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a b s t r a c t
Numerous in vivo, in vitro and clinical studies report on beneficial effects of strontium with respect to
increased bone growth. Based on this knowledge the aim of this study was to evaluate early and late
osseointegration stages of functionalized titanium implants showing sustained release of strontium
(Sr) and further investigate its potential systemic effect.
Strontium functionalized (Ti-Sr-O) and Grade 4 (Control) titanium implants were inserted in the
femoral condyle of New Zealand White rabbits. The Ti-Sr-O coating was characterized using Scanning
Electron Microscopy (SEM) and Energy Dispersive X-ray Spectrometry (EDX) for structure, coating thickness and chemical composition. Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES)
was used to evaluate released strontium in vitro while Atomic Absorption Spectrometry (AAS) was utilized to monitor serum levels of strontium and calcium. Additionally, histological and tomographic analysis of bone-to-implant contact (BIC%) and bone formation (BF%) was performed, following implantation
periods of two or twelve weeks, respectively.
Median values for BIC% for Ti-Sr-O revealed significant differences within the two- and twelve-week
observation periods, while exceeding BF% was discovered especially after twelve weeks when performing
the histological evaluation. The results from the micro-computed tomography (m-CT) showed no significant differences, when comparing the experimental groups. AAS measurements did not indicate a systemic effect by the local strontium release.
Within the limitations of the study, it was shown that a Ti-Sr-O coating with sustained release characteristics of strontium, accelerates bone apposition and represents a potential potent surface modification
for endosseous medical implant devices.
Statement of Significance
This study presents first data with respect to early and late in vivo response on a strontium functionalized
titanium surface comprising a nanotopography manufactured by a magnetron sputtering process. We
investigated different osseointegration stages of screw-shaped implants with dental implant geometries
in a rabbit femur model observing beneficial effects of the functionalized surface on bone-to-implant contact and bone formation caused by tailored release of the bone anabolic strontium. Histomorphometrical
data revealed that a functionalized titanium surface with controlled liberation of strontium accelerates

⇑ Corresponding author.
E-mail address: vincent.offermanns@i-med.ac.at (V. Offermanns).
https://doi.org/10.1016/j.actbio.2018.01.049
1742-7061/Ó 2018 Acta Materialia Inc. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

386

V. Offermanns et al. / Acta Biomaterialia 69 (2018) 385–394

osseointegration while spectrometry measurements did not indicate a potential systemic effect of this
osteoinductive agent and could thus have impact on modifications of medical implant devices.
Ó 2018 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
Osseointegration is a crucial factor for long-term stability of
bone anchored implants and thus represents a decisive aspect for
successful treatment in relation to orthopedic and oral rehabilitation [1,2]. The material of choice for manufacturing of dental and
orthopedic implant devices is titanium. Due to the forming of a
nanometer thick native oxide at the surface of the implant, the surface is passivated leading to chemical inertness and good mechanical behaviour. In order to further improve the performance,
numerous evaluations of physical, chemical and biological modifications of titanium implants for enhancing osseointegration has
been carried out [3–7]. Investigations performed using defined
study populations have revealed satisfying results of endosseous
implant devices [1,2,8]. Nonetheless, with a growing aging population, different challenges e.g. diminished bone conditions due to
irradiation or osteoporosis remain. This led to continuative
research in animal models, however, with a lack of clinical application of developed functionalized medical devices. Today, defined
geometrical properties and surface characteristics with e.g. implementation of bioactive ions, standardized insertion and loading
protocols for specific clinical applications [3,5,9,10] assure predictable results. Parallel to these advances, research has provided
several experimental modifications with e.g. BMP-2, calcium (Ca),
magnesium (Mg) or strontium (Sr) to enhance bone regeneration
and osseointegration [11–14]. Furthermore, functionalized surfaces are required to maintain their osteogenic properties and surface characteristics since defined macro-, micro- or nanostructure
promotes e.g. protein absorption and adhesion of monocytes to a
certain extent contributing to the crucial steps of osseointegration
[15–17]. Implant topography within the submicron scale, with
incorporated strontium in particular, could have possible impact
on surface modification affecting both microbial attachment and
bone anchorage [18–22]. Since the first medical report on strontium administration as osteoporotic treatment in the 1950’s [23],
the alkali earth metal and trace element faded into the spotlight
of research with consecutive clinical investigations reporting on
anabolic effects with respect to bone metabolism [24–26]. The
exact molecular mechanism remains unclear, however, interference in the RANK/RANKL/OPG pathway has been demonstrated,
as well as activation of different Wnt pathways and stimulation
of the calcium sensing receptor leading to increased osteoblastic
activity [27]. Additionally, MSC differentiation towards the osteogenic lineage was observed in vitro [28]. The incorporation of
strontium in glasses, cements or titanium surfaces as osteoinductive factor is a proven concept [29–32], recently also with tailorable strontium released into the peri-implant tissues [14,33].
Based upon the knowledge on the beneficial effect of strontium
on bone ingrowth at the bone-implant interface, reported in the literature as well as data gained from previous rodent studies of our
group [14,33,34], this study presents the evaluation of a functionalized titanium surface with continuous release of strontium. The
Ti-Sr-O coating has been manufactured by using an industrialscale magnetron sputtering process. Chemical composition, morphology and strontium release were assessed pre-operatively.
While utilizing an established rabbit femur model for implant
insertion [35], spectrometric measurements of blood samples were
conducted to determine both strontium and calcium levels.

Moreover, histological sectioning as well as micro-computed
tomography was performed after two and twelve weeks healing
periods.
The aim of the study was to evaluate early and late osseointegration patterns of a strontium-modified surface with surveillance
of possible systemic impact by the functionalized surface. Results
indicate that Ti-Sr-O surfaces, showing tailored release profile of
strontium, contribute significantly to enhanced bone healing and
could become a potential candidate for surface modification in
dental and orthopedic implantology.
2. Material and methods
2.1. Sample preparation
Test implants, measuring 8 mm in length with an outer maximum diameter of 3.75 mm, were manufactured from Grade 4 titanium (Elos Medtech Pinol A/S, Gørløse, Denmark). The implants
had a turned surface finish. At this point, two groups were established; I) unmodified titanium implants (Ti) and II) implants with
Ti-Sr-O coating. The Ti-Sr-O coating was deposited onto the Ti
implants by non-reactive DC magnetron sputtering using an
industrial-scale sputtering system, as previously described
[14,36]. In brief, substrates were mounted on a rotating sample
stage with Grade 1 Ti and a sintered composite SrTiO3, used as targets. All components comprised purities of 99.9%. The two targets
had a size of 88  500 mm2 with application of a defined relative
target power and a chamber pressure of 1 mPa Argon used as sputtering gas. No substrate heating was employed during the
deposition.
2.2. Sample characterization
Implants from the Ti-Sr-O group were examined using Scanning
Electron Microscopy (SEM, Nova 600, FEI Company, Netherlands)
to allow for evaluating the structure and thickness of the coating.
To assess the coating thickness implants were embedded in a conducting resin (PolyFast, Struers, Denmark) and subsequently processed to allow for obtaining a cross-sectional view of the
coating. In short, sample processing involved initial planarization
of the sample by grinding, using a grid size of 220. Subsequently,
polishing of the surface was performed in three steps, initially
using a suspension of abrasive particles of 9 mm in size, going down
to 3 mm and, finally 1 mm (DiaPro 9, 3 and 1, Struers, Denmark). The
thickness was measured at various positions, using the measuring
tool of the SEM software. The SEM is fitted with an Energy Dispersive X-Ray Spectrometer (EDX, EDAX, AMETEK, Meerbusch,
Germany), which was used to examine the chemical composition
of the coating at three different positions at the implant surface
(flat part, edge and bottom of thread). For the analysis an acceleration voltage of 20 kV was utilized.
2.3. Strontium release
The release of strontium from the Ti-Sr-O modified implants
was assessed by performing washout series in Phosphate Buffered
Saline (PBS) at pH 7.4. More specifically, a total of five implants
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were each immersed in 1 ml of PBS. To prevent liquid from being
retained within the internal geometry of the implants, the end of
the implants was sealed off using implant healing caps (Elos Medtech Pinol A/S, Gørløse, Denmark). The immersed implants were
incubated at 37 °C under static conditions, initially for a period of
one day. At this point, all liquid was collected from the vessels containing the implants and stored for later analysis. Following this, 1
ml of fresh PBS was added to each of the implants and the incubation period was continued. Additional samples were collected,
using the same procedure, at day 3, 5, 7, 14, 28, 42, 56 and 84
(week 12). When all samples had been collected, these were analyzed using Inductive Coupled Plasma Atomic Emission Spectroscopy (ICP-AES, Optima 3300 DV, Perkin-Elmer, MA, USA) [34].
2.4. Surgery
After permission of the governing authority (LANUV
84-02.04.2013.A469) and the local ethics committee, 36 nine month
old, male New Zealand White Rabbits (weight 4500 g) underwent
surgical procedure in accordance with the ARRIVE guidelines
[37]. Animals were held in a room with a 12 h:12 h light:dark cycle
with room temperature of 18–20 °C. Rabbits were individually
housed and were fed ad libitum with appropriate pellets (V2333,
ssniffÒ K-H, Ssniff, D-59,494 Soest, Germany) while tap water
was available ad libitum by an automatic drinking system. For surgical procedure animals were randomly chosen with insertion of
either; I) one coated implant (Ti-Sr-O) and one titanium implant
(Ti) or II) two titanium implants (Control). By using Ti twice, an
actual control without any potential bias from the strontium
releasing surface Ti-Sr-O with respect to histomorphometry and
blood serum analysis is provided. Thus, each animal was carrying
two implants, one in each femur (animals per time point with
Ti-Sr-O/Ti n = 12; animals per time point with Ti/Ti n = 6). In more
detail, the surgical procedure was performed as follows: after a
two week settling-in period animals were anesthetized with
Medetomidine (DomitorÒ 1 mg/ml; 0.2 ml) and Ketamine
(KetavetÒ 100 mg/ml; 0.2 ml) intravenously. After shaving and disinfection, a 20 mm incision was made medial to the patella with
subsequent preparation and thrusting aside of the patellar tendon.
The implant bed in the distal part of the femur was prepared by
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drilling, using ascending drill diameters. The size sequence was
pre-drill, 2.2 mm, 3.3 mm and profile drill. All steps were performed while cooling the operation site with isotonic saline solution (Sigma-Aldrich, Schnelldorf, Germany). The utilized implants
had a self-tapering design, thus, implant insertion was performed
immediately after preparation of the implantation site. Soft tissue
closure was performed with Vicryl 4–0 (Ethicon, Johnson & Johnson Medical GmbH Norderstedt, Germany). Overview of the surgical procedure and a radiographic image of the implant position is
presented in Fig. 1. Postsurgical treatment included analgesic as
well as antibiotic treatment, administered by subcutaneous injections with Carprofen (RimadylÒ 4 mg/kg BW) and Enrofloxacin
(BaytrilÒ 7.5 mg/kg BW). After the pre-determined periods (two
weeks n = 18; twelve weeks: n = 18), animals were euthanized
with intravenous application of NarcorenÒ (Pentobarbital 400 m
g/kg BW).
2.5. Atomic absorption spectrometry (AAS)
Blood samples of approximately 1.5 ml were taken preoperatively and on day 1, 3, 5, 7, 14, 21 and 28 post-surgery. The
procedure was conducted after guidelines of GV-SOLAS [38]. Strontium in serum was analyzed using a Zeeman atomic absorption
spectrometer M6, equipped with a graphite furnace GF95Z and a
furnace autosampler FS95 (all from Thermo Fisher Scientific) at
460.7 nm (graphite furnace atomic absorption spectrometry GFAAS). Extended lifetime graphite cuvettes (Thermo Fisher Scientific) were used for the longitudinally heated atomizer with argon
as inert gas at a constant flow of 0.2 L/min throughout the heating
program, except during the atomization step, when the gas flow
was interrupted. A pyrolysis temperature of 1000 °C and an
atomization temperature of 2800 °C were used. Zeeman background correction was employed to compensate for non-specific
absorption. The calibration solutions (0.25 mg/L to 5 mg/L) were prepared by adequate dilution of a 1000 mg/L strontium standard
(Fluka, Sigma-Aldrich) stock solution with 0.1% ultrapure nitric
acid (Merck), 0.1% Triton-X100 (Sigma-Aldrich) and high-purity
water (Milli-Q system, Millipore). Serum samples were diluted
20 fold in 0.1% ultrapure nitric acid, 0.1% Triton-X100, prior to analysis. Calcium in serum was determined using a Thermo M6 flame

Fig. 1. a) surgical site with exposed patellar ligament, b) femoral condyle with prepared implant bed, c) inserted implant, d) conventional X-ray showing the implant in the
femoral condyle. Scale bar in the lower right section is 4 mm.
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atomic absorption spectrometer in a nitrous oxide-acetylene
(4.5 L/min) flame at 422.7 nm. The calibration solutions (0.1 mg/L
to –1 mg/L) were prepared by adequate dilution of a 1000 mg/L
calcium standard Titrisol (Merck) stock solution with 0.1%
hydrochloric acid and 0.2% potassium chloride as ionization solution. Serum samples were diluted 200 or 400 fold with 0.1%
hydrochloric acid, 0.2% potassium chloride solution.
The accuracy of the strontium and calcium measurements was
assessed through the analysis of lyophilized control samples Seronorm Trace Elements Serum (Sero AS) which were reconstituted
according to the manufacturer’s instruction with Milli-Q water
and further diluted, using the same approach as for the serum samples. Interassay coefficient of variance (CV) was <5.5% and intraassay CV <2%. Values for the standard serum concentration was 30
mg/L for strontium and 2.4 mmol/L for calcium, respectively.
2.6. m-CT
Following euthanization, peri-implant soft and hard tissue were
harvested. Prior to embedding, to allow for visualizing of the orientation of the implants in the femur, individual PEEK-guide pins
were mounted into the internal geometry of the implants. Subsequently, all specimens were embedded in Technovit 9100 newÒ
(Heraeus Kulzer Austria GmbH, Nordbahnstraße, Vienna, Austria),
according to the manufacturer’s manual. The embedded samples
were scanned by micro-computed tomography (SkyScan 1172,
Bruker microCT, Kontich, Belgium) at a voltage of 100 kV and a current of 100 mA, with a Cu-Al filter. Images were acquired using an
isotropic pixel size of 7.9 mm. Reconstruction of cross-sections
was done using software package NRecon (Bruker microCT, Kontich, Belgium). Software package DataViewer (Bruker microCT,
Kontich, Belgium) was used to align the specimens. For each sample, at a distance of 2.6 mm from the top (at the first thread), a
stack of 381 consecutive cross-sections (corresponding to a height
of 3 mm) were analyzed. Three different volumes of interest (VOI)
were used: inside the thread (VOI-I); 250 to 500 mm outside of the
thread (VOI-II) and from 500 mm to 1.5 mm outside of the thread
(VOI-III), as seen in Fig. 2. Bone volume fraction (BV/TV) was calculated for all three VOIs, while trabecular thickness, trabecular separation and trabecular number was calculated only for VOI-III.
Bone-to-implant contact (BIC) was calculated as the bone volume
fraction in a 2-voxel-thick VOI that excludes the 6 voxels (i.e. 50
mm) closest to the surface due to metal artefacts from the titanium
screw. Osseointegration volume per total volume (OV/TV) was
used as a 3D of bone-to-implant contact.

2.7. Histomorphometrical analysis
Histological processing was conducted with the method
described by Donath und Breuner [39]. In brief, Technovit blocks
were glued on glass slides and cut along the long axis of the implant
using a bandsaw (Exakt 300, Exakt, OK, USA). Following the initial
sectioning, the freshly cut surface was glued to a new microscope
slide, to allow for secondary cutting. Subsequently, grinding was
performed using abrasive paper with a grit size of 1000, 2000 and
4000 to yield samples with a thickness of 50 mm. Finally, polishing
was conducted using Micropolish 2.0 (Buehler, Germany). Toluidine blue staining was applied as a final procedure, to prepare
the samples for image acquisition, which was performed using a
Nikon Eclipse 80i microscope (Nikon GmbH, Austria). Bone formation and bone-to-implant contact was assessed at 40x magnification, using the software NIS Elements BR 3.10 (Nikon GmbH,
Austria). Regions of interest (ROI) were determined as ROI-I, 0–
250 mm (inside the thread of the implant) and ROI-II 250–500 mm
(outside the thread of the implant). Using the defined ROI, data
was expressed as area percentage of bone formation (BF%); boneto-implant contact BIC% was evaluated as direct contact between
bone and the implant surface (Fig. 3). Two slides per implant with
two areas for evaluation on either side of the implant were used
with all measurements taken within the spongy part of the femur.
2.8. Statistical analysis
Analysis for statistical significance in relation to the in vitro
tests was performed using Students t-test while in vivo experiments were evaluated with Mann-Whitney U test; for all experiments a P-value of < 0.05 was considered statistically significant.
In vitro data are presented as mean ± standard deviation while
in vivo data are shown as median ± interquartile range as a matter
of sample quantity. Statistical analysis was performed using SPSS
for WindowsÒ 15.0.1 (SPSS, Inc., Chicago, IL) and Microsoft Excel
2010 (Microsoft Corporation, Redmond, WA).
3. Results
All 36 animals completed the study as planed with either a twoweek or a twelve-week observation period. Apart from the
expected swelling around the knee joint, healing was uneventful
in all animals; no complications such as infections, wound dehiscence or allergic reactions were observed throughout the study
period. Moreover, no premature exposure or loss of inserted
implants was detected.
3.1. Sample characterization

Fig. 2. Volumes of interests (VOI) investigated with micro-computed tomography;
red: inside the thread (VOI-I); green: 250 to 500 mm outside of the thread (VOI-II);
blue: from 500 mm to 1.5 mm outside of the thread (VOI-III).

SEM was performed to evaluate the surface structure of the
coating applied to the implant geometries. Fig. 4 presents the
observed surface structure and cross-sectional view of the coating,
the latter acquired from an embedded implant. As known from
previous investigations, the surface roughness of the Ti-Sr-O functionalization is within the nanometer range [34] while the Grade 4
titanium implant represents a turned surface finish. As is evident
from the images, a nanometer sized cauliflower-like structure is
observed.
By using the embedded implant, it was possible to visualize and
measure the coating thickness on different positions on the
implant as seen in Table 1 and shown in Fig. 5, respectively. Since
the deposition process is a line-of-sight evaporation process, the
coating thickness varies on a complex substrate geometry due to
shadowing effects. This explains the slightly lower thickness in
the bottom of the thread.
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Fig. 3. Evaluation of bone formation BF% in ROI-I 0–250 mm, ROI-II 250–500 mm (red markings inside and outside the thread). The area of bone apposition was measured for
all samples and used to calculate the percentage of de novo bone synthesis with respect to the total reference area. Bone-to-implant contact BIC% was measured directly at the
implant interface and expressed as ratio to the total length. Scale bar is 250 mm.

Fig. 4. a) Top view SEM of the Ti-Sr-O coating. The coating is characterized by a cauliflower-like nanostructure. b) Representative SEM image showing a cross-sectional view
of the Ti-Sr-O coating acquired from an embedded implant. The thickness of the Ti-Sr-O coating is highlighted by the dotted lines. Scale bar is a) 1 mm, b) 5 mm.

Table 1
Coating thickness as measured using SEM. It is evident that the geometry of the
implant influences the thickness of the deposited coating. The bottom of the thread
shows a lower average thickness compared to that found for the area at the top of the
screw thread and the flat area.
Location

Coating thickness [mm]

Flat area
Edge of thread
Bottom of thread

1.8 ± 0.2
1.5 ± 0.2
1.4 ± 0.1

EDX was used to evaluate the chemical compositions of the
Ti-Sr-O coating. Table 2 presents the average values acquired at
the three different positions on the implant content of strontium,
oxygen and titanium. Since especially the oxygen content is difficult to quantify accurately by EDX, the chemical compositions
were verified on coated witness samples by X-ray photoelectron
spectroscopy (XPS) and Rutherford Backscattering Spectroscopy
(RBS), as previously described [36]. Data for the current study is
included in supplementary material.
3.2. Strontium release
Strontium release was determined through examining the
in vitro release by analyzing the amount of strontium in the washout buffer. The analysis was performed using ICP-AES and the
results are presented in Fig. 6.

Table 2
Chemical composition of the Ti-Sr-O surface as determined by EDX. The data was
collected from three geometrically distinct positions at the surface of the implant. The
chemical composition was found to be similar at all positions.

Fig. 5. Schematic drawing of manufactured implants and investigated coating
thickness in areas of interest.

Location

Titanium [at.%]

Strontium [at.%]

Oxygen [at.%]

Flat area
Edge of thread
Bottom of thread

33.7
28.4
29.6

7.4
6.2
6.4

59.0
65.4
64.0

Average % ± STD

30.6 ± 2.8

6.7 ± 0.6

62.8 ± 3.4
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3.3. Blood serum content of strontium and calcium
Atomic absorption spectrometry (AAS) was utilized to analyze
the blood serum concentration of strontium and calcium from
day 0 to day 28 (Fig. 7). For the majority of time points constant
strontium concentrations were observed similar to the level before
surgical procedure, however, at day 14 a transiently increased content was found. At day 21 and 28, the concentration had returned
to the initial level. Except for this maximum value, the strontium
level was approximately 60 mg/L. Calcium levels revealed values
between 2.5 and 3.5 mmol/L throughout the period.
3.4. l-CT
Median and interquartile ranges for the bone volume fraction in
the three different VOIs, two and twelve weeks after surgery, are
presented in Table 3. Although a trend of more bone in Ti-Sr-O,
especially within the threads (VOI-I), could be noticed at two
weeks, no significant difference could be found between the
groups. Twelve weeks after surgery, the Control group was found
to have a statistically significantly higher bone volume fraction
compared to Ti-Sr-O (in all three VOIs) and Ti (in VOI-I and VOIIII). Moreover, the trabecular thickness and trabecular number
(calculated in VOI-III) was found to be larger in Control compared
to Ti-Sr-O and Ti twelve weeks post-operatively (see Table 3). Subsequently, the trabecular separation was also smaller in the Control group compared to Ti-Sr-O after twelve weeks. At two

weeks, no difference among the groups was found. Additionally,
osseointegration volume over total volume is presented in Table 3.
No statistically significant differences were found, neither between
groups nor time points. However, at two weeks a trend of more
bone in Ti-Sr-O and Ti compared to Control was observed.
3.5. Histomorphometrical analysis
Fig. 8 shows exemplary slides for the two and twelve week
group of all investigated groups with zoomed images of analyzed
areas below the associated experimental group. Fig. 9 presents
results of BIC% with median ± interquartile ranges. Two and twelve
weeks after surgery, Ti-Sr-O showed statistically significant differences compared to Ti and Control. Analysis of the two time periods
showed also disparities of Ti and Control but not for Ti-Sr-O.
Results of new bone formation in ROI-I and II are shown in
Fig. 10 and Fig. 11, respectively. For the two-week period Ti-Sr-O
revealed significant differences compared to both other groups in
ROI-I while in ROI-II the Control group was significantly lower than
Ti and Ti-Sr-O. The Control group showed increased values in ROI-I
and II following a twelve-week time frame. Moreover, differences
within the groups comparing the two time intervals, were significantly more perceptible in the Control group. Significant increase
for BIC% was observed comparing the two time intervals except
for Ti-Sr-O; significant differences were seen in all investigated
groups within ROI-I while Ti and Ti-Sr-O showed almost no disparities with respect to ROI-II regardless of the healing time.
4. Discussion

Fig. 6. Accumulated strontium release determined by ICP-AES analysis of washout
buffer solutions. It is evident that the majority of strontium is liberated within the
first two weeks, however, the release is found to be sustained over the full time
period of the experiment, though at a lower rate. Data is shown as mean ± standard
deviation.

Research on improvement of osseointegration is growing due to
more complex cases, challenging clinical situations and, not least,
because of higher patient demands both in orthopedic and dental
implantology. While systemic treatment with strontium ranelate
(SrRan) divulged substantial advantages for patients with impaired
bone metabolism [24,40] it has also been found to be effective for
increasing peri-implant bone formation in animal models [41,42].
Research from our group also found beneficial results for Ti-Sr-O
modified implant surfaces in previous rodent studies [14,33,34].
In the current study, histomorphometrical analysis showed
superior findings of the strontium-functionalized surface with
respect to BIC% at both two- and twelve-week time intervals. This
is noteworthy since BIC% is considered as gold standard for evaluation of bone apposition around metallic implants with a great
consensus that contact osteogenesis is responsible for successful

Fig. 7. Concentrations of strontium and calcium in serum of rabbits were measured with GF-AAS before (C) and 1 to 28 days after the surgical procedure. The elevated
strontium level at day 14 was confirmed by repeated measurements. Data is presented as mean ± standard deviation.

57.2 (51.4–59.1)
36.2 (34.6–43.0)
23.3 (21.5–29.2)
168 (152–198)
599 (550–668)
1.33 (1.25–1.46)
57.2 (51.0–60.3)

12 weeks
2 weeks

62.1 (57.0–67.6)
41.7 (39.3–44.3)
35.2 (34.7–37.4)
195 (188–207)
488 (433–585)
1.92 (1.60–1.95)
57.8 (54.8–58.7)
55.4 (50.0–59.0)
37.7 (33.4–51.2)
27.7 (22.0–33.5)
195 (176–206)
622 (482–696)
1.40 (1.15–1.69)
59.0 (55.4–63.8)
56.7 (53.2–61.6)
42.5 (34.0–46.8)
33.4 (30.5–35.9)
196 (184–215)
525 (484–566)
1.72 (1.48–1.76)
56.0 (52.4–60.3)
63.8 (61.1–67.5)
47.3 (43.8–53.7)
36.6 (31.5–39.0)
220 (200–230)
511 (477–550)
1.61 (1.48–1.72)
58.6 (49.1–70.9)
48.7 (37.5–53.8)
36.5 (26.7–41.9)
26.5 (21.4–31.5)
174 (167–191)
567 (519–577)
1.43 (1.32–1.61)
55.1 (42.7–55.9)
BV/TV (%) – VOI-I (inside the thread)
BV/TV (%) – VOI-II (250 to 500 mm outside of the thread)
BV/TV (%) – VOI-III (from 500 mm to 1.5 mm outside of the thread)
Tb. Th (mm) – VOI-III
Tb. Sp (mm) – VOI-III
Tb. N (mm-1) – VOI-III
OV/TV (%)

Ti-Sr-O

12 weeks
Ti

2 weeks
12 weeks

Control

2 weeks

Parameters

Table 3
Analysis shows comparison of bone volume to total volume BV/TV (%) in standardized volumes of interest (VOI-I, II and III) as well as trabecular thickness Tb. Th (lm), trabecular separation Tb. Sp (lm) and trabecular number Tb. N
(mm 1). Additionally, osseointegration volume over total volume OV/TV (%) is stated. Data presented with median ± interquartile ranges.

V. Offermanns et al. / Acta Biomaterialia 69 (2018) 385–394

391

treatment in implant therapy [7,43–45]. The resembling values
seen for Ti-Sr-O with respect to BIC% after two and twelve weeks
were interpreted as acceleration of bone healing which could be
advantageous in complex clinical situations while peri-implant
bone formation expressed similar results after both time intervals,
particularly in ROI-II. Those results emphasize the hypothesis of a
local near-surface effect of strontium released in situ directly at the
implant-tissue interface, since no significant differences could be
observed 250–500 mm away from the surface.
The utilized titanium implants of representative sizes for dental
applications were functionalized with the previously used
industrial-scale magnetron sputtering process comprising nanostructured thin coatings [14,34] and subsequently tested in an
established rabbit femur model [35]. In contrast to preceding
experiments [14,33,34], the current study was performed in a larger animal model in order to insert implants of dental implant
geometries. With a view to a potential systemic effect of released
strontium from the functionalized titanium surface, blood samples
were analyzed with atomic absorption spectrometry. Additionally,
micro-computed tomography was conducted. Concerning the previously established evidence that systemic treatment with SrRan
increases the risk for developing health related issues, like cardiovascular or thrombotic events [46], this points towards caution
with respect to using strontium for accelerating the osseointegration process. However, comparing the amount of strontium
released from the surface of the implants to the estimated daily
intake of strontium of 4 mg/day [47] found for patients, the risk
associated with the current Ti-Sr-O technology has to be considered negligible. An eventual local cytotoxic effect was investigated
earlier, with no indication of cytotoxic effects since cellular viability did not correlate with the strontium release [14]. Thus, the
potential benefits on skeletal impairment when it comes to acceleration of osseointegration by local release kinetics in relation to
bone anchored implants outweigh the potential risks.
Based on the findings of the current study, a constant in situ
release of strontium could have the capability to show a clinical
effect, without having the risk of the exceeding concentration in
other tissues and blood, reaching a critical value over extended
periods of time. It should be noted that the strontium release will
most likely depend on the choice of fluid. In this study PBS was
chosen as buffer. In the case of serum or a simulated body fluid,
high concentrations of ions are already present, and apatite formation may influence the free ion concentrations as well. This dependence has previously been observed for ion release from bioactive
glasses [48]. Thus, the release in an in vivo situation may differ
from the in vitro ICP-AES data.
Bone properties are benefitting by local administration of this
osteogenic element [49] and were evaluated in various experimental set-ups [30,32,50,51]. For the current study, to provide data of a
potential systemic distribution of released strontium, serum analysis with atomic absorption spectrometry revealed constant levels
of both investigated elements (strontium and calcium) with the
exception of day 14 where strontium peaked to maximum value
of 160 mg/L. It is noticeable that pronounced values of strontium
on day 14 were also observed in rabbits carrying two times Ti
(Control) while the increase was transient since the base level
was reached again on day 21. Due to multiple measurements, an
experimental artifact is ruled out and the strontium increase interpreted as mobilization of strontium from bone as a consequence by
de- and remineralization. Osteoblasts first deposit unmineralized
osteoid and release mineral-nucleating proteins that catalyze the
process where osteoid starts to calcify, which occurs after approximately 15 days [52]. The observed peak might also be linked to
faster bone remodeling in rabbits [53] since a large portion of
strontium is released within the first three days after insertion
[14] and hence unlikely a direct result of the functionalized sur-
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Fig. 8. Histological samples, stained with toluidine blue, with zoomed sections of regions of interest. Red box indicates the standard area used to evaluate new bone
formation in the cancellous bone of the femur. a) two weeks, Control b) two weeks, Ti c) two weeks, Ti-Sr-O; d) twelve weeks, Control e) twelve weeks, Ti e) twelve weeks,
Ti-Sr-O. The area of new bone formation was measured for all samples and used to calculate the percentage of de novo bone synthesis with respect to the total reference area
in ROI-I and II. Direct bone contact to the implant surface with respect to the total length of the reference was subjected as bone-to-implant contact. Scale bar is 1000 mm in
the upper total section and 300 mm in the lower zoomed segment.

Fig. 9. BIC% after two (white column) and twelve (red squared column) weeks postoperatively. Significant differences between the two time intervals are marked with
*
(P < 0.05) and ***(P < 0.001). Significant differences of Ti-Sr-O to Ti and Control
within the two-week observation period are marked with §§§(P < 0.001), within the
twelve-week time frame with #(P < 0.05) compared to Ti and +++(P < 0.001) referring
to Control, respectively. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 10. BF% ROI-I after two (white column) and twelve (red squared column)
weeks post-operatively. Significant differences between the two time intervals are
marked with **(P < 0.01) and ***(P < 0.001). Significant differences of Ti-Sr-O
compared to Ti and Control within the two-week observation period are marked
with §§§(P < 0.001), of Control compared to Ti and Ti-Sr-O within the twelve-week
observation with +(P < 0.05). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

face. This liberation shortly after implant insertion with values in
the mg-range is improbable to affect systemic bone metabolism
since systemic effects achieved with two grams SrRan per day for
medical osteoporotic treatment in humans result in significantly
higher strontium serum levels [54] than the described Ti-Sr-O surface [55]. Even so, these data has to be interpreted cautiously for
obvious reasons of different physiological conditions in humans
and rabbits. Calcium representing a crucial factor in bone metabolism was not significantly affected in the evaluated time frame
with stable serum concentrations ranging from 2.5 to 3.5 mmol/
L. Histological data in synopsis with spectrometry analysis therefore does not imply a systemic effect. However, a potential influence on the Ti implant in the other femur cannot be entirely
precluded since bone formation for the Ti-Sr-O and Ti groups in

both ROI-I and II behaved similarly while exceeding bone formation, relative to the Control group after twelve weeks and should
be subjected to further studies.
m-CT data revealed resembling trends compared to histomorphometrical analysis with no statistical significance, though. The
loss of information during the histological sawing and grinding
process could possibly could lead to uncertain results, which was
also reported earlier [56,57]. In the current study cutting sections
were applied in the center of the implant at the maximum diameter, gaining two slides per implant which could also contribute to
the lack of significance since Bernhardt et al. proposed manufacturing of three to four histological sections [58]. Furthermore, m-CT
analysis is potentially limited by metal artifacts and different
mineralization stages of surrounding bone [59]. However, as

V. Offermanns et al. / Acta Biomaterialia 69 (2018) 385–394

Fig. 11. BF% ROI-II after two (white column) and twelve (red squared column)
weeks post-operatively. Significant differences between the two time intervals are
marked with ***(P < 0.001). Ti-Sr-O values in the two week observation period
revealed disparities referring to Control §§§(P < 0.001) while no significance to Ti
was observed. Differences between Ti and Control are marked with #(P < 0.05);
within the twelve week observation period Control showed significance difference
compared to Ti and Ti-Sr-O ++(P < 0.01). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

non-destructive evaluation, micro-computed tomography is a
desirable method for measuring bone parameters. Nonetheless,
gaining information on osseointegration should be employed carefully due to several drawbacks [59]. According to Bernhardt et al.
up to 35% difference between m-CT and histology can be detected
[58] while Liu et al. even report on a 48 mm exclusion zone for evaluation of BIC% because of a so-called metal-induced artefact zone
[57]. This represents a major concern that should be further
addressed in future evaluations with proper preparation of scans
and histological sections for appropriate matching of associated
slides. The reported evaluation of bone formation in defined
regions of interest should be subjected to push-out and torque
tests to evaluate a correlation between increased bone apposition
in surrounding peri-implant areas and a potentially enhanced
mechanical stability. With respect to stimulation of bone response
to the strontium functionalized surface, it is noticeable that ROI-II
and more importantly BIC% revealed similar results in the observed
time intervals which is understood as acceleration of osseointegration with comparable results even after an extended healing period
of an additional ten weeks.
To our knowledge, this is the first report of a magnetron sputtered functionalized surface with in vivo investigations on early
and late osseointegration stages with evaluation of potential systemic effects of liberated strontium. It was observed, that local
administration of strontium from the implant interface shortens
the healing period significantly. Future experiments should consider
benchmarking the examined surface modification against established surface modifications in dental and orthopedic implantology.
The investigated functionalized surface showing sustained
strontium release characteristics could possibly serve as a potential candidate for future surface adjustments in relation to both
orthopedic and dental implant devices. The results from this study
suggest that strontium-doped surfaces with tailored release profiles could have advantages referring to enhanced fixation for early
loading and acceleration of the osseointegration process.
5. Conclusion
This study reports on the acquainted anabolic effect of
strontium-modified implants in a rabbit femur model evaluating
early and late osseointegration stages.
A Ti-Sr-O coating was deposited onto Ti implants by nonreactive DC magnetron sputtering using an industrial-scale system.
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In vitro analysis of functionalized implants showed a nanostructured surface (SEM), releasing the majority of strontium within
the first two weeks (ICP-AES). This local release of strontium
caused by Ti-Sr-O functionalization showed beneficial effects on
osseointegration parameters in the two-week observation period.
m-CT data did not show significant differences while histologically
evaluated experimental groups revealed significant differences
with respect to bone-to-implant contact. Additionally, analyzed
blood serum levels (AAS) did not indicate systemic effects as strontium and calcium labels were stable over a 28-day observation
period.
Conclusively, the present experiments demonstrated that a
magnetron sputtered functionalized titanium surface showing sustained release of strontium could improve early osseointegration
and therefore serve as a potential candidate for modification of
surfaces in orthopedic and dental implantology.
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