ducted in the Sr-nitrate substituted electrolytes with up 96 current
density pulses. The potential responses (not shown here) are quite
uniform, i.e. during pulse-on time rapidly nearly constant potential
values establish. In the Sr10 electrolyte this value is initially ~−5.3 V
vs. Ag/AgCl and shifts to ~−6.8 V vs. Ag/AgCl at the last pulses. In the
Sr50 and Sr100 electrolytes constantly a potential level of ~−6.5 V and
−5.6 V vs Ag/AgCl is attained at each pulse. At these negative poten-
tials, the water decomposition (Eq. (1.4)) is predominant. During pulse-
off periods in all cases the potential switches back to near to OCP
condition.

Typical SEM images and XRD patterns of coatings obtained in the
different electrolytes are shown in Figs. 6 and 7, respectively. There is
no significant impact of the Sr- content in the electrolyte on the pre-
cipitate morphology, all deposits exhibit a fine needle-like morphology
with structure sizes of around 200–300 nm. The repeatedly interrupted
process of nucleation and growth of precipitates at assumed nearly
constant concentrations of reactants leads to structure sizes which are
generally much smaller than those of the potentiostatically deposited
layers (Fig. 4). Since at these negative potentials the deposit formation
is superimposed by severe water decomposition, the layers in particular
in Sr10 electrolyte have micrometer-sized holes which originate from
detaching hydrogen bubbles. The Sr50 layers are thinner than those
deposited in the Sr10 electrolyte but they also show a fine needle-like
morphology (Fig. 6b). The Sr100 layers are inhomogeneous in thickness
and morphology (Fig. 6c). Compared to the coatings formed po-
tentiostatically, the crystallinity of all layers is quite high. The XRD
reflections correspond only to the hydroxyapatite phase and are clearly
pronounced (Fig. 7). Also here, the reflections of the HAp phase are
shifted to smaller angles with increasing Sr-content in the electrolyte
indicating the incorporation of large Sr-ions in the hexagonal lattice.

In addition, energy dispersive X-ray spectroscopy (EDX) analysis of
the coatings was conducted to evaluate especially the presence of Sr-
species. The element mappings of Sr10 and Sr50 deposits revealed a
laterally homogenous distribution of Sr-species in the layer; ex-
emplarily results for a Sr50 layer are shown in Fig. 8. Because of their
morphological inhomogeneity, the EDX analysis of Sr100 layers yielded
an inhomogeneous Sr distribution. For the Sr10 layers a Sr/(Ca+ Sr)
concentration ratio of 0.05 and for the Sr50 layers a Sr/(Ca+ Sr) ratio
of 0.26 was determined. When comparing this with the concentration
ratios in the electrolytes Sr10 and Sr50 with a Sr/(Ca+ Sr) ratio of 0.1
and 0.5 (Table 1), respectively, this analysis states that only about half
of the Sr-species provided in the electrolyte were incorporated into the
layers. Furthermore, the Sr-content in the deposit increases with in-
creasing Sr-content in the electrolyte. Hydroxyapatite has a theoretical
Ca/P ratio of 1.67. The (Ca+ Sr)/P ratios of the obtained Sr10 and Sr50
layers were determined to be 1.69 and 1.53, respectively.

Furthermore, the element distributions (Ca, Sr, P, O and H) along
the cross sections of the deposits Sr10 and Sr50 were investigated by
means of the GD-OES depth profiling. Plots of the intensities of the
element-specific spectral emission lines vs. the sputter time are in
Fig. 9. In Fig. 9a, the depth profile of a Sr10 layer is shown. Stable
sputtering of the Hap layer started after ~8 s and is associated with an
increase of the Ca, P, O and H signals while the Sr signal rises only
weakly. Sputtering was stopped when a major drop in the Ca and P
signals and an increase in the Ti and Nb signals were detectable. The

Fig. 6. SEM images (SE contrast) of layers galvanostatically pulse-deposited
with jd=−15mA/cm2 on Ti-45Nb in electrolytes Sr10 (a), Sr50 (b) and Sr100
(c) (see Table 1).

Fig. 7. TF-XRD pattern (incidence angle 2°) of layers galvanostatically pulse-
deposited with jd=−15mA/cm2 on Ti-45Nb in the electrolytes Sr10, Sr50,
Sr100 (see Table 1); the indicated lattice planes belong to the HAp phase (PDF:
01–071-5048) unless indexed with beta-Ti-45Nb.
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relative intensities of Ca, Sr and P do not change simultaneously with
sputter time which is a hint that a stoichiometric Hap phase may not be
present throughout the whole coating thickness. Furthermore, the de-
posited layer is on top dominated by pores and holes (Fig. 6a), but a
denser layer could be underneath the visible region which leads to an
increase of the Ca, Sr and P signals near to the substrate. The Sr/Ca
ratio in the inset of Fig. 9a reveals an inhomogeneous distribution in the
layer thickness with an increase of the Sr fraction at the inner layer
regions. From previous studies [31] a sputter rate of 100 nm/s was used

and for the Sr10 layer a thickness of around 3 μm was estimated.
In Fig. 9b the depth profile of a Sr50 layer is shown. Here, stable

sputtering of the Hap layer started after ~5 s. Compared to the Sr10
layer, the general Sr/Ca ratio in the Sr50 layer is considerably higher
(inset in Fig. 9b) implying that the Sr content in the Sr50 layer is higher.
This confirms the trend which was concluded from EDX analysis. Fur-
thermore, the intensities of Ca and Sr decrease during sputtering before
they rise again which indicates a two-layered structure of the deposit.
The Sr50 layer is much thinner than the Sr10 layer which can be de-
rived from the shorter sputter time, a layer thickness of only ~0.8 μm
was estimated. Considering the different degree of morphological
homogeneity of the layers (Fig. 6), this is a similar trend which was
observed for precipitates which formed under potentiostatic control. It
seems that in mixed electrolytes with Ca- and Sr-ions, also under gal-
vanostatic pulse control an increasing Sr-ion concentration results in a
higher Sr-content in the deposit but retards the layer growth rate. This
may be attributed to a steric hindrance of the growing HAp lattice
during the precipitation reaction under involvement of both ionic
species.

3.4. Release studies with galvanostatically pulse-deposited Sr-substituted
Hap layers

Throughout the study it was revealed that galvanostatically pulse-
deposited Sr10 layers were the most stable and best adhesive on Ti-
45Nb substrates. Therefore, they were employed for further principal
release studies by means of ICP-OES. In a first step, the mean elemental
concentrations of Ca, P and Sr of layers which were deposited onto a Ti-
45Nb substrate were determined and are summarized in Table 2. The
resulting Sr/(Ca+ Sr) ratio is significantly lower than that for the Sr10
electrolyte which confirms the conclusion from EDX analysis that much
less Sr-ions than offered in the source electrolyte are incorporated in the
electrodeposited coating. Moreover, the present ratio is lower than that
determined by means of EDX, but is here representative for the bulk
coating. Considering the GD-OES results this is another hint for an in-
homogeneous cross sectional distribution of Sr in the layer. The cal-
culated (Ca+ Sr)/P ratio is close to the ratio in the electrolyte and to
the theoretical one and confirms in accordance with EDX and XRD
analyses the main presence of a stoichiometric hydroxyapatite phase.

In a next step Sr10 samples were subjected to release tests, i.e. they
were immersed in TBS (TRIS-buffered saline) at 310 K for up to 1 week
according to DIN EN ISO 10993-15 conditions. The determined mean

Fig. 8. EDX mapping of a layer, galvanostatically pulse-deposited onto Ti-45Nb in Sr50 electrolyte.

Fig. 9. GD-OES element distribution depth profile analysis of layers galvanos-
tatically pulse-deposited onto Ti-45Nb in electrolyte Sr10 (a) and electrolyte
Sr50 (b); insets: Sr/Ca ratio along the cross-section of the layer.
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concentrations of released Ca, P and Sr species are shown in Fig. 10a.
After an initial burst in the first hour of immersion the release of Ca, P
and Sr levels out up to 24 h and increases afterwards only slightly. The
release kinetics from the deposit observed in the present study is similar
to that reported by Drevet et al. [32] for a Sr-substituted Ca-phosphate
coating which was pulse-electrodeposited onto Ti-6Al-4V substrates
under similar conditions. After immersion in DMEM they determined
0.6–1 ppm Sr-species in solution. In the present study, after immersion
of Sr10 layers in TBS for 1 week a released Sr-ion concentration of
~0.01 μmol/cm2 corresponding to ~0.6 ppm (referred to a geometrical
coating area of 1 cm2) was determined. This concentration is quite low
and indicates that after 1 week immersion the layer still possesses
~94% of its Sr-content. According to DIN EN ISO 10993-15 [36], the
applied ratio of the immersed sample surface to the volume of im-
mersion solution was 1:1 under static (natural convection) conditions.
A critical problem can be that due to the small solution volume already
after 24 h a saturation level in the release process is reached. Released
species can re-precipitate as Ca-phosphates on the sample surface. An
equilibrium between release and re-precipitation is reached which can
explain the only slight further increase of released Ca, P and Sr species
after 24 h. These conditions are not perfectly relevant for application

conditions in the human body, where body fluids are under flow and
therefore, species concentration change with time. In order to simulate
a state that is closer to those dynamic conditions and to avoid saturation
effects, Sr10 samples were immersed in a much larger TBS volume
corresponding to a surface:volume ratio of 1:200. Results shown in
Fig. 10b demonstrate that after 24 h of immersion release rates of Ca, P
and Sr are significantly higher, i.e. 5–6 times than at a 1:1 ratio. The
amount of released Sr is now about 30–35% of that what was analyzed
in electrodeposited Sr10 layers. This indicates that there is a strong
need to identify appropriate test conditions for reliable release analysis
for those newly developed Sr-substituted HAp coatings.

3.5. Effect of Sr-substituted hap layers on the in vitro behavior of hBMSC

Primary goal of the electrochemical deposition of Sr-modified HAp
layers on metallic implant materials is the manipulation of the equili-
brium of osteoblast and osteoclast activities in systemically diseased
bones in order to support bone tissue formation. The release of Sr-

Table 2
ICP-OES analysis: contents of Ca, P, Sr in layers obtained by galvanostatic pulse deposition in Sr10 electrolyte and calculated concentration ratios in comparison to
those of the electrolyte.

Ca [μmol/cm2] P [μmol/cm2] Sr [μmol/cm2] Sr/(Ca+ Sr) ratio (Ca+ Sr)/P ratio

5.14 ± 0.20 3.23 ± 0.14 0.17 ± 0.011 0.03 ± 0.001 1.65 ± 0.012
Electrolyte Sr10 (nominal) 0.1 1.67

Fig. 10. ICP-OES analysis: release of Ca, Sr, and P from a galvanostatically
pulse-deposited Sr10 layer upon immersion for 7 days in TBS (pH 7.6) at 310 K
with surface:volume ratio of 1:1 according to DIN EN ISO 10993-15 (a) and
comparison of release rates after 24 h at ratios of 1:1 and 1:200 (b).

Fig. 11. Proliferation of osteogenically stimulated (OS+) hBMSC over 21 days
in contact with the extracts from mechanically ground Ti-45Nb substrates, Ti-
45Nb substrates electrochemically coated with Sr-HAp (Sr10) and without
material (control) as determined by intracellular LDH activity (a); osteogenic
differentiation as determined by specific ALP activity measurement (b); sig-
nificant differences (p≤ .05) of selected samples are indicated (Student t-test
n=3).
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species from Sr10 layers has been described and discussed already in
Section 3.4. For the following in vitro tests those samples were sub-
jected to gamma sterilization. During this and also throughout the
whole complex cell testing procedure (Section 2.4) the coatings re-
mained visually mechanical stable and did not change their appear-
ance.

To study the effect of the released ions on osteogenic cells, osteo-
genically induced (OS+) hBMSC were exposed to medium extracts of
coated samples. The study focused on the viability and proliferation as
well as osteogenic differentiation of the cells over a period of 3 weeks.

The number of viable cells was determined by the activity of the
intracellular enzyme LDH. In Fig. 11a results of the indirect cell culture
for uncoated (as ground and passivated) and Sr10-coated Ti-45Nb
substrates are shown; as control hBMSC were cultured in medium
which was not in contact with material. An increasing number of cells
was determined for all 3 groups up to day 14, indicating cell pro-
liferation. In case of uncoated Ti-45Nb samples the cell number does
not further increase after 14 days of culture. For the electrochemically
coated samples (Sr10) a significant increase in cell number was de-
termined up to day 21 compared to the uncoated samples. The Sr-HAp
coated Sr10 samples show herewith the highest cell number and thus,
proliferation of all considered conditions. Osteogenic differentiation
was assessed according to the ALP activity (Fig. 11b). For all considered
groups the ALP activity increases up to day 14. In case of the Sr10
samples it further increases significantly up to day 21 compared to the
Ti-45Nb samples and shows herewith also the highest ALP activity for
all considered conditions. Taken together, it was demonstrated that the
proliferation and osteogenic differentiation of osteogenically stimulated

hBMSC was not negatively affected by the extracts of mechanically
ground and electrochemically coated Ti-45Nb samples. For the samples
coated with Sr-HAp the data indicate a positive impact of the released
ions on proliferation and osteogenic differentiation of hBMSC. Based on
the data of ion quantification in the extracts of Sr10 samples (Fig. 10a),
we assume that this effect can be predominantly attributed to the Sr2+

ions in the extracts whose concentration is, although low in this ex-
perimental setup, still within the biologically effective range [21,22].
The released Ca2+ and phosphate ions resulted only in a marginal in-
crease of the Ca2+ and phosphate ions usually present in the cell culture
medium (1.8mM Ca2+ and 1mM PO4

3− in alpha-MEM). Reports in the
literature revealed a stimulating effect of elevated Ca2+ and PO4

3−

concentrations on proliferation and osteogenic differentiation of MSC,
but at significantly higher concentrations [48,49] making a significant
effect of Ca2+ and phosphate released from the Sr-HAp coating in the
present study unlikely.

From the direct cell culture of the hBMSC on the substrates the
morphology and distribution of the cells was determined by means of
fluorescence microscopy. In Fig. 12 the cell morphology of osteogeni-
cally stimulated hBMSC on Ti-45Nb (mechanically ground) and on Ti-
45Nb electrochemically coated with Sr-HAp are shown after 14 days of
culture. The cell distribution on Sr10 samples compared to the Ti-45Nb
samples is quite inhomogeneous, as it is obvious from the overview in
Fig. 12c. The partially high cell densities might originate from a locally
difference in thickness of the deposit. In the higher magnification of the
fluorescence images (Figs. 12b,d) widely spread cells are visible for
both considered states indicating support of cell adhesion, which is a
good hint on the excellent compatibility of the osteogenically

Fig. 12. Fluorescence staining micrographs, demonstrating osteogenically stimulated hBMSC spreading and cytoskeletal organization after 14 days of culture on
mechanically ground Ti-45Nb (a, b) and electrochemically coated Ti-45Nb (Sr10) (c, d). Confocal microscopic images with dual staining of cell nuclei (DAPI, blue)
and actin filaments (Phalloidin-Alexa 488®, green). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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stimulated hBMSC with the material surface. Based on literature data,
the biomimetic HAp coating obtained by electrochemical deposition
leads us to expect an enhanced osseointegration (bone-to-implant
contact) in comparison to uncoated surfaces [50,51] which might be
especially beneficial in osteoporotic conditions [52]. Moreover, a
stronger promotion of early bone formation was demonstrated for HAp
coatings deposited by soaking in PBS on pre-oxidized Ti implants if it
was doped with Sr-ions in a healthy rat tibia defect model [34]. In an
osteoporotic rat femur defect model, new bone formation and os-
seointegration was enhanced by Sr-substituted HAp coatings of Ti im-
plants in a concentration-dependent manner [53].

4. Summary and conclusions

Aim of the present work was to assess suitable approaches for
electrodeposition of Sr-substituted hydroxyapatite coatings on surfaces
of the low modulus beta-Ti-45Nb alloy and to analyze the Ca, Sr and P
release from those coatings as well as the in vitro response of hBMSC.

Potentiodynamic polarization studies in 1.67mmol/L Ca(NO3)2 and
1.0 mmol/L NH4H2PO4 electrolyte at 333 K revealed the electro-
chemical steps for the generation of PO4

3− and OH– which are reactants
for a chemical precipitation of Ca10(PO4)6(OH)2 hydroxyapatite (HAp)
[38–40]. Partial substitution of Ca2+-ions by 10% or 50% Sr2+ ions
inhibits the overall charge transfer on the Ti-45Nb cathode and leads to
Sr-substituted compounds (Srx-HAp).

From potentiostatic deposition studies at moderate cathodic potentials
of −1.2 V to −1.5 V vs. Ag/AgCl the initial formation of phases of low
crystallinity is concluded which gradually block the Ti-45Nb surface
and can act as seed layers for the chemical precipitation of (Sr-sub-
stituted) hydroxyapatite. In electrolytes with no or 10% Sr-nitrate,
coatings with plate-like morphology are formed while higher Sr-nitrate
fractions up to 100% lead to fine-needle-like structures.

Upon galvanostatic pulse-deposition electrochemical reaction rates are
enhanced with impact on the subsequent chemical precipitations. All
deposits comprised only a hydroxyapatite phase with high crystallinity
and fine needle-like shape of 200–300 nm size. For layers formed in
electrolytes with 10% and 50% Sr-nitrate substitution, the Sr-distribu-
tion is laterally homogeneous but non-homogeneous along their cross-
section. An increasing Sr-ion concentration resulted in a higher Sr-
content in the deposit but retarded the layer growth which may be due
to a steric hindrance of the growing Srx-HAp lattice. The Srx-HAp layer-
type from the electrolyte with 10% Sr-substitution had a typical Sr/
(Ca+ Sr) ratio of 0.03 and the highest thickness of about 3 μm and was
most stable and adhesive to the substrate. For that release analysis was
done in TBS at 310 K. At a surface:volume ratio of 1:200, after 24 h the
amount of released Sr-ions was about 30–35% of that determined in the
coating. In vitro studies with hBMSC revealed the excellent cyto-
compatibility of the Srx-HAp coating indicated by cell adhesion and
proliferation in direct contact. The Sr2+-ions released from the coated
samples stimulated proliferation and differentiation of osteogenically
induced hBMSC.
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