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ABSTRACT: Over the past few years, surface modification of implant surfaces has gained substantial attention as a promising
solution to avoid the failure of biomaterials after implantation. Although researchers suggest several strategies for surface
functionalization of titanium-based implants, only a few studies have compared the osteoimmunomodulatory effects of ionic
nanostructures and biofunctionalization in the same biological model. Enamel matrix derivate (EMD) and strontium are both known
for their positive influences on bone cell responses. In this study, we functionalized the titanium−zirconium implant surface with
EMD and strontium using an electrochemical cathodic polarization method. Afterward, we evaluated the osteoimmunomodulatory
effects of EMD or strontium coated titanium−zirconium implants in the tibia of eight Gray Bastard Chinchilla rabbits. We
performed 2 and 3D micro-CT, wound fluid, histologic, and histomorphometric analyses on bone tissues after 4- and 8-weeks of
implantation. Although the results could indicate some differences between groups regarding the bone quality, there was no
difference in bone amount or volume. EMD stimulated higher ALP activity and lower cytotoxicity in wound fluid, as well as a lower
expression of inflammatory markers after 8 weeks indicating its osteoimmunomodulatory effects after implantation. Overall, the
results suggested that ionic nanostructure modification and biofunctionalization might be useful in regulating the immune responses
to implants.

KEYWORDS: bioactive coating, enamel matrix derivate, strontium, titanium−zirconium, biointerface, osteoimmunomodulation

1. INTRODUCTION

Over the past two decades, the prevalence of using bone
implants has increased significantly.1,2 Despite the substantial
progress in the material design, surgical implant methods, and
sterile surgical principles, a large proportion of implants fail to
integrate with the neighboring bone tissue after implanta-
tion.1,3 This failure causes implant encapsulation by fibrotic
tissue and bacterial colonization, which causes biofilm
formation on the implant surface.4,5 The fibrous encapsulation
can cause poor osseointegration and implant loosening,
whereas the biofilm formation is known as the main reason
for surgical site infections and consequently surgical removal of
the implant.3 In the United States alone, 25.6% of all
healthcare-associated infections are related to devices causing
a huge financial burden on both individual and public health

care systems.6 Among orthopedic and dental implants, the
titanium−zirconium alloy (TiZr) has gained considerable
attention owing to its higher fracture toughness and corrosion
resistance over other commercially available implants.7−9

Despite its benefits and high success rate over the past few
years, a TiZr implant could fail in patients suffering from low
bone mineral density (BMD), abnormal wound healing, or
having systemic disorders like osteoporosis and diabetes.10,11
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Owing to the costs, risks, and patient discomfort of implant
failure, improving the implant surface properties is vital for
these patients.1

Researchers address this issue by using surface functionaliza-
tion strategies, which refer to immobilizing bioactive molecules
on the surface for enhancing bone−implant interactions.12−14

An optimal bioactive surface for orthopedic and dental
applications must fulfill three key necessities. It must be
based on convenient and effective immobilization techniques
for producing materials in any size and shape. It must be
strongly stable and adhered to the implant to endure the harsh
implantation and daily wear conditions. It should also improve
early osseointegration through enhancing the physicochemical
properties of the implant surface and/or directing the
biological pathways involved in host responses.15,16 With
these principles in mind, many research groups investigate the
bone regeneration and immunomodulatory potential of
numerous bioactive molecules including growth factors,
peptides, antibiotics, antiseptics, polysaccharides, and
ions.16−18 The interactions between these molecules with the
stem- and osteoblastic-progenitor cells determine the bone−
implant bioactivity.19 Bioactive molecules can enhance
osteoblast differentiation and bone healing at the interface,
leading to improved bone healing.20,21 Several studies suggest
immobilizing growth factors on the surface for improving cell−
implant interactions.18,22 However, their safety concerns and
high costs encouraged researchers to investigate the potential
of using other small molecules such as ions and bone matrix
extracts to simplify the therapeutic signaling.19,23

Over the past few years, the incorporation of ions (such as
silver, copper, and strontium) on the implant surface has
gained much attention among researchers as a simple surface
modification strategy for promoting bone healing.24−27

Compared to growth factors, ions are cheaper as well as
have greater simplicity, stability, and effectiveness.19 Some
studies revealed that strontium ions could significantly induce
bone regeneration by triggering preosteoblast proliferation as
well as osteoblast differentiation and survival.26−28 Strontium
ions could also prevent bone resorption through reducing
preosteoclast differentiation.28 However, because the ion
functions are dose-dependent, choosing the right concen-
trations as well as evaluating their potential short- and long-
term effects in vivo are vital.29

In addition to ions, bone protein extracts such as enamel
matrix derivative (EMD) from bone can be beneficial in
stimulating bone formation at implant surface.30 EMD is
extracted from developing porcine teeth and consists primarily
of hydrophobic enamel matrix proteins including amelogenin
(90%) and other nonamelogenin enamel matrix proteins
(10%).31 Many in vitro studies demonstrated that EMD could
enhance bone regeneration through stimulating differentiation
of osteogenic precursors, osteogenic differentiation of perio-
dontal ligament cells, and activation of endothelial cells.32−36

These results indicate that EMD may be a good candidate for
biofunctionalization of implant surface. Takeda et al.31

investigated the EMD potential in improving periodontal
tissue regeneration in diabetic conditions. They reported that
EMD could enhance bone regeneration through Akt/VEGF
signaling in diabetic rats.31 Despite its bone regeneration
potential, EMD has some difficulties such as animal sources,
immunogenicity, regulatory assessments, ethical issues, large
molecular weight (100−200 amino acids), and instability in
vivo.37,38 In this study, we compared the osteoimmunomodu-

latory potential of EMD with strontium ions under the same in
vivo conditions to investigate whether it is worth to coat a layer
of EMD with the mentioned difficulties for inducing bone
regeneration or we can consider using other alternatives such
as ions as a simpler and cheaper surface modification strategy.
Even though many types of biomolecules are suggested for

surface functionalization, only few studies have compared the
efficacy of different biomolecules with each other.39−41 To the
best of our knowledge, there is no study comparing the
osteoimmunomodulatory effects of EMD with strontium ions.
In our previous in vitro studies, we coated TiZr surfaces with

EMD and strontium by using electrochemical cathodic
polarization method and evaluated the osteoblast cell
responses to the surfaces.42,43 Electrochemical polarization is
a relatively simple and industrial applicable, which can be used
for implant surface modification while maintaining implant
mechanical properties.44 In addition, it can control biomole-
cules sustained release at optimal concentrations over time.44

Anodic and cathodic polarization are the two most common
electrochemical techniques used for this purpose, of which
both are useful for molecule deposition on the surface.42,45

Since cathodic polarization does not require high temperatures
during the process, the biomolecule adhesion and coating layer
can be controlled more easily and less harmful than other
techniques.46 Although some in vitro studies, including
ours,14,42,43 reported that this method could be beneficial for
promoting the molecule deposition on the surface, only a few
in vivo studies have studied the biomolecule release manner
(deposited on the surface by this method) and the following
bone tissue responses in complex body conditions.14,42,43 Our
in vitro results indicated that by using this method both EMD
and strontium ions can be successfully deposited on the TiZr
implant surfaces.42

Even though many types of strategies are suggested for
surface functionalization, only a few studies have compared the
efficacy of different functionalized surfaces with each
other.39−41 In this study, we compared the immune system
and bone tissue responses to TiZr implants modified with
strontium ions and EMD under the same experimental
conditions after 4- and 8-weeks of implantation in the rabbit
tibia.

2. MATERIALS AND METHODS
2.1. Materials. Coin shaped implants with a diameter of 6.25 mm

and a height of 2 mm were used. All implants were comparable to the
commercially available SLActive surface (Institut Straumann AG,
Basel, Switzerland), and their properties can be found in our previous
papers.47,48

2.2. Coating Procedure. After cathodic reduction of TiZr
implants (TiZr-H), we performed the electrocoating of surfaces with
EMD and strontium on a custom-made polarization setup, based on
LabVIEW (National Instruments, Austin, TX, USA) hardware and
software. The setup allowed individual control and monitoring of the
implant’s current density on eight channels. The coating of TiZr
implants was done for 75 min, while the current density was set to
0.54 mA/cm2. A feedback loop with a proportional−integral−
derivative (PID) controller was used to maintain a constant current
output throughout the whole coating.

All implants were washed with reverse osmosis deionized water in
an ultrasonic bath for 5 min prior to electro-coating process. After
washing, the implants were mounted on individual titanium holders
with polytetrafluoroethylene (PTFE) caps to protect the interface
between the holder and the implant from the electrolyte. The
implants were kept wet in deionized water at all time during mounting
to avoid carbon contamination of the surface. Electrocoating of
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implants with strontium (TiZr-Sr) was done in a buffer made of 0.25
M ultrapure (99.995% trace element free) strontium-acetate and
acetic acid at pH 5 with additional 0.1 M NaF and 1% NaCl in the
buffer, optimized in our previous studies.42,43

Electrocoating of implants with EMD (TiZr-EMD) was done in a
buffer made of 2 M sodium acetate and acetic acid at pH 3. A total of
20 mg dry stored EMD (Institut Straumann AG, Basel, Switzerland)
was dissolved in 0.1% acetic acid (2 mL) at 4 °C and added to the
buffer to a final concentration of 0.01 mg/mL for coating, optimized
in our previous study.42 An additional control group (TiZr-H) was
polarized only in a buffer made of 2 M sodium acetate and acetic acid
at pH 3. Polarization was performed at 21 °C for all treatments
(Video S1). After the coating process, the implants were rinsed in
deionized water for 10 s and dried in a protective nitrogen
atmosphere to avoid surface contamination. Implants were stored
dry in glass vials under nitrogen cover gas until they were placed in
rabbits. The coating characterization results for both EMD and
strontium can be found in our previous papers;42,43 here we only
provide the EMD release data obtained by using dot blot.
2.3. Quantitation of EMD on Implants Using Immune Dot

Blot. We confirmed the integrity of EMD after using matrix-assisted
laser desorption/ionization (MALDI) in our previous study.42

Immune dot blot was used to quantify the amount of EMD on
each implant. EMD was eluted off the surfaces using 1 M NaOH (0.5
mL) for 24 h at 8 °C.
EMD diluted 1:5 from 5000 to 5 ng/mL in 0.1% acetic acid was

used as the reference curve for quantification. Every sample (5 μL)
was applied twice on DEPC membranes (Bio-Rad Laboratories Ltd.,
Herts, UK); in a Millipore SNAP i.d. protein detection system
(Millipore Corporation, Billercia, MA, USA). Tris-buffered saline
(TBS) containing 0.1% Tween-20 (TBST) was used as a blank
negative control sample. The membrane was blocked with TBS and
0.1% casein for 1 h. The primary EMD-antibody (sheep-antiEMD;
Mölnlycke Health Care AB, Gothenburg, Sweden; 1:100 in TBS) was
applied for the test, while the antibody control was kept in pure TBS
for 1 h. Both membranes were washed three times in TBST for 3 min.
The secondary EMD-antibody (rabbit antisheep HPPOX; Southern
Biotech, Birmingham, AL, USA) (1:1000 in TBS) and applied to both
groups for 1 h. After three washings in TBST for 3 min and one in
deionized water for another 3 min, 3,3-diaminobenzidine-based
(DAB, Sigma-Aldrich, St. Louis, MO, USA) horseradish peroxidase
reaction product (0.3 g/L DAB, 0.03% H2O2, and 0.03% NiCl2 in 50
mM (NH4)HCO3) was used to stain the EMD proteins. A Kodak Gel
Logic 212 imaging system (Eastman Kodak Company, Rochester, NY,
USA) was used to examine the dot blot and to assess the
concentration of EMD of each sample by the intensity of staining
relative to the blotted standard.
The specific reaction of the primary antibody in the TiZr-EMD

groups (Figure S1, lower panel) confirmed that EMD was on the
surface in measurable amounts. This was in agreement with the results
from MALDI presented in our previous in vitro study.42 By comparing
the obtained results from coated and EMD standard samples, we
observed an average of 77.0 ± 19.2 ng EMD per TiZr-EMD implant
surface.
2.4. Rabbit Animal Model and Implantation Procedure. The

chosen noncritical size defect animal model was based on two
previous studies on titanium and collagen scaffolds49,50 and is a
modification of a well-established rabbit tibial model.51,52

We did the surgery on eight Gray Bastard Chinchilla rabbits (6
months old, weight 2.86 kg, Charles River Laboratories International,
Inc., Research Models and Services, Sulzfeld, Germany). The
Norwegian Animal Research Authority (NARA) approved and
recorded the animal study. The procedures were done based on the
Animal Welfare Act of June 1 2010, No 94, and Regulation on Animal
Experimentation of January 15, 1996. The details of procedure can be
found in our previous paper (Figure. 1).48 We used group implants
per group per time point (TiZr, TiZr-H, TiZr-Sr, and TiZr-EMD) to
evaluate bone regeneration and immune system responses 4 and 8
weeks after the implantation surgery. Two defects were made per leg

in each animal. Table 1 shows the distribution of implants per animals
per time point.

Figure 1. Illustration of the surgical procedure. After exposing the
tibia (A), a hole was drilled at one end of the opening and a custom-
made drilling guide was fixed to the hole by a guidance pin (B). The
guide was used to drill three additional holes, two for the central
platforms and defects and one hole at the opposing end for retaining
the titanium band (C). The central holes were used for creating
leveled platforms for coin shaped implants (D) and thereafter drilling
the noncritical defects of 3.5 mm in diameter (E). The implants inside
the protective PTFE caps were placed on the platforms and retained
by a preformed maxillofacial titanium bone plate that was fixed by a
titanium screw at each end (F).

Table 1. Distribution of Implants per Animals Per Time
Pointa

rabbit
number

treatment for right leg
defects

treatment for left leg
defects

time
point

1 TiZr-EMD (n = 2) TiZr (n = 2) 4 weeks
2 TiZr-EMD (n = 2) TiZr-H (n = 2) 4 weeks
3 TiZr-Sr (n = 2) TiZr (n = 2) 4 weeks
4 TiZr-Sr (n = 2) TiZr-H (n = 2) 4 weeks
5 TiZr-EMD (n = 2) TiZr (n = 2) 8 weeks
6 TiZr-EMD (n = 2) TiZr-H (n = 2) 8 weeks
7 TiZr-Sr (n = 2) TiZr (n = 2) 8 weeks
8 TiZr-Sr (n = 2) TiZr-H (n = 2) 8 weeks

aPlease note that two defects were made per leg in each animal and
both defects in each leg were treated with the same implant group.
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Figure 2. Analysis of wound fluid from implantation sites after implant removal (A and B) and of mRNA levels of bone formation markers in the
peri-implant tissue after 4 and 8 weeks of healing. ALP (A) and LDH (B) activity in wound fluid. Total RNA content (C) and the gene level
expression of bone formation markers osteocalcin (D), collagen type I (E), and bone morphogenetic protein 2 (F). Values represent the mean ±
standard deviation. Significant differences (p < 0.05) between groups were marked as follows: TiZr vs coated groups (*), TiZr-H vs coated groups
(#), TiZr-Sr vs TiZr- EMD group ($), and 4 vs 8 weeks of healing within a group (§) (n = 4).
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After 4 and 8 weeks, the animals were euthanized using fluanison/
fentanyl (Hypnorm, Janssen Healthcare, Titusville, NJ, USA) 1.0 mL
i.v. followed by pentobarbital (Mebumal, Rikshospitalets Apotek,
Oslo, Norway), 1 mL/kg bodyweight i.v. Immediately after
euthanization an incision was made through the soft tissue on the
tibia bone. The peri-implant bone tissue attached to the implants was
transferred to micro centrifuge tubes containing Tripure for RNA
extraction, and bone tissues were kept in 4% neutral buffered
formaldehyde.
2.5. Wound Fluid Analyses. The wound fluid was collected from

the site after implant detachment, using two precut Watman three
filter papers. The filter papers were applied for one minute to the
proximal and distal wound site for absorbing the wound fluid. Then,
the papers were transferred to micro centrifuge tubes and stored at
−80 °C. Prior to analyses, the content on the filters was eluted in 200
μL and placed on ice until analyzing them on the same day.
The total protein content in the wound fluid was quantified using a

bicinchoninic acid (BCA) protein assay kit (Pierce, Rockford, IL,
USA) following the manufacturer’s kit instructions.
Lactate dehydrogenase (LDH) activity in the wound fluid was

determined spectrophotometrically after 30 min incubation of wound
fluid (50 μL) and reaction mixture (50 μL) at 25 °C. The reduced
nicotinamide adenine dinucleotide (NADH) oxidation was measured
at 490 nm in the presence of pyruvate, according to the
manufacturer’s kit instructions (Cytotoxicity Detection kit, Roche
Diagnostics, Manheim, Germany). The absorbance was read using a
micro plate reader (Asys Expert 96; Asys Hitech, Eugendorf, Austria)
at 450 nm.
The amount of ALP in the wound fluid was examined using the p-

Nitrophenyl Phosphate (pNPP) Liquid Substrate System (Sigma-
Aldrich, St. Louis, MO, USA). A standard curve was made by the use
of Calf intestinal ALP (Promega, Madison, WI, USA). The
absorbance was measured spectrophotometrically at 405 nm (EL ×
800 Absorbance Reader, BioTek instruments, Winooski, VT, USA)
and presented relative to untreated cells.
2.6. RNA Isolation and Real Time Reverse Transcription

Polymerase Chain Reaction (RT-PCR) Analysis. Total RNA of
the tissues attached to the implants were isolated using Tripure
(Roche Diagnostics, Mannheim, Germany), according to the
manufacturer’s protocol. The amount was quantified at 260 nm
using a nanodrop spectrophotometer (NanoDrop Technologies,
Wilmington, DE, USA). cDNA was generated at 42 °C for 60 min
using the high capacity RNA-to-cDNA kit (Applied Biosystems,
Foster City, CA, USA).
The real-time reverse transcription-polymerase chain reaction (RT-

PCR) was performed in a Lightcycler 480 (Roche Diagnostics) using
SYBR green detection for three housekeeping genes (18S rRNA (18S
rRNA), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and β-
actin) and nine target genes including (bone morphogenetic protein 2
(BMP-2), collagen type I (Coll-1), osteocalcin (OC), vacuolar type
proton ATPase (H+-ATP), tartrate-resistant acid phosphatase (TRAP),
calcitonin receptor (calc-R), tumor necrosis factor-α (TNF-α),
interleukin-6 (IL-6), and IL-10). Primer sequences can be found in
our previous study.53 Each reaction contained 7 μL Lightcycler
FastStart DNA MasterPLUS SYBR Green I, 0.5 μM of each sense and
antisense specific primers (as described by Monjo et al.54) and 3 μL of
diluted cDNA in a final volume of 10 μL. The amplification program
included a preincubation step for the template cDNA denaturation
(10 min, 95 °C), followed by 45 cycles of a denaturation step (10 s,
95 °C), an annealing step (8−10 s, 60 °C), and an extension step (10
s, 72 °C). After each cycle, the fluorescence was measured at 72 °C
(λex 470 nm, λem 530 nm). A negative control without cDNA
template was run in each assay. The real time efficiencies were
calculated from the obtained slopes in the LightCycler 480 software
using serial dilutions. The RT-PCR products were subjected to a
melting curve analysis on the LightCycler and subsequently 2%
agarose/Tris-acetate-EDTA gel electrophoresis to confirm the
amplification specificity, Tm and amplicon size, respectively. The
target gene expression was normalized by the mean of β-actin, 18S
rRNA, and GADPH. Data for each of the target genes in the isolated

samples from the modified TiZr implants were presented in
percentage of the expression levels on unmodified TiZr surfaces
(set to 100%) after 4 weeks of healing.

2.7. Micro-CT Analysis. The implants were scanned using a
desktop micro-CT scanner (Skyscan 1172, Bruker microCT, Kontich,
Belgium); details of the scanning and image processing can be found
elsewhere.14 In general, the same region of interest (ROI) was chosen
for all samples (a cylinder with a diameter of 3.5 mm and a height of
2.5 mm).

2.8. Histologic and Histomorphometric Analyses. After
dehydration in a graded series of ethanol (70−100%), the tissues
were embedded in Technovit 7200VLC (Kulzer:EXAKT, Kulzer &
Co GmbH, Germany). Details of the experiment can be found in our
previous paper.48

Images of all the tibia tissues were done with 10× magnification
using AxioScan Z1 (Carl Zeiss, Carl Zeiss AG, Germany). The
proximal and distal end sides were defined for each slide, and images
were taken by focusing on the defect area with an overlapping
technique of the two-implant sites. The overlapping images were
examined using two parameters, horizontal (index A) and vertical
(index C) dimensions of regenerated peri-implant cortical bone.55

Index A: the horizontal dimension of regenerated bone.
Index C: the vertical dimension of new peri-implant cortical
bone.

The Histomorphometric parameters have been described in detail in
our previous paper.48

2.9. Statistical Analysis. We did a Kolmogorov−Smirnov test to
check the parametric or nonparametric distributions of the data set. A
normality test was also performed (Holm−Sidak method). When the
data were distributed normally, the data were presented as arithmetic
mean values with standard deviation; and as median values with
interquartile range when the data were not distributed normally. Two-
way ANOVA on ranks were performed when the normality test failed,
using the Kruskal−Wallis test for posthoc comparison; otherwise,
regular ANOVA was performedwith a Tukey test for posthoc
comparison. All analysis were performed in SigmaPlot 14 (Systat
Software, San Jose,́ CA, USA). Significance differences were presented
as significant *p < 0.05, and highly significant differences were
presented as **p < 0.01.

3. RESULTS
3.1. Total Protein Content, ALP, and LDH Activity in

Wound Fluid. The total protein content results indicated that
ALP activity was significantly higher for TiZr-Sr group after 4
weeks and significantly lower after 8 weeks of healing
compared to other groups (Figure 2A). In addition, compared
to TiZr-H group, the ALP activity of the TiZr-EMD group was
significantly lower after 4 weeks and significantly higher after 8
weeks of healing. LDH activity in wound fluid was lower in the
TiZr-EMD group at both time points compared to other
groups; however, differences were not significant statistically
(Figure 2B).
The total RNA content from the bone tissue attached to the

implants was significantly different at 8 weeks compared to 4
weeks for all treated groups (Figure 2C). TiZr-H and TiZr-Sr
groups had significantly higher total RNA content than the
TiZr group after 8 weeks of healing. In the TiZr-EMD group,
the amount of RNA decreased after 8 weeks compared to 4
weeks of healing, and it was significantly lower than that of the
TiZr-Sr group.

3.2. Bone and Inflammatory Markers in the Peri-
implant Tissue. Analyzing bone formation related markers
(OC, BMP-2, and Coll-1) exhibited a typical gene expression
profile during wound healing, with a trend toward increased
expression over time (Figure 2D−F). However, the TiZr-Sr
group exhibited significantly higher OC after 8 weeks of
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healing. OC and BMP-2 showed lower gene expression in the
TiZr-EMD group after 8 weeks of healing, whereas the Coll-1
gene expression was not different from the TiZr-Sr group.
The expression of bone resorption markers (H+-ATP, TRAP,

and Calc-R) was significantly lower in the TiZr-H and TiZr-Sr
groups compared to that of TiZr and TiZr-EMD after 8 weeks
(Figure 3A−C). In TiZr group, there was a significantly higher
expression of TRAP and Calc-R from 4 to 8 weeks of healing.
The TiZr-Sr group exhibited a higher expression of Calc-R after
8 weeks compared to 4 weeks of healing. Regarding the
inflammatory markers (TNF-α, IL-6, and IL-10), there was a
significantly lower expression of all markers for the TiZr-EMD
group compared to other groups (Figure 3D). However, the
TiZr-Sr group had a significantly higher expression of IL-6 than
that of TiZr after 8 weeks of healing. In addition, both TiZr-Sr
and TiZr-EMD groups exhibited a significantly lower

expression of inflammatory markers after 8 weeks of healing
(Figure 3E and F).

3.3. Micro-Computed Tomography Analysis. The
cross-sectional 3D images of tissues after 4 weeks of
implantation demonstrated less bone healing around the
defect site in TiZr, TiZr-H and TiZr-EMD groups compared
to the TiZr-Sr group (Figure 4A). However, TiZr-EMD group
stimulated more bone regeneration than other groups after 8
weeks of healing (Figure 4B). Figure 4C exhibits the 3D
morphometric analysis of bone structure parameters (bone
volume, bone surface to volume ratio, bone mineral density
(BMD), and bone surface/tissue volume). After 4 weeks of
healing, all bone parameters demonstrated higher values in
TiZr-H and TiZr-Sr groups compared to TiZr and TiZr-EMD
groups. However, after 8 weeks of healing, bone volume, BMD,
and bone surface/tissue volume parameters were higher in

Figure 3. Expression of bone resorption related markers H+-ARP (A), TRAP (B), and Calc-R (C) as well as inflammatory markers TNF-α (D), IL-
6 (E), and IL-10 (F). Significant differences (p < 0.05) between groups were marked as follows: TiZr vs coated groups (*), TiZr-H vs coated
groups (#), TiZr-Sr vs TiZr- EMD group ($), and 4 vs 8 weeks of healing within a group (§) (n = 4).
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TiZr-EMD group compared to TiZr-Sr and comparable to
TiZr-H group. After comparing the differences in bone

structure parameters between 4 weeks and 8 weeks of healing,
TiZr-EMD group demonstrated a positive temporal develop-

Figure 4. Cross-sectional 3D micro-CT analysis of tibia tissues. Representative cross-sectional 3D micro-CT images of tibia tissues 4 (A) and 8 (B)
weeks after the implantation surgery. (C) 3D micro-CT analysis of bone volume (μm3), bone surface to volume ratio (1/μm), bone mineral density
(g/cm3), and bone surface/tissue volume (1/μm) for all implant groups. Values represent the mean ± standard deviation. Significant differences (p
< 0.05) among the groups were marked as follows: * = compared to TiZr at the same healing time; $ = TiZr-Sr compared to TiZr-EMD at the
same healing time (n = 4).
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ment of all markers, except from BMD that remained almost
unchanged for all groups. By contrast, the trend for TiZr-H
and TiZr-Sr groups was toward decreasing values, while TiZr
group only exhibited marginally positive changes.
We also evaluated the 2D BMD of tissues within the ROI to

investigate the bone healing by increasing layers after 4 and 8
weeks of healing (Figure 5A and B). Plotting of the depth
profiles for 2D BMD could also represent the release and
diffusion rates of EMD and strontium in vivo. The results
indicated significant differences of TiZr-H to TiZr group after
4 weeks of healing, between 1.14 mm and 1.19 mm. TiZr-Sr
group exhibited significant differences to TiZr-EMD group
after 8 weeks of healing in the ranges of 0.40−0.60 mm and
1.11−2.08 mm, indicating more EMD release and diffusion
toward the central bone defect. However, after 4 weeks of
healing, we observed higher diffusion rates by increasing depth
for strontium than EMD.
3.4. Histologic and Histolmorphometric Analyses.

Regarding implants’ biocompatibility and bone healing proper-
ties, there was no significant difference between coated and
uncoated groups at both time points. Figure 6A and B shows
that strontium and EMD coating layers could positively affect
the bone healing potential of TiZr implants. Using p < 0.05,
the normality test (Shapiro−Wilk) failed for both indexes. We

also calculated the horizontal (index A) and vertical (index C)
dimensions of regenerated bone at both time points (Figure
6C). Although no statistically significant difference was
observed for both index A and C between groups, strontium
had better healing effects in both dimensions after 4 weeks of
healing. In addition, EMD induced more bone healing after 8
weeks of healing.

4. DISCUSSION

Even though many types of biomolecules are suggested for
surface functionalization, only few studies compared the
efficacy of different modifications with each other in the
same experimental model.39−41 To the best of our knowledge,
no studies compared the osteoimmunomodulatory potential of
surface functionalization using EMD with nanostructure
surface modification by strontium ions. The mentioned
difficulties with using EMD inspired us to investigate whether
strontium ions could be considered as a simpler, safer, and
cheaper alternative for inducing bone healing and modulating
the immune system responses.
The results indicated that strontium induced higher bone

surface to volume ratio, BMD, and bone surface/tissue volume
after 4 weeks of healing compared to EMD. However, EMD

Figure 5. (A) Representative micro-CT image of implanted bone tissue showing the layer by layer evaluation of bone mineral density (BMD) using
2D micro-CT. (B) Depth profiles of bone mineral density within a circular plane 3.5 mm in diameter and 0.008 mm in height after 4 and 8 weeks of
healing. The TiZr-H group revealed significant differences (p < 0.05) to the TiZr group after 4 weeks between 1.14 and 1.19 mm. After 8 weeks of
healing, the TiZr-Sr group exhibited significant differences to the TiZr-EMD group in the ranges of 0.40−0.60 mm and 1.11−2.08 mm (n = 4).
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appeared to affect the late inflammatory responses, when
comparing the differences between 4 and 8 weeks of healing.
This was in agreement with other studies that reported the
long-term bone healing effects of EMD.56 A titanium surface
modified with peptides or protein domains with Arg-Gly-Asp
(RGD) motifs, like amelogenin, the main component in EMD,

facilitates the cell adhesion and signal transduction with
positive effects on the differentiation of osteoblasts.57 The
observed short-term bone healing effects of strontium were
also in agreement with the Lin et al.50 study, which
demonstrated that strontium-modified surfaces induce early
osseointegration in rabbits.50

Figure 6. Representative images of H&E staining and histomorphometry results after 4 and 8 weeks of healing. H&E staining of all groups 4 (A)
and 8 (B) weeks after implantation in 10× magnification. The green and orange dots are the illustrations of strontium and EMD, respectively. (C)
Histomorphometric analysis of regenerated bone in horizontal (index A) and vertical (index C) dimensions (n = 4).
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The 2D micro-CT analysis revealed an inhomogeneous
distribution of BMD in relation to the implant surface distance
in all groups. The micro-CT analysis also presented that the
BMD in the plane close to the implant surface was almost
twice higher than the average BMD for the measured defect.
The BMD results in the plane close to the implant surface
indicated higher strontium amounts by increasing depth after 4
weeks than those of EMD. This could indicate that the
nanostructured modified surface with strontium ions induced
more inflammation and fibrin clots representing the early
phase of wound healing, whereas EMD induce the later cellular
phase with cellular remodeling.58 This was confirmed by the
lower cytotoxicity and inflammatory markers expression in
TiZr-EMD group compared to other groups. In contrast, the
ALP activity in the wound fluid was higher in this group
compared to both TiZr-H and TiZr-Sr groups after 8 weeks of
healing. These data could be a support for osteoimmunomo-
dulatory effects of EMD coating layer on implants after
implantation.
Our in vitro studies on MC3T3-E1 cells exhibited higher

Coll-1 gene expression for EMD-coated implants than
uncoated control group.42 Likewise, Reseland et al.59 incubated
primary human osteoblasts with EMD and their results
indicated increasing levels of Coll-1 gene expression and IL-6
secretion for up to 7 days.59 Nevertheless, because of the
complex physiologic conditions at the body with different
types of cells, we could not compare the results of basic in vitro
cell cultures with animal study outcomes. The faster bone
growth in rabbits than humans and the prolonged time points
used in this study may also be other reasons for the different
findings. In addition, Miron et al.60 coated EMD on a titanium
SLA surface (Straumann, Basel, Switzerland) by a dipping
procedure and then studied the osteoblasts responses in vitro.60

Their results indicated that EMD accelerated the differ-
entiation of calvarial osteoblasts by promoting mature
phenotypes earlier than surfaces without EMD.60 While
strontium induced ALP gene activity after 4 weeks, TiZr and
TiZr-EMD groups were the only groups with increased ALP
gene activity after 8 weeks of healing. We also observed a clear
trend toward lower inflammation markers in TiZr-EMD group,
which indicated the positive effect of EMD on suppressing
inflammation and modulating immune system responses.
Tissue on the sr-coated implants had a lower TRAP mRNA
levels after 8 weeks as compared to uncoated control and
TiZH-EMD groups. Park et al.61 coated a srTiO3 layer on
screw shaped titanium implants with a moderately rough
surface and studied the gene expression levels after 2 weeks
implantation in rabbits.61 The authors reported significantly
higher OC, TNF-α, and IL-10 gene levels but lower TRAP gene
expression levels.61 Likewise, Zhao et al.62 reported signifi-
cantly higher OC, Coll-1, and ALP gene expression in an in
vitro study with rat cells for strontium-modified titanium
nanotubes compared to uncoated groups after 2 weeks.62

Regarding the bone regeneration potential of implants, the
histologic and histomorphometric analyses showed no
significant differences between groups. Besides, we observed
no significant difference after functionalization of implant
surface using cathodic polarization. Even though the results of
this study could support the EMD long-term immunomodu-
latory effects, the selected time points might have been too
prolonged to assess a clearer impact of the individual
functionalized surfaces on bone formation.

The animal model and implant shape used in this study are
recognized as validated models for evaluating dental implants,
and the details have been discussed in our previous
papers.48,63−65 Studying the bone healing effects of these
biomolecules in animal models for systematic disorders or poor
bone quality could provide more information. Implants with
combined surface modifications could have identified if these
treatments induce additive or synergistic effects; however, the
aim of this study was to test the two different implant
modifications individually to compare their molecular and
biological effects.

5. CONCLUSIONS
The purpose of this study was to compare the osteoimmuno-
modulatory effects of ion deposition and biomolecule
functionalization on implant surface in vivo. Regarding the
bone healing potential of implants, our histologic data showed
no significant difference between groups after 4 and 8 weeks
healing in vivo. Biofunctionalization with EMD could modulate
the later immune system responses to implants. Based on the
present study, strontium ion deposition on implant surface
could not provide the similar osteoimmunomodulatory effects
of EMD surface biofunctionalization. Since we used rabbit
animals with no systematic disorders or poor bone quality in
this study, we could not detect any significant difference
between groups under bone inefficiency conditions. Studying
the bone healing effects of these treatments in animal models
for systematic disorders or poor bone quality might provide
more information.
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