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In vitro studies offer the insights for the understanding of the mechanisms at the tissue-implant interface that
will provide an effective functioning in vivo. The good biocompatibility of zirconium makes a good candidate
for biomedical applications and the attractive in vivo performance is mainly due to the presence of a protective
oxide layer. The aim of this study is to evaluate by in vitro and in vivo approach, the influence of surface modifi-
cation achieved by anodisation at 30 and 60 V on zirconium implants on the first steps of the osseointegration
process. In this study cell attachment, proliferation and morphology of mouse myoblast C2C12-GFP and in
mouse osteoprogenitor MC3T3-E1 cells was evaluated. Also, together with the immune system response, osteo-
clast differentiation and morphology with RAW 264.7 murine cell line were analysed. It was found that
anodisation treatment at 60 V enhanced cell spreading and the osteoblastic and osteoclastic cells morphology,
showing a strong dependence on the surface characteristics. In vivo tests were performed in a rat femur
osteotomy model. Dynamical and static histological and histomorphometric analyses were developed 15 and
30 days after surgery. Newly formed bone around Zr60V implants showed a continuous newly compact and
homogeneous bone just 15 after surgery, as judged by the enhanced thickness and mineralization rate. The
results indicate that anodising treatment at 60 V could be an effective improvement in the osseointegration of
zirconium by stimulating adhesion, proliferation, morphology, new bone thickness and bone mineral apposition,
making zirconium an emerging candidate material for biomedical applications.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Metallic alloys are used in surgery due to their high mechanical and
corrosion resistance in physiologic media [1]. The corrosion resistance
in body fluids achieved by permanent prosthesis devices is due to the
formation of a passive oxide that inhibits the transport and migration
of metallic ions from the base metal to the nearby tissue [2]. It has
been extensively proved that the success or failure of the
osseointegration process is determined by the surface characteristics
in different space length scales [3,4], and those materials where
osseointegration occurs, have a lower implant replacement rate [4]. It
is well known that the clinical success of orthopaedic implants depends
on two main factors: initial fixation due to osseointegration in the first
few months; and maintenance of the fixation over the long term [5].
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Contact osteogenesis is responsible for colonization of an implant sur-
face by osteogenic cells followed by the synthesis of extracellular bone
matrix and subsequent appositional de novo bone formation [6] and is
likely to be affected by the material used in implant fabrication.
Cementless prosthesis relies on the process of osseointegration for
their incorporation into the bone and long-term survival. It has been
suggested to have the minimal stress shielding and even superior sur-
vival rate [7-9] which make them the primary choice for young
patients. Surface modification in cementless prosthesis can be consid-
ered as a tool to generate a surface that can provide a protective action
together with a bioactive surface to integrate the metal to the human
body [10,11]. A variety of surface modifications have been studied and
applied to implants to achieve long-term fixation to the host bone by
osseointegration. It is well known that rough surfaces promote cell com-
mitment to the osteoblastic lineage and support higher expression of
phenotype-specific markers [12-16]. However, although the cellular
pathways involved in the biologic responses to implant surfaces are
being progressively elucidated, and it has been recently shown that
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rough topography modulates the activation of Wnt/b catenin signalling
in cells of the mesenchymal line, little is known about the characteristics
of the ideal topography capable to maximize bone growth.

The osteoclasts, the bone resorbing cells, are crucial in bone regener-
ation process. Bone remodelling is the predominant metabolic process
regulating bone structure and function during adult life, being the oste-
oclast the key participants [17]. The interaction between osteoblasts and
osteoclasts or even the role of osteoclasts on the longevity of the im-
plants is underestimated [18]. Osteoblasts were frequently considered
to be the most dominating cells for osseointegration of implants since
they are not only solely responsible for the generation of bone extracel-
lular matrix but also for the regulation of osteoclasts differentiation and
activity [19]. However, all the mechanisms related to the osteoclastic
activity in the implant site are poorly understood. The difficulty in the
isolation procedures in vitro and the low number of osteoclasts forma-
tion under physiological conditions, results in extremely limited inves-
tigations based on osteoclasts [18]. RAW 264.7 murine cell line has
proven to be an important tool for in vitro studies of osteoclast forma-
tion and function [20]. This cell line belongs to cells of immune system
which arrives in the first place to the damage tissue [21]. All the bioma-
terial implants have the capacity to induce a foreign body reaction
(FBR); however the severity and clinical manifestation of these
responses can widely differ [22]. This initial cell response can increase
or reduce the osseointegration of the biomaterial [23,24].

Among the materials commonly used in prosthesis devices, zirconi-
um (Zr) and its alloys are considered as potential candidates due to their
low electronic conductivity, high corrosion resistance and biocompati-
bility [25]. They present greater strength, lower cytotoxicity and lower
magnetic susceptibility than Titanium (Ti) [26]. It has been demonstrat-
ed that an artificial increase of the thickness and changes in the topog-
raphy of the native oxide, will result in very strong reinforcement of
the bone response [27,28]. Anodisation is an electrochemical process
that grows an oxide by means of an anodic process. The oxide thickness
formed by anodization varies from a few nanometers to a hundred of
micrometres. It has been demonstrated that the chemistry and the to-
pography of the surface oxide formed by Zr anodisation in phosphoric
acid are simultaneously modified [29]. The oxide formed on the surface
is mainly monoclinic ZrO, with the incorporation of phosphates from
the electrolyte increasing the corrosion resistance of the anodised sam-
ples when compared with the untreated ones. The preliminary in vivo
test demonstrated that sixty days after surgery osseointegration was
observed for both anodized and non-anodized samples, and although
there is an increase in bone mineral apposition for the anodized samples
the quality, kinetics of growing and maturity are not well established
[30-32]. Since the primary interaction between the tissue and the im-
plant in through the surface, the understanding of their interaction for
long term service deserves further research. The aim of this study was
to evaluate by means of an in vitro and an in vivo approach, the influence
of surface modification achieved by anodisation at 30 and 60 V on zirco-
nium implants on the first steps of the osseointegration process.

2. Materials and methods
2.1. Implants and surface treatment

Commercially pure zirconium cylinders (99.5% Roberto Cordes
S.A., Argentina) of 40-50 mm length and 1 mm diameter were used
for the in vivo tests and plane samples of 1 cm? for the in vitro assays.
Three surface conditions were compared: as received pure zirconium
(Zr0, control), zirconium anodised at a constant potential of 30 V
(Zr30) and at 60 V (Zr60) during 60 min in 1 mol L™ '-H3PO,. All
samples were mechanically polished with 600 grit emery paper,
degreased with ethanol and rinsed with deionized water. The sample
conditioning and oxide growth details have been previously
reported [33].

2.2. In vitro studies

2.2.1. Cell culturing

Zirconium plates of 1 cm? were autoclaved and washed with com-
pleted medium previous to cell seeding. Three procedures of seeding
were performed.

a) Seeding with C2C12-GFP. This is a mouse pre-myoblast cell line
(ATCC® CRL 1772™), Green Fluorescent Protein (GFP) was
expressed due to previous lentivirus infection of this cell line
allowing to be evaluated through an opaque material. Routine pas-
saging of the cell line was performed with Dulbecco's Modified
Eagle Medium (DMEM) (D6429, Sigma-Aldrich, St. Louis, MO), sup-
plemented with 10% foetal bovine serum (FBS, Hyclone®, Thermo
Scientific) plus antibiotics (100 U/mL penicillin and 100 pg/mL
streptomycin sulphate; Sigma-Aldrich, St. Louis, MO). Cells were
incubated at 37 °C with 5% CO, and the medium was refreshed
every 2 or 3 days. C2C12-GFP cells were seeded on the materials
with a density of 1 x 10% cells per cm?. This cell line was evaluated
by fluorescence microscopy (FITC filter Nex/Aem = 490/525 nm)
at 24, 48, 72 and 96 h (h) to determine cell adhesion and growing
on the material.
Seeding with MC3T3-E1 cell line (ATCC® CRL-2593™). This is a
mouse preosteoblastic cell line. Cells were maintained in complete
Alpha Modified Eagle medium (o:-MEM A10490, Gibco, UK) without
ascorbic acid supplemented with 10% foetal bovine serum (FBS,
Hyclone®, Thermo Scientific) plus antibiotics (100 U/mL penicillin
and 100 pg/mL streptomycin sulphate, Sigma-Aldrich, St. Louis,
MO) incubated at 37 °C with 5% CO,. For cell differentiation, cells
were plated at 1 x 10 cells per cm? in completed maintenance
medium with 50 pg/mL of ascorbic acid, 10 nM dexamethasone
and 10 mM R-glycerol phosphate, complete differentiation medium
was changed every 3 or 4 days
¢) Seeding with RAW 264.7 cell line (ATCC® TIB-71™). This cell line
was used as an osteoclast differentiation model from a mouse mac-
rophage population. RAW cells were maintained in an undifferenti-
ated state by culture in completed D-MEM (D6429, Sigma-Aldrich,
St. Louis, MO) and the medium was changed every 3 days. For differ-
entiation, cells were plated at 2 x 10% per cm? in completed medium
(a-MEM, A10490, Gibco, UK) supplemented with 50 ng/ml of
recombinant RANKL (PeproTech Inc. Rocky Hill, NJ) during 5 days,
incubated at 37 °C with 5% CO..

e

2.2.2. Cell metabolic activity

Metabolic activity of MC3T3 was measured by Alamar Blue assay fol-
lowing the manufacturer's instructions (BioSource, Camarillo, CA).
Assays were carried out bytriplicate on each sample type. This method
is nontoxic, scalable and uses the natural reducing power of living
cells, generating a quantitative measure of cell viability and cytotoxicity.
Briefly, Alamar Blue dye (10% of the culture volume) was added to each
sample with fresh medium, containing living cells seeded over the
plates, and incubated for 90 min. The fluorescence (Aex/Aem 535/
590 nm) of each well was measured at 72 and 168 h using a plate-
reader (Synergy HT, BioTek).

2.2.3. Actin and Hoechst

Cells were fixed with 4% paraformaldehyde (PFA) solution for
15 min. After PFA was removed, cells were rinsed with PBS twice
and permeabilized with 0.1% (v/v) Triton X-100, washed with PBS
and stained with Texas Red®-X phalloidin (Life Technologies), a
high-affinity F-actin probe conjugated to red fluorochrome, for
20 min at room temperature and in darkness, followed by Hoechst
staining (Invitrogen, Molecular Probes ®) for nuclei visualization.
Finally fluorescent-labelled cells were observed using an
inverted fluorescence microscope (Olympus IX51) with a TRICT
filter (Nex/Nem = 550/600 nm) for Actin and DAPI filter for
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Hoechst (Aex/Aem = 380/455 nm) using CellD analysis software
(Olympus).

2.2.4. TRAP (tartrate resistant acid phosphatase)

TRAP was studied using immunocytochemistry in order to evaluate
RANKL-induced osteoclast differentiation over the samples. For TRAP
staining rabbit anti-TRAP (1/200; Santa Cruz Biotechnology) and anti-
rabbit (1/200; Millipore) antibodies were used. The staining protocol
was performed as standard procedures (PFA 4% fixation; Blocking
Solution: 5% Normal Donkey Serum; 0.3% Triton X-100 in 1x PBS).
The visualization of the fluorescent-labelled cells was performed in an
inverted fluorescence microscope (Olympus IX51) with a TRICT filter
(Nex/Nem = 547/572 nm) using Cell D analysis software (Olympus).

2.3. In vivo studies

2.3.1. Animals

Twelve week-old male WKAH/Hok rats (n = 36) weighing
300-330 g were used in this study. The animals were divided in three
groups for each type of surface treatment: control and anodised. All
animals were housed in a temperature controlled room with a 12 h.
alternating light-dark cycle and were given water and food ad libitum
throughout the study. All the experiments were approved by the
Bioethics Committee HIEMI-HIGA (Mar del Plata, October 2011).

2.3.2. Surgical procedure

Rats were anaesthetized with Ketamine/Xylazine (10 mg/kg;
10 mg/kg) according to their weight. The surgery region was cleaned
with antiseptic. The animals were placed in a supine position and the
implantation site was exposed through the superior part of the femur's
internal face. A region of around 0.5 cm diameter was scraped in the
femur plateau and a hole was drilled using a hand drill at low speed
with a 0.15 cm diameter bur. The implants were placed bilaterally ensu-
ing two implants per rat. The control and anodised implants were
placed by press-fit into femur extending into the medullar canal. The
wound was closed with conventional suture. X-ray radiographs were
taken after surgery for control purposes.

2.3.3. Bone labelling with fluorochromes

A polychrome sequential fluorescent labelling method was used to
characterize the new bone formation and mineralization. At 1, 2 and
4 weeks after surgery, different fluorochrome were administered
intraperitoneally at a sequence of 30 mg/kg alizarin complexone
(Sigma-Aldrich, USA), 20 mg/kg calcein (Sigma-Aldrich, USA).They
bind to calcium ions and later can be incorporated at mineralization
sites in the hydroxyapatite crystals. The animals were sacrificed 15
and 30 days after implantation. The fluorescent dyes can be detected
in histological sections with a fluorescent microscope (Nikon Eclipse
Ti, Tokyo, Japan) with appropriate filters giving an indication of new
matrix deposition over time [33].

2.3.4. Histological analysis

Fifteen and thirty days after implantation, six rats with control and
anodised implants, Zr30and Zr60V (all individuals from different litters)
were deeply anaesthetised with Ketamine/Xylasine (100 mg/kg,
10 mg/kg) and sacrificed with an overdose of pentobarbital. The
retrieved samples were cleaned from surrounding soft tissues and
fixed in neutral 10 wt% formaldehyde for 24 h. Then they were
dehydrated in a series of alcohol-water mixtures followed by a
methacrylated solution and finally embedded in a polymethyl methac-
rylate (PMMA) solution and polymerized. The PMMA embedded blocks
were cut with a low speed diamond blade saw (Buehler GmbH) cooled
with water. Sections were made 100 um thick and polished to a final
thickness of about 60 um for histological observations.

2.3.5. Histological observations

Proximal femur cross-sections transversal to the central long axis of
the femur (n = 3p/surface treatment group) were prepared and cut as
described above. Three sections from the proximal region were selected.
Toluidine stain allows observation and identification/discrimination of
tissues (e.g. bone and bone marrow) around the metal-implant inter-
face without removing the PMMA before the histological examination
in a light microscope (Nikon Eclipse Ti, Tokyo, Japan).

Histomorphometric analysis of the thickness of newly formed bone
in contact with the implant was evaluated using the software Image]J 1
(open source: http://rsb.info.nih.gov/ij/features.html). The area of the
primary press-fit contact of the implant and bone was excluded from
the analysis. Thus, only new bone was analysed in the study [34].

2.3.6. Mineral apposition rate (MAR)

The mineral apposition rate (MAR, um/day) is the rate at which min-
eral accretion occurs at a remodelling site during the period of bone for-
mation. MAR is a fundamental histomorphometric variable, and it is a
reliable measure of osteoblast function. Fluorochrome sequential label-
ling was performed postoperatively to assess the time course of bone
formation and mineralization as reported previously as describe above
[35,36]. At 1, 2 and 4 weeks after surgery, different fluorochromes
were administered intraperitoneally at a sequence of 30 mg/kg alizarin
complexone (Sigma-Aldrich, USA), 20 mg/kg calcein (Sigma-Aldrich,
USA). The nomenclature and symbols used in conventional bone
histomorphometry are those describe by Parfitt et al. [37].

24. Statistical analysis

In this study, the data are shown in the form of mean value + Oyan
(standard deviation of the mean). Differences between the groups were
assessed by one way ANOVA and Tukey test were performed using
GraphPad In Stat version 3.00 (Graph Pad Software). All statistical anal-
ysis was considered significant when p value < 0.05.

3. Results
3.1. Surface characteristics of zirconium

Fig. 1a presents the surface of as received zirconium (Zr0, control).
Zirconium is covered in air with a thin native oxide film of
thickness < 10 nm of Zr suboxides (paper David) that cannot be resolved
in SEM images.

In Fig. 1b, c shows the SEM image corresponding to Zr30V and Zr60V
respectively. Anodic films are characterized by the appearance of bright
spots of sub micrometrical oxide structures, more evident in Zr60V than
in Zr30V. There is also an increase in film thickness with potential in the
nanometrical range (not resolved by SEM microscopy).The oxide struc-
tures are similar to those observed in titanium anodic films [38]. The
incorporation of phosphate ions into anodic films growth in phosphoric
acid was evidenced in a previous work [39]. Phosphate incorporation
constitutes a major change in surface chemistry of anodized zirconium
compared to as received condition.

3.2. Biocompatibility studies: cell adhesion and growth over Zr samples

3.2.1. In vitro response of premyoblastic C2C12-GFP cell line

In vitro biocompatibility of the materials was assessed in a prelimi-
nary study with the self- fluorescent premyoblastic cell line C2C12-
GFP. This cell line can differentiate into myoblasts or, under a concrete
stimuli (e.g. BMP-2) or environment, can transdifferentiate into osteo-
blasts. As it is described in Fig. 2, microphotographs were taken at 24,
48, 72 and 96 h to determine cell growth and adhesion to the material.
At 24 h, cells growing over the three samples have an expanded mor-
phology showing a suitable initial adhesion behaviour. Furthermore,
in Zr30V and Zr60V (B and C) it can be appreciated a cell alignment
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Fig. 1. Photomicrographs of zirconium samples with different surface treatments. (A) control, ZrOV (B) Zr30V and (C) Zr60V.

coinciding with the anodised treatment pattern that it is maintained
until the end point (96 h). Regarding cell growth, cells proliferated
along the days with a resulting formation of a cell sheet monolayer on
all the samples.

3.2.2. In vitro response of osteoblastic MC3T3 cell line

Osteoblastic MC3T3 cell line possesses the critical properties in
osseointegration rendering them suitable for the evaluation of
osteogenic properties of bone substitutes. The initial adhesion
behaviour and spreading of MC3T3 are monitored at different
time points. After culturing for 72 h, MC3T3 culture were attached
and spread onto the surface as shown in Fig. 3. The quantification of
metabolic activity at 72 h and 168 h after seeding can be seen
in Fig. 4.

The Alamar Blue in vitro results showed that all conditions under
study were biocompatible and they did not inhibit cell proliferation Al-
though there is no remarkable statistical difference between the
anodised conditions, a sight tendency for enhanced metabolic activity
can be detected on the Zr60V.

As it was detected with C2C12-GFP cell line, osteoblastic cells were
also aligned following anodised treatments (Fig. 5).

3.2.3. Immune system: macrophage cell behaviour

RAW 264.7 macrophage cell line is a well recognized model in
regenerative medicine to study immune system activation. With
proper stimuli, this cell line can polarize into macrophagic M1

24h 48h 72h 96h
o3y |

and M2 phenotypes, or fuse to form osteoclasts, bone resorbing
cells. Cells were seeded over the materials without RANKL
(osteoclastic signaling molecule) and as it was expected no
osteoclast formation occurred. Cells grew homogeneously in all
samples (Fig. 6).

In Zr60V macrophages are organized in lines with elongated
morphology as the oxide treatment is displaced (Fig. 6G). This
phenotype corresponds to a M2 polarized state, an optimal immune
response for successful implant integration.

3.24. Osteoclast differentiation

Osteoclast formation induced by RANKL was achieved in all the
samples (Fig. 7) as it can be seen in actin images (first row in red).
Moreover, Hoechst staining (second row in blue) showed that the
formed osteoclasts were mature as they have several nuclei.
There were a major number of osteoclasts per area in Zr30V and
Zr60V evidencing an increased differentiation capacity over Zr
treatments. Cell alignment is also present in the osteoclast
cytoskeleton (Fig. 7G) at Zr60V, consistent with the oxide
treatment.

In order to elucidate the difference between Zr0 (Fig. 8A) and the
treated samples in osteoclast differentiation, an immunocytochemistry
of TRAP was performed. On Zr60V, more osteoclasts (Fig. 8B) were de-
tected with increased resorption ability as many lysosomal vesicles
are present (Fig. 8C).

Fig. 2. C2C12-GFP cells seeded on Zr0V, Zr30V and Zr60V. Photos were taken at 24, 48, 72 and 96 h (end point). Cell alignment and tissue formation can be appreciated after 24 h.
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Fig. 3. MC3T3 proliferation over zirconium surfaces:72 h after seeding: A and D: ZrOV, B and E: Zr30V and C and F: Zr60V; 120 h after seeding: G and J:ZrOV, H and K: Zr30V and I and L:
Zr60V. First and third row: actin staining (cytoskeleton). Second and fourth row: Hoechst staining (cell nuclei).
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Fig. 4. Metabolic activity (Alamar Blue) of MC3T3 cell culture at 72 h and 168 h after cell
seeding. RFU (Relative Fluorescence Units).

3.3. In vivo osteointegration of implant surface

3.3.1. Clinical observations

The animals recovered perfectly well after the surgery and neither
signs of infection nor inflammation were noted upon clinical examina-
tion during the experiment.

3.3.2. Histological analysis and histomorphometry

Fig. 9 shows optical microscopy images of Toluidine blue stained sec-
tion of the anodised implant sample after 15 and 30 days of implanta-
tion in a rat femur model. It is possible to distinguish the newly
formed bone or the novo bone formation zone (with the implant in con-
tact with the marrow medium). Histological analysis demonstrates that
the characteristics of bone tissue integration around control and
anodised implants are similar. Lamellar bone is continuous and in
close contact in both metal surface implants (bone-implant contact).
There is no fibrous tissue between the implant and the bone. Neither
mononuclear cell accumulations (lymphocytes, monocytes), nor osteo-
clast are seen close to the implant.

Histomorphometric analysis revealed that 15 days after implanta-
tion there is a significant reduction in new bone thickness around
Zr30V compared to control implants. Nevertheless, Zr60V shows a sig-
nificant increase in new bone facing the implant compared to control
and Zr30V. At 30 days after implantation no significant difference be-
tween the newly bone thickness facing the implant between control
and anodised samples can be seen. It is interesting to highlight that con-
trol and Zr30V show a significant increase in new bone formation be-
tween 15 and 30 days after surgery while Zr60V implants show the
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Fig. 5. MC3T3 proliferation over zirconium surfaces. A: ZrOV, B: Zr30V and C: Zr60V) at 120 h after cell seeding. Merge, red: actin staining (cytoskeleton); blue: Hoechst staining (cell
nuclei). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

-1 Dﬂ_ um_

Fig. 6. Photomicrographs of actin (red) and Hoescht (blue) of RAW 264.7 cells growing homogenously between samples A and B: Zr0V, C and D: Zr30V and E and F: Zr60V.G: Detail of
macrophages over Zr60V surface. Macrophages are organized in lines with elongated morphology as the oxide treatment is displaced. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Photomicrographs of actin (red) and Hoescht (blue) of RAW 264.7 cells forming multinucleated osteoclasts over zirconium surfaces. A and D: ZrOV, B and E: Zr30V and C and F:
Zr60V. G: Detail of actin staining (400x) of an osteoclast growing on Zr60V - Filaments seems to follow the same orientation than the oxide treatment. (For interpretation of the

references to color in this figure, the reader is referred to the web version of this article.)

highest new bone thickness in the firsts 15 days after implantation,
being this thickness comparable to the one reached 30 days after sur-

gery (Fig. 10).

3.3.3. Sequential fluorescent labelling analysis

Sequential fluorescent labelling (for 15 days and 30 days after im-
plantation) is used to record and monitor new bone formation around
the three implant groups by applying two types of fluorochromes. Fluo-
rescent markers calcein and alizarin complexone were detected in con-
trol and anodised implants with the same distribution independently of
the anodised condition. Fig. 11 shows calcein and alizarin complexone
deposition around the implants 15 days after surgery. They are found
to be deposited all around the implants showing an irregular and in-
tense distribution both in control and anodised surfaces fifteen days
after surgery. Nonetheless, Fig. 12 shows the sequential fluorescent

labelling 30 days after surgery where fluorochrome distribution shows
a more organized and clean profile both in control and anodised
surfaces.

Fig. 13 shows mineral apposition rate (MAR) quantitative analysed
15 and 30 days after surgery in the bone ingrowth around the metallic
implant in anodised at 30 V and 60 V when compared with controls.
The results show a significant reduction in MAR parameter around
Zr30Vand a significant increased around Zr60V implants both are com-
pared with control. On the other hand, 30 days after surgery MAR pa-
rameters reach comparable values in control and anodised surfaces.

4. Discussion
Surface plays a key role in biomaterials performance since a different

biological response can occur according to the surface properties of me-
tallic biomaterials. Biomaterials can trigger a biological reaction from
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Fig. 8. Immunocytochemistry of Tartrate resistant acid phosphatase. RAW 264.7 cells forming multinucleated osteoclasts over the ZrOV (A) and Zr60V (B). C) Detail (200 x ) of Zr60V where
osteoclasts are differentiated. Resorption phenotype is present as there are many lysosomal vesicles (see arrow).

the host after being implanted. An inappropriate metallic biomaterial failure of the biomaterial [40]. On the other hand, the well-designed im-
surface can lead to an encapsulation of the material with dense connec- plant surface could form an interlock with the surrounding bone and
tive tissue and a consequent isolation from the body fluid ending to a achieve osseointegration, which indicates the biocompatibility of the

Fig. 9. Histology showing bone-implant interface in rat tibia cross-section 15 and 30 days after the implantation. A: ZrOV, B: Zr30V and C: Zr60V new bone formation 15 days after surgery.
D: ZrOV, E: Zr30V and F: Zr60V new bone formation 30 days after surgery (staining: Toluidine blue, original magnification 40x).
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Fig. 10. Thickness of new bone layer on the implant surface in control and anodised
implants 15 and 30 days after surgery. Data are expressed as mean 4+ SEM, n = 6
femur/group (by one way ANOVA and Tukey test).

metallic biomaterial. It has been demonstrated that changes in topogra-
phy and chemistry of the surface greatly affect the tissue response in
in vivo assays [27].0rthopaedic and dental implant fixation depends
on both bone and bone-implant contact, and bone formation around
implant. It is known that gaps at the interface between the implant
and the bone increase the risk of failure in implant fixation, which
may result in the loss of the piece [41].

The modification of implant surfaces is being investigated to im-
prove the biocompatibility of biomaterials. The ability to “mimick” the
biology of surrounding tissue or promote wound repair is thought to
improve the integration of biomaterials and reduce the foreign body re-
action [42-44]. It is known that methods of altering topography and
chemistry are wide and varied [45-47]. These techniques result in dif-
ferential surface geometries in the micro and nanometre scale,

Alizarin Complexone

producing “rough” surfaces and in general, “rougher” surfaces have
shown altered cell adhesion [48,49], density and spreading [50,51],
modulated cytokines secretion [52,53], motility [54], enhanced prolifer-
ation and differentiation [50,55], and macrophage fusion [56]; however
these responses are cell-specific and dependent on the method of sur-
face modification. Additionally, surface roughness is further differenti-
ated based on modified dimensions such as topography height, width,
rigidity and spacing and patterns Pre-myoblastic and osteoblastic cells
can recognize the implants surface able to attach and proliferate fast
over Zr samples, forming a cell monolayer with suitable metabolic activ-
ity measures. Furthermore the surface treatment of the Zr samples in-
duces cells growth into a define direction, and cluster cells are
interconnected by a large number of filopodia, especially over Zr60V
on which the cells nearly cover the whole surface, indicating that sur-
face treatment alters not only the initial cellular adhesion of MC3T3
cells but also their morphology. These results are in agreement with
some reports showing an enhance in osteoblast like cell attachment
after 24 h on rough titanium, evidencing that surface topography also
caused the alignment of cells parallel to the 10um grooves presented
on the metal surface [57]. Due to implant surface properties (e.g. raw
material, roughness or even porosity) macrophages will activate ex-
pressing a wide spectrum of polarization states which are characterized
by the cytokine release profile of those cells. The pro-inflammatory phe-
notype “M1” of these cells induce fibrotic capsule and at the end failure
of the biomaterial. However, the anti-inflammatory “M2” response con-
trols the immune response, enhance blood vessel formation and wound
healing [58,59]. Macrophage activation to M2 phenotype can be modu-
lated by changing surface properties increasing the healing process and
favouring long term implant stability. The results also show that initial
immune system evaluation of Zr samples with macrophage precursors
showed no polarization to M1 states, a precursor of foreign body giant
cell apparition, fibrous tissue formation and implantation failure. In con-
trast, M2 elongated states were detected in Zr60V, a phenotype that will

Complexone

Calcein/Alizarin

Fig. 11. Fluorescent microscopy image of rat tibia cross-sections with control and anodised implants 15 days after surgery. Green (Calcein) and red (Alizarin Complexone) lines are seen in
the new bone around the implant (Imp) at 15 days after implantation, respectively. BM: bone marrow, I: implant (original magnification: 40x). (For interpretation of the references to

color in this figure, the reader is referred to the web version of this article.)
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Calcein

Alizarin Complexone

Calcein/Alizarin Complexone

Fig. 12. Fluorescent microscopy image of rat tibia cross-sections with control and anodised implants 30 days after surgery. Green (Calcein) and red (Alizarin Complexone) lines are seen in
the new bone around the implant at 30 days after implantation. In the picture: BM: bone marrow, I: implant (original magnification: 40x ). (For interpretation of the references to color in

this figure, the reader is referred to the web version of this article.)

become a sign of implantation success. However, other researchers
found recently differences in macrophage phenotype were shown to
be regulated on surface anodised with 5V or 20 V, where surfaces gen-
erated with 5 V caused macrophages to secrete cytokines of M2 pheno-
type, where the rougher 20 V surfaces were associated with an M1
phenotype. In the present study, bone homeostasis is predicted to be
properly maintained on anodised samples. Macrophages fusion induced
by RANKL achieved mature osteoclasts with specific TRAP activity. In
addition, a higher number of osteoclasts per area in anodised treat-
ments is detected, with a well-formed actin ring that seals the resorp-
tive area. Furthermore, a “zipper like” actin-based superstructure
could be detected over anodised treatments. This feature suggests an
improvement in multinucleated osteoclast fusion and an acceleration
of the process. In fact, a mature osteoclasts culture with resorptive

= Zrov
EA Zr30V
B Zr60V

MAR (pm/day)

Fig. 13. Quantitative analysis of mineral apposition rate (MAR) in control and anodised
implants 15 and 30 days after surgery. Values are reported as mean 4+ SEM. n = 6
femur/group (by one way ANOVA and Tukey test). *p < 0.05.

activity is characterized for an increased TRAP expression and an active
lysosome machinery [17]. Our results are in concordance with these ob-
servations, showing a healthy, differentiated and active osteoclast cul-
ture over the tested samples. Moreover, osteoclasts actin filaments are
aligned following the oxide treatment, showing an intimate contact be-
tween the material surface and bone cell populations. Bone resorbing
cells affect tissue healing processes, regulating the osteoblast prolifera-
tion and a correct matrix deposition rate. The association between sur-
face texture, osteoconductive matrix formation and subsequent
recruitment of osteogenic cells may be an important consideration for
understanding bone regeneration processes and in vivo implant
integration.

The biological process of osseointegration of biocompatible implants
can be divided roughly into four phases: first, recognition and adhesion,
second, proliferation and differentiation, third synthesis and minerali-
zation of bone matrix, and fourth, bone remodelling [60].Various kinds
of coating or surface modifications on implant surfaces have been de-
signed to regulate these four phase to promote osseointegration, either
by improving the function of osteoblast lineage or by adjusting the func-
tion of osteoclast. After initial inflammatory phase which follows im-
plant insertion [61], the subsequent bone regeneration process is
strongly influenced by the implant. It is important to highlight that
the forces needed to insert the implant can cause a fairly high amount
of microdamage up to 500 um away from the implant surface which,
in turn, triggers a substantial but short-term increase in peri-implant
bone resorption followed by formation [62]. Orthopaedic and dental im-
plant fixation depends upon both bone-implant contact and bone for-
mation around implant. It is well known that gaps at the interface
between implant and bone increase risk of diminished implant fixation
and eventual loosening [63]. To evaluate the biological response of
anodisation treatment in zirconium implants in an in vivo model, a rat
femur implantation model was used. This model has been successfully
implemented by our group previously [32]. In the literature, different
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time periods are used when studying implant osseointegration: animals
are sacrificed after two weeks [41], four weeks [64], six weeks [65], and
three month [66]. In our study we evaluated implant fixation at 15 and
30 days after implantation to assess the static and dynamic process of
the bone/implant interface formation. The in vivo results indicate that
both control and anodised zirconium implants at 30 V and 60 V have a
continuous laminar bone growth on the surface of zirconium implants
in rat femur with difference according to the anodisation treatment. Fif-
teen days after surgery, thickness of new bone formation in the
periimplant bone increased substantially by surface anodisation treat-
ment at 60 V in comparison with the values measures from control im-
plants. Nevertheless, new bone thickness facing Zr30V implants were
significant lower compared with control implant for the same time
point. However, 30 days after implantation, the thickness of the new
bone reached the same values in control and anodised implants. The sig-
nificant increase in new bone in the trabecular was mostly due to a high
MAR in this anodisation implants. By relating the increase in mineraliza-
tion surface to the recruitment and MAR to the activity of osteoblast [67,
68], the results showed that anodisation treatment, principally at 60 V
produce longer and faster deposition of new bone, which is reflected
with newly bone thickness far from the implant surface. This transient
increase in the rate of bone formation close to the implant is in agree-
ment with previous experiments. Irish and colleagues [69] found elevat-
ed bone formation rates up to 8 weeks after the insertion of the implant
into rat femur. It is important to point out that, values among different
studies should be compared only qualitatively, since the studies in-
volved different animals, implants and implantation sites. This results
are in line with the results found by Guglielmonti et al. [70] suggesting
that the surface modification induces a change in bone formation during
the acute early phase after surgery and that after12 weeks no differ-
ences can be found between control and modified implants due to
slower bone remodelling after the acute phase of new bone formation.
It has been suggested that both the percentage of the implant surface
covered by bone and bone thickness may improve osseointegration
and anchoring of implants.

Fluorescent microscopy of the sequential fluorochrome labels re-
vealed the dynamics of bone formation in different periods of implanta-
tion [71].The response of bone to implant is a highly dynamic process, in
contrast, the main methodologies which are used to characterize it, such
as histomorphometry and in vitro micro-computed tomography
(micro-CT), are based on single time points and cannot capture the
full time evolution of the structural and the remodelling changes after
implant placement. Dynamic histomorphometry, for instance, allows
characterizing the location and, to some extent, the time changes of
bone formation (i.e. formation rate) by using multiples labels [33]. Nev-
ertheless, the interplay between bone resorption and bone formation is
of paramount importance to fully understand the net changes in bone
structure occurring in the peri-implant bone, which is eventually re-
sponsible for the mechanical stability of the implant. At 15 and
30 days after implantation the two fluorescent labels calcein and aliza-
rin complexone could be observed with similar intensity in control
and both anodisation conditions. Bone apposition mineralization rate
(MAR), based on fluorochrome analysis, was different between the con-
trol and anodised conditions. In the current study, 15 days after surgery
the MAR of bone ingrowth and periprosthetic bone was slower on 30 V
anodised zirconium implants when compared with control and inter-
estingly 60anodisationimplants showed higher MAR values than con-
trol values fifteen days after surgery. Fluorochrome labelling profile
indicates that bone extending away from the anodised implant forms
at a similar rate as in control implants in the same direction. On the
other hand, 30 days after surgery, in 30 V and 60 V anodisation implants,
the new bone apposition MAR is lower than in control implants but no
difference is possible to suggest with these results that contact osteo-
genesis would take place in the region facing the bone marrow at
early stage of the osseointegration process. Our observations show
that the bone growth rate on the surface of zirconium implant in rat

femur was affected by modifying the surface, even 15 days after surgery,
suggesting that the anodisation process would stimulate the
osseointegration process.

The effect of surface characteristic on cells, by physicochemical inter-
actions, generally occurs at the initial stage of cell attachment. The initial
cell behaviour on the interface of cell-anodised zirconium will influence
the cell differentiation, proliferation and matrix formation. In other
words, the surface characteristics, topography, roughness and chemis-
try will adjust cell growth and at last point the success of a biomaterial.

5. Conclusions

The results provide evidence that the anodising process on Zr as-
sesses a substrate modification that allows bone cell adhesion and pro-
liferation, affecting cytoskeleton alignment and permitting bone cell
differentiation and in vivo mineral apposition rate and new bone thick-
ness at early stages after the surgery, positioning the Zr as a promising
candidate as permanent cementless implant. It is important to note
that after 30 days of implantation, results on modified and pristine sub-
strates are comparable regarding the studied properties, but the pro-
cesses are accelerated in the Zr60V showing a faster response for bone
formation. This fact is especially important since it can shorter the re-
covery time for application in patients.
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