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Abstract: Since strontium (Sr) is known for its anabolic and anticatabolic effect on bone,
research has been focused on its potential impact on osseointegration. The objective of this
study was to investigate the performance of nanotopographic implants with a Sr-functionalized
titanium (Ti) coating (Ti—Sr—O) with respect to osseointegration in osteoporotic bone. The trial
was designed to examine the effect of sustained-release characteristics of Sr in poor-quality
bone. Three Ti—Sr—O groups, which differed from each other in coating thickness, Sr contents,
and Sr release, were examined. These were prepared by a magnetron sputtering process and
compared to uncoated grade 4 Ti. Composition, morphology, and mechanical stability of the
coatings were analyzed, and Sr release data were gained from in vitro washout experiments.
In vivo investigation was carried out in an osteoporotic rat model and analyzed histologically,
6 weeks and 12 weeks after implantation. Median values of bone-to-implant contact and new
bone formation after 6 weeks were found to be 84.7% and 54.9% (best performing Sr group) as
compared to 65.2% and 23.8% (grade 4 Ti reference), respectively. The 12-week observation
period revealed 84.3% and 56.5% (best performing Sr group) and 81.3% and 39.4% (grade 4 Ti
reference), respectively, for the same measurements. The increase in new bone formation was
found to correlate with the amount of Sr released in vitro. The results indicate that sputtered
nanostructured Ti—Sr—O coatings showed sustained release of Sr and accelerate osseointegra-
tion even in poor-quality bone, and thus, may have impact on practical applications for medical
implants.
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Introduction

Osteoporosis is characterized by deterioration of bone’s microarchitecture caused
by an impaired balance between the bone-resorbing osteoclasts and bone-forming
osteoblasts.'? This condition results in a higher susceptibility, eg, femoral neck and
vertebral fractures, which are the main clinical consequences. Animals that underwent
an ovariectomy (OVX) are a common model for research on osteoporosis,*~* which is
also believed to be the concept for other models with impaired bone metabolism with
higher risk of implant failure such as radiotherapy®® or treatment with bisphosphonates,’
although these changes underlie other pathomechanisms.

The concept of osseointegration is among the key factors for a successful long-term
implant survival, and the resulting interface between bone and metal is responsible for
the present-day high success rate of medical implants.!!! In decrepit bone, implant
failure is, however, expected to increase, similar to the currently used ovariecto-
mized animal model, where the procedures involved in preparing the model induce
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conditions of poor bone quality. The potential of bioactive
surfaces with respect to effectiveness on bone metabolism
and accelerated anchorage has gained increased research
attention over the past couple of years, and the overall results
have shown the benefits associated with guided interactions
between the implant surface and the environment. Physical,'?
chemical,''* and biological'>'® modifications as well as
topographical changes'”™"” have been described as potential
routes to lead the cellular response toward new bone forma-
tion always attempting to reach a successful, long-living
bone-to-implant anchorage.? Functionalization of implant
surfaces with Sr is based on the knowledge of its antios-
teoporotic properties since it has been used for more than
60 years for the treatment of postmenopausal-related bone
loss. Oral administration of Sr, as strontium ranelate (SrRan),
has been shown to effectively reduce the risk of newly occur-
ring fractures in postmenopausal women?!'*? as it affects both
the bone-forming osteoblasts and bone-resorbing osteoclasts
by interfering in cellular processes and apoptotic events.”* 2
The mechanisms through which Sr affects bone remodeling
are not yet fully understood. However, a Sr-driven dif-
ferentiation of human mesenchymal stem cells by activa-
tion of canonical and noncanonical Wnt signaling,”?¢ an
inhibitory effect on osteoclast activity,?’ and an influence
on differentiation of osteoclasts and osteoblasts have been
observed.” In vivo studies have shown that Sr can enhance
osseointegration both in relation to surface modifications
and via oral administration of SrRan.?**

With respect to possible clinical applications, relating to
modification of medical devices, Sr-enriched applications
such as biogenic minerals, bioactive glasses, and bone cement
have been reported to have a beneficial effect on mesenchy-
mal stem cell differentiation concerning osteogenesis.>*3¢
This effect has also been observed for Sr-coated titanium
(Ti) surfaces.’37

The aim of the current study was to evaluate the perfor-
mance of Sr-releasing functionalized Ti nanosurfaces in an
osteoporotic animal model. The surface modification, which
has already been investigated in previous experiments,*!
is based on a magnetron sputtering process that enables

fabrication of Ti-based coatings comprising Sr and oxygen
(O) (Ti-Sr-0).

The magnetron sputtering platform allows for preparing
coatings with different Sr release profiles®'** with a nano-
scaled surface topography. Investigations of the functional-
ized surfaces were carried out using X-ray photoelectron
spectroscopy (XPS), scanning electron microscopy (SEM),
white light interferometry, and inductively coupled plasma
atomic emission spectroscopy (ICP-AES). The performance
of the coatings with respect to new bone formation and
osseointegration has been examined in vivo in a rat model,
14 weeks after bilateral OVX, and evaluated 6 weeks and
12 weeks after implantation.

This study shows the performance of Sr-functionalized
surfaces, with tailored release properties, under in vivo labo-
ratory conditions, and gives first impressions of the efficacy
of the developed coating platform for situations involving
compromised bone quality. With its beneficial effect on bone
apposition, this modified nanosurface comprising Sr may
hold clinical potential within areas of orthopedic and dental
implantology.

Materials and methods

Sample preparation

Implants with a length of 5 mm and a diameter of 1.6 mm
were prepared from grade 4 Ti (Elos Medtech Pinol A/S,
Gorlese, Denmark). These were manufactured with a self-
tapping threaded area at the outer 1 mm implant end and
an internal hex for insertion. Unmodified implants served
as the control group, while the three experimental groups
investigated throughout this study were based on coatings
originally having a Sr surface content of 9.1 at% Sr (Table 1).
A magnetron sputtering process was used to synthesize these
coatings as described earlier.*!* The deposition process with
two different target types (grade 1 Ti and a sintered composite
target composed of 50% Ti and 50% TiSrO, (w/w) purity
99.99%) was conducted with a total target power of 1,000 W
and run at a chamber pressure of 1,100 mPa. Subsequently,
two of the experimental coatings were modified by washing
procedures to reduce the initial burst release of Sr; the

Table | The three Ti-Sr—O coating groups used throughout this study

Group # Coating thickness Prewash parameters Final Sr surface content Samples description (prewash parameters)
| 1,500 nm 22 minutes PBS 5.840.2 at% 1,500 nm (22 minutes)

2 2,000 nm No wash 9.1+0.03 at% 2,000 nm (no wash)

3 2,000 nm Industrial wash 5.240.1 at% 2,000 nm (industrial wash)

Notes: The sample name indicates the thickness of the coating and the postdeposition treatment used to modify the sample. Both the 1,500 nm and 2,000 nm coatings were
deposited using the same conditions but with a reduced process time in the case of the 1,500 nm coating. The Sr surface content was determined by XPS.
Abbreviations: at%, atomic percentage; PBS, phosphate buffered saline; XPS, X-ray photoelectron spectroscopy.
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1,500 nm group was placed in phosphate buffered saline
(PBS), pH 7.4, at 37°C for 22 minutes and, subsequently,
briefly rinsed three times in MilliQ water. The two 2,000 nm
groups were either 1) left with no further modifications or 2)
given an industrial wash in the form of a validated alkaline
cleaning, which was routinely used for cleaning implantable
devices (Elos Medtech Pinol A/S). The three Ti—Sr—O coating
groups are described in Table 1.

Sample characterization

The thickness of the coatings was evaluated via coated
silicon (Si) wafer substrates, which were subsequently
cleaved to allow for a cross-sectional view. Investigations
were performed with SEM (Nova 600; FEI Company,
Eindhoven, the Netherlands), XPS (Kratos Axis UltraDLD;
Kratos Analytical Ltd., Manchester, UK), CasaXPS soft-
ware that analyzed the Ols, Ti2p, and Sr3d peaks, and
BW-S501 white light interferometric microscope system
(Nikon Corporation, Tokyo, Japan) fitted with a 10x
magnification lens for surface roughness R_of the implant
groups at the submicrometer scale. For the removal of
organic contamination, all samples were treated with UV
ozone (BioForce Nanosciences, Inc., Ames, [A, USA) for
a 30-minute period prior to analysis.

For these investigations, a total of three samples from each
group were examined and for each implant four individual
measurements were performed, spanning the total length of
the subcortical part of the implant (below the thread).

A

Figure | Micro-computed tomography images.

Sr release

Coatings deposited on implants were used to investigate the
Sr release in vitro by dipping the samples in PBS, pH 7.4.
The surface area of the samples used was 0.31 cm?, and a
total of three samples were used for each sample group. The
washout was performed by submerging the samples from
each group in 1 mL PBS in a 2 mL Eppendorf tube. Samples
were then placed at 37°C under static conditions. The buffer
solutions were collected at intervals of 1, 3, 5, 7 and 14 days,
and at each point, the total amount of PBS was collected and
replaced by fresh PBS, before the samples were further incu-
bated. ICP-AES (ICP-AES Optima 3300 DV; PerkinElmer
Inc., Waltham, MA, USA) was used for the analysis of the
Sr content in the collected PBS.

Surgical procedure

After obtaining permission from the Austrian government
(BMWF-66.011/0165-11/3b/2012), 30 female Wistar rats
(Charles River GmbH®, Kifllegg, Germany) underwent surgery
14 weeks after bilateral OVX. Micro-computed tomography
(CT) images of tibiae from healthy and ovariectomized animals
are shown in Figure 1. The animals were used in compliance
with the institutional animal health care regulations and animal
experimental procedures were approved by the Institutional
Animal Care and Use Committee (Central Laboratory Animal
Facilities, Medical University Innsbruck). At the time of sur-
gery, the rats weighed ~300 g. Prior to initiating the procedure,
all implants were sterilized by gamma irradiation. After a

B

Notes: (A) Tibia control and (B) tibia from ovariectomized rat (OVX) 14 weeks after bilateral OVX. The tibia from the OVX rat shows ~50% less bone volume compared
to control; measurements were taken 2 mm away from the epiphyseal plate (indicated by red arrows and dotted lines). Scale bars are 1,000 um.

Abbreviation: OVX, ovariectomy.
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14-day acclimatization period, all rats received two implants,
one in each proximal tibia, as described in the literature.*

Anesthesia was initialized with Isoflurane (Forane®;
Abbott Laboratories, Abbott Park, IL, USA) with subse-
quent intramuscular administration of Ketaminol (Ketamin®;
Dr E Graeub AG, Bern, Switzerland; 100 mg/kg body weight)
and Xylasol (Xylazin®; Dr E Graecub AG; 10 mg/kg body
weight) to assure sufficient narcosis. An overview of the
surgical procedure is shown in Figure 2.

Shaving and sterile washing were employed to perform
surgery under aseptic conditions. Access to the tibia was
gained by a 10-15 mm incision followed by repelling of
the connective tissue. Drilling was conducted with a bur
of 1.6 mm in diameter (Electric Pen Drive System; DePuy
Synthes, Zuchwil, Switzerland), while the operation area
was cooled with isotonic saline solution (Sigma-Aldrich Co.,
St Louis, MO, USA). Implants were directly inserted
due to the self-tapping threaded area at the implant end.

Figure 2 Surgical procedure shown in four steps.

Notes: (A) Exposed knee cap after incision; (B) drill between the medial collateral ligament and patella tendon; (C) inserted implant (marked with yellow arrow); and (D)

skin suture.
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After implantation, suturing was performed with Vicryl 4-0
(Ethicon Products, Norderstedt, Germany). Subsequently,
analgesic subcutaneous injection of Carprofen (Rimadyl®;
Pfizer, Inc., New York, NY, USA; 4 mg/kg body weight) was
administered, and oral antibiotics (Enrofloxacin; (Baytril®;
Bayer AG, Leverkusen, Germany; 100 mg/mL) were given
in the drinking water for a period of 3 days.

Animals were kept in individual cages supplied with
standard laboratory food and tap water ad libitum for either
6 weeks or 12 weeks. After these time periods, the animals
were euthanized utilizing CO, gas with subsequent cervical
fracturing to ensure termination of vital functions. Subse-
quent to harvesting the osseous samples, the abdominal cavity
was opened to verify that the OVX had occurred.

Histological evaluation

Histological slides were processed following the method
of Donath and Breuner.*’ Briefly, samples were cut using
a precision saw with a blade width of 0.1 mm (Exakt
300; Exakt, Oklahoma City, OK, USA). After the slides
were split along the implant axis, samples were bound to
a microscope slide to allow for secondary cutting, yield-
ing a thickness of ~100 um. Subsequently, grinding (grit
sizes 1,000, 2,500, and 4,000) was performed to achieve
a final sample thickness of 60 um. The histological
preparation was completed by polishing all samples using
Micropolish II, 1.0 um (Buehler, Esslingen am Neckar,
Germany) before staining with toluidine blue.

Evaluation of new bone formation and bone-to-implant
contact (BIC; magnification 40x), according to previous
investigations, was performed with NIS Elements BR 3.10
software (Nikon Corporation).>'*® A standard rectangular
area was defined by measuring 3,000 um along the axis of
the implant and extending 250 wm orthogonal to the surface
of the implant (Figure 3). This box was used as a reference
area for the analysis of de novo bone synthesis by using the
area tool of the software. Evaluation areas were at least at a
2 mm distance from the epiphyseal plate.

Results were then expressed as a percentage of new
bone formation within the standard rectangular area and a
percentage of direct contact between new bone and implant
along the 3,000 um reference.

Statistical analysis

Data are presented as median value & interquartile range. The
analysis for statistical significance in relation to the in vivo
experiments was performed using the Mann—Whitney U-test
with confidence intervals of 95%, 99%, and 99.9% indicated
by *P<0.05, **P<(0.01, ***P<0.001, and "(P<0.05),

respectively (the three confidence intervals are indicated by
four different symbols as P<<0.05 is shown with both * and *
symbols to clarify that different groups are being referred to).
SPSS for Windows® 15.0.1 (SPSS Inc., Chicago, IL, USA)
and Microsoft Excel 2010 (Microsoft Corporation, Redmond,
WA, USA) were used for statistical analysis.

Results

The surface content of Sr, analyzed with XPS, was found to
vary between the experimental groups. The elemental com-
position of the samples is summarized in Table 2.

Coating thickness and morphology were evaluated by
SEM. Figure 4 presents cross-sectional views of the coatings.
The effective Ti—Sr—O coating thickness is ~1,500 nm and
2,000 nm. The morphology of the two coatings is characterized
by column-like structures having a granular and porous appear-
ance. This structure has been found to yield a high effective
surface area that is important for obtaining the desired release
characteristics, eg, elevated long-term release of Sr. Neither
thickness nor morphology changes can be seen with SEM after
washing the samples as described in earlier investigations.*!

Data from the Sr release performed on the three differ-
ent implant groups are presented in Figure 5. The washing
procedures (22 minutes and industrial wash) are found to
reduce the initial burst release significantly.

Additionally, we observed that this procedure not
only affects the washout within the first 24 hours but also
causes differences in the amount of Sr released over the full
14-day range.

The surface roughness of the implants used for the study
was characterized at the submicrometer level in order to analyze
whether the in vivo results were likely to have been influenced
by morphological variations caused by the coating process. The
results from this roughness analysis are presented in Figure 6.

The in vivo experiment was carried out to investigate
the effect of the different coatings on bone formation in
compromised bone. For the specific study, an ovariectomized
rat model, mimicking osteoporotic conditions, was utilized.
During the implantation period, three animals were sacri-
ficed after 1 day and 2 days, respectively, due to untreatable
wounds. For all other animals, healing was uneventful. No
allergic reactions or infections were observed.

Figure 3 shows the images of exemplary histological slides
for the 2,000 nm group with the highest Sr release and the
grade 4 Tireference after 6 weeks and 12 weeks, respectively.
This figure also includes an illustration of the reference area
used for evaluating the new bone formation and BIC.

Quantitative results for new bone formation and osseointe-
gration were expressed as bone area percentage (BA%)

International Journal of Nanomedicine 2016:1 |
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Figure 3 Histological samples, stained with toluidine blue, including reference boxes and magnified images.

Notes: Reference box was 250x3,000 mm? and marks the standard area used to evaluate new bone formation: (A) 6 weeks, grade 4 Ti reference; (B) 6 weeks, unmodified
2,000 nm Ti-Sr—O coating; (C) 12 weeks, grade 4 Ti reference; and (D) 12 weeks, unmodified 2,000 nm Ti—Sr—O coating. The area of new bone formation inside the
reference box was measured for all samples and used to calculate the percentage of de novo bone synthesis (marked with yellow arrows) with respect to the total reference
area. In all cases, the edge of the reference area was at least 2 mm away from the growth plate. The side of the reference box facing the implant surface was also used to
evaluate the percentage of direct BIC with respect to the total length of the reference. Scale bars are 1,000 pum.

Abbreviation: BIC, bone-to-implant contact.

and BIC percentage (BIC%). The results for the 6-week
and 12-week groups are presented in Figures 7 and 8,
respectively.

Significant differences could be observed for the com-
parison of the two time intervals for the grade 4 Ti reference
(P=0.01) and industrial wash (P=0.03), whereas groups with

higher release kinetics revealed almost same amounts of bone
apposition and BIC (Figure 9).

Discussion
The purpose of this study was to investigate the effect of sus-
tained release of Sr from nanostructured Ti surfaces in relation
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Table 2 Elemental composition of the surfaces of the tested
coatings expressed as at%

Group # Samples description
(washing parameters)

Ti(at%) Sr(at%) O (at%)

| 1,500 nm (22 minutes) 24.3+0.3 5.840.2 69.9+0.5
2 2,000 nm (no wash) 22.2+0.5 9.1+0.03  68.6+0.5
3 2,000 nm (industrial wash) 24.840.5 5.2£0.I  70.0+0.3

Note: It is evident that the washing procedures reduce the surface Sr content of
the two untreated coatings.
Abbreviation: at%, atomic percentage.

to osseointegration in osteoporotic-like bone. Although suc-
cess rates of medical implants, eg, total hip arthroplasty'' and
dental root replacement,'? are considered high, patients with
poor bone quality are believed to be predisposed for higher
implant failure rates.** The ovariectomized rat model is
frequently utilized due to easy handling, simple operation
procedure, and predictable effects on the bone structure.’
Sr is known for its beneficial effects on bone remodeling,
which has been investigated in numerous in vitro, in vivo,
and clinical studies.?>?>31374547 Meunier et al were able to
show a risk reduction of 41% for new vertebral fractures
in postmenopausal women after treatment with SrRan in a
prospective, randomized, double-blind, placebo-controlled
trial.2! With respect to implantology, Li et al observed that
beneficial effects of both Srand SrRan in vivo as bone forma-
tion and push-out forces were found to be increased in the
test groups.?®* Interestingly, chemically modified surfaces
with Sr ions also revealed higher torque removal values for
Sr-enriched surfaces when compared to a hydrophilic surface
(SLActive™), following a 2-week implantation period.*’
We recently reported on magnetron sputtered Ti—Sr—O
implant coatings and their Sr-release kinetics resulting in
increased BIC and de novo bone synthesis in healthy bone.?!
Hence, we hypothesized that a Sr-functionalized surface

Figure 4 SEM images of the two basis coatings deposited onto Si wafer substrates.

could also affect bone apposition in the tibia of ovariecto-
mized rats, mimicking osteoporotic-like bone behavior.

Within a 6-week period, new bone formation was found
to be 54.9% for the best performing group correlating with
the highest amount of Sr released in vitro (2,000 nm Ti—Sr—O
group), while the Ti control group revealed a value 0of 23.8%
(P<<0.001). BIC% was significantly increased in the 9.1 at%
and 5.8 at% Sr in comparison to the Ti control.

Following 12 weeks of implantation, statistical significant
differences were present between the investigated Sr groups
and the Ti reference with respect to BA%. BIC% was
increased in the Ti reference group, while no increase was
found in the Sr-modified groups except for the samples with
the industrial wash, indicating completion of the osseointe-
gration process prior to the 6-week time point.

The observation that significant differences exist between
the grade 4 Ti reference and the Ti—Sr—O groups, with respect
to BA%, following 12 weeks of implantation is likely related
to the osteoinductivity and stability of the Sr ion. Accord-
ing to Habibovic and de Groot, osteoinductive biomaterials
possess a higher ability to instruct their in vivo surroundings
to form new bone than nonosteoinductive biomaterials and
should hence be favorable.*® Although the Srion is prone to
be incorporated into bone, it is not degraded over time. This
could be advantageous compared to the inherent lability, eg,
cells or proteins, when functionalized surfaces are inserted
into a biologic environment. This is the case as approaches for
delivery of biologically derived osteoinductive components
are associated with potential challenges concerning the long-
term stability of the active components.* The decomposable
nature of proteins infers that a delivery system needs to pro-
tect the active substance prior to its release. For instance, it
has been found that <<5% of the total amount of bone morpho-
genetic protein (BMP) remains at the application site when

Notes: The intermediate Ti binding layer and Ti~Sr—O layer are indicated by the dotted lines: (A) 1,500 nm Ti-Sr—O coating. (B) 2,000 nm Ti—-Sr—O coating. The morphology
of the two coatings appears highly similar, having a column-like structure. Moreover, the structure appears granular and porous, and this has been found to be a key feature

in relation to obtaining the desired Sr release characteristics.
Abbreviation: SEM, scanning electron microscopy.
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Figure 5 Accumulated Sr release from the three Ti-Sr—O groups as determined by ICP-AES.

Notes: (A) The accumulated amount of Sr released over a period of 14 days. It is evident that the 2,000 nm (no wash) coating presents the highest release value, while the
release of the 2,000 nm (industrial wash) and the 1,500 nm (22 minutes) is significantly lower. By presenting the accumulated release, the amount released within the first day
greatly influences the graphical representation. (B) The accumulated amount of Sr release in the period between days | and 14. Here, the data from the initial 24 hours are
omitted as indicated by the dashed line. Standard deviations for the measured values are included. However, for the majority of the measurements, these are smaller than

the utilized markers. The legend applies to both graphs.

Abbreviation: ICP-AES, inductively coupled plasma atomic emission spectroscopy.

supplied directly, whereas combinations of the proteins with
gelatin foam or collagen showed increased retention rang-
ing from 15% to 55% in a 4-week and 8-week observation
period.* Hence, delivery systems should be biocompatible
with sustainable retention of bioactive elements.

With regard to clinical applications, Kloss et al investi-
gated the effect of BMP-2 immobilization on nano-crystalline
diamond-coated Ti screws in irradiated pig mandibles. The
authors observed an initial increased bone contact ratio.
However, no sustainable effect compared with osseointegra-
tion in nonirradiated bone could be detected.*

Considering the time intervals in the current study, sac-
rification 12 weeks after implant insertion in ovariectomized
rats is described in the literature.?*° A 6-week time interval
in the described experiments was chosen in order to allow for
obtaining data with respect to relatively early osseointegra-
tion. It is evident that BIC for the best performing Ti—Sr—O
group after 6 weeks is comparable to the results from the

250 1

200 A

E 1501
£

o” 100

50 1

0 4

Grade 4 Ti 2,000 nm 1,500 nm 2,000 nm
(no wash) (22 minutes) (industrial wash)

Figure 6 R measured on the surface of the four different implant groups.
Note: No statistical significant differences between the groups were found.
Abbreviation: R, surface roughness.

same group after 12 weeks. This indicates that the Ti—Sr—O
implants achieve maximum osseointegration at an earlier
stage and, eg, it would have been interesting to collect data
on early bone response even earlier such as from a 4-week
observation period.

The increase in new bone formation of the Sr-
functionalized implants was found to correlate with the
amount of Sr released into PBS with significant differences
regarding new bone formation in comparison to a grade 4 Ti
reference, which was also observed in earlier experiments.?!-3
The release data showed that the industrial cleaning results
in release values comparable to those found for the 1,500 nm
(22) coating, having a slightly higher release at the 24-hour
time point. Nonetheless, the comparable slopes of the curves
underline the similarities between the two coatings. Deterio-
ration of the bone microstructure due to, eg, osteoporosis,
radiation therapy, or systemic treatment with bisphospho-
nates is frequently encountered in the clinic and, with respect
to maxillofacial and orthopedic surgery, might affect the
survival rate of Ti implants.®74*

Noble et al reported on an insufficient fit of cementless
femoral prostheses,’! while Moritz et al pointed out the pos-
sible risk of implant migration in poor bone quality.>

Buddula et al describes a greater risk of implant failure,
when placed in irradiated bone.” Prospectively, this could
be relevant in terms of patients receiving irradiation due to
cancer treatment. These patients are running a higher risk
of implant failure, especially when the implant is placed in
grafted bone.® On that account, irradiated animals could serve
as models for experimental setups in order to gain knowledge
about the performance of implant surfaces, functionalized
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Figure 7 In vivo data 6 weeks after implantation.

Notes: (A) Percentage of new bone formation (BA%). (B) Percentage of direct bone-to-implant contact (BIC%). Significant differences with respect to the grade 4 Ti
reference are marked with **P<<0.01 and ***P<<0.001. Significant differences with respect to 2,000 nm with no wash are marked with 1P<<0.05.

Abbreviations: BA%, bone area percentage; BIC%, bone-to-implant contact percentage.
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Figure 8 In vivo data 12 weeks after implantation.

Notes: (A) Percentage of new bone formation (BA%). (B) Percentage of direct BIC. Significant differences with respect to grade 4 Ti reference are marked with *P<<0.05,
**P<0.01, and ***P<0.001.

Abbreviations: BA%, bone area percentage; BIC%, bone-to-implant contact percentage.
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Figure 9 Comparison of (A) BA% and (B) BIC% after 6 weeks (white column) and 12 weeks (red squared column) postimplantation.
Note: Significant differences between the two time intervals are marked with *P<<0.05.
Abbreviations: BA%, bone area percentage; BIC%, bone-to-implant contact percentage.
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with active elements, such as Sr, when implanted in com-
promised bone.

The current study is the first investigation on a magnetron-
sputtered Sr-functionalized surface within the nanometer
topography in an osteoporotic animal model and reveals
insights into utilizing Sr for promoting early bone forma-
tion in deteriorated bone. Since a large part of the growing
population is affected by osteoporosis or related conditions,
the results from the current study indicate the potential of the
developed technology in relation to, eg, trauma, orthopedic,
and maxillofacial surgery. Nonetheless, any predictions on
the clinical behavior in human bone should be made restrain-
edly since the physiological conditions are different than in
an experimental setup such as the ovariectomized animal
model utilized for the current study.

The physical vapor deposition process as a platform for
generating Sr-functionalized coatings is highly tunable with
respect to Sr content and in vitro release kinetics.*! Further-
more, the data from the current and earlier studies suggest that
the Sr release also takes place in vivo. The described coating
procedure is considered to be responsible for the sustainable
release of Sr with standard deviations <<1%. To our knowledge,
measurable values for Sr released from implant surfaces lack
data and a tailored release could be relevant with respect to, eg,
cementless hip prostheses stimulating early bone response.

Although standard protocols include early mobilization of
patients treated with hip prostheses, dental implants are con-
sidered to osseointegrate over time without loading. Hence,
Sr-doped surfaces with sustained-release characteristics could
be advantageous supporting mechanical anchorage for both
applications: enhancing fixation of early loading and accel-
eration of osseointegration. Moreover, the described surface
topography might be favorable with respect to prevention of
bacterial adhesion and subsequent peri-implantitis.

The results encourage further research as they highlight
the potential benefits of developing functionalized surfaces
with sustained-release properties to stimulate, eg, peri-
implant bone formation and early mechanical anchorage.

The overall results of the current study indicate that the
magnetron-sputtered Ti—Sr—O coatings might be interesting
for endosseous medical devices, enhancing early osseointe-
gration as well as yielding improved stability also for patients
with compromised bone quality.

Conclusion

The diametral effect of Sr is known and examined in numer-
ous investigations. The approach to enhance early and late
osseointegration in compromised bone presented in this
study is based on predictable release characteristics of Sr

from magnetron-sputtered surface coatings. Results indicate
a potential benefit of a nanostructured Ti—Sr—O surface with
controllable release properties of Sr in bone of diminished
density and, thus, suggest a possible therapeutic potential for
traumatologists and orthopedic and maxillofacial surgeons.

The development of a functionalized surface with nano-
topography, here with local administration of Sr, might be
a possible approach for enhancing osseointegration in com-
promised bone.
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