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Abstract: The management of severe acetabular bone defects in revision reconstructive orthopedic
surgery is challenging. In this study, cyclic precalcification (CP) treatment was used on both
nanotube-surface Ti-mesh and a bone graft substitute for the acetabular defect model, and its effects
were assessed in vitro and in vivo. Nanotube-Ti mesh coated with hydroxyapatite/β-tricalcium
phosphate (HA/β-TCP) was manufactured by an anodizing and a sintering method, respectively.
An 8 mm diameter defect was created on each acetabulum of eight rabbits, then treated by grafting
materials and covered by Ti meshes. At four and eight weeks, postoperatively, biopsies were
performed for histomorphometric analyses. The newly-formed bone layers under cyclic precalcified
anodized Ti (CP-AT) meshes were superior with regard to the mineralized area at both four and eight
weeks, as compared with that under untreated Ti meshes. Active bone regeneration at 2–4 weeks
was stronger than at 6–8 weeks, particularly with treated biphasic ceramic (p < 0.05). CP improved
the bioactivity of Ti meshes and biphasic grafting materials. Moreover, the precalcified nanotubular
Ti meshes could enhance early contact bone formation on the mesh and, therefore, may reduce
the collapse of Ti meshes into the defect, increasing the sufficiency of acetabular reconstruction.
Finally, cyclic precalcification did not affect bone regeneration by biphasic grafting materials in vivo.

Keywords: titanium mesh; surface modification; hydroxyapatite; β-tricalcium phosphate;
bone defect; acetabular defect; total hip arthroplasty; bone tissue engineering; orthopedic surgery

1. Introduction

The management of severe acetabular bone defects in revision reconstructive orthopedic surgery
is challenging. Many patients show failure of revisions or serious acetabular bone defects in total
hip arthroplasty. In particular, severe bone loss with combined cavitary and segmental defects has
been traditionally treated using structural allografts, highly-porous metal shells with or without cages,
custom triangular cups, or trabecular metal augments [1–3].

Among the materials used for bone defect repair in adult reconstructive revision surgery, metallic
mesh provides favorable biomechanical properties. Moreover, flexible reconstruction meshes provide
a stable cavity for impaction bone grafting reconstruction and cup fixation [4]. Previous studies have
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shown that surface-modified titanium mesh can be applied for dental and orthopedic implants in the
clinical setting.

Chemical modification of titanium (Ti) surfaces, such as coating with hydroxyapatite (HA),
may be an effective method to enable activation of in vivo response to accelerate bone conduction [5–7].
In our previous studies, calcium phosphate was precoated on a nanotubular Ti substrate by a cyclic
precalcification process [8]. This is a coating that has shown high bioactivity in simulated body fluid
(SBF) by inducing the formation of HA. Thus, an HA layer mimicking the natural material was
used to coat the Ti substrate, resulting in increased osteoblast responses, bone conduction, and bone
integration [8–10]. Importantly, this cyclic precalcification treatment is expected to facilitate bone
formation on nanotube-surface Ti-mesh.

In addition to the use of Ti-mesh to support bone defects, filling the void by suitable bone-graft
substitutes is also necessary in reconstructive orthopedic surgery. In this study, a biphasic bioceramic of
6HA:4β-tricalcium phosphate (β-TCP) was manufactured by sintering method with a porous structure.
In order to increase the bioactivity of this grafting material, cyclic precalcification was also applied by
soaking the bioceramic in Ca-containing solution and P-containing solution sequentially.

Therefore, in this study, cyclic precalcification (HA/β-TCP) treatment was used on both
nanotube-surface Ti-mesh and bone graft substitute (β-TCP) for the acetabular defect model, and its
effects were assessed in vitro and in vivo.

2. Results

2.1. Effects of Cyclic Precalcifcation on the Bioactivity of Ti Mesh

Figure 1A,B shows the morphology of nanotubular arrays on Ti mesh used for applying the
cyclic precalcification process. Each nanotube had an independent tubular structure and the diameter
was increased from top to bottom with a hollow internal structure, and an approximate length
of 870 nm. These nanotubes were then covered by a homogenous layer of calcium phosphate
precipitates through a cyclic precalcification treatment (Figure 1D). These grain-like precipitates
were interlocked with the porous nanotubular surfaces, and partially penetrated into the nanotubes
(Figure 1E). Energy dispersive X-ray (EDS) analysis also confirmed the nanotubular Ti surface was
were covered by a rich calcium phosphate layer (Figure 1F).
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The bioactivity of the Ti mesh was assayed through SBF-immersion testing at 37 ◦C. Titanium
anodized surfaces (AT) are bioactive used in this test as the control group. Precalcified anodized Ti
mesh (CP-AT) showed early bioactivity after three days of immersion (Figure 2A–C). In these figures,
large spherical aggregates containing dense nanosized flake-like crystals were found throughout
the entire Ti surface; these crystals were characterized as a mixture of HA and β-TCP crystals on
X-ray diffraction (XRD) analysis. Additionally, on the nanotubular surface, crystalline structures were
detected after 14 days of immersion. Figure 2D,E demonstrate the presence of a rather smooth and
homogenous crystalline surfaces; however, no HA or β-TCP peaks were observed by XRD analysis
due to the thin layer. Thus, precalcification treatment played a major role in increasing the bioactivity
of the nanotubular surface.
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Figure 2. Bioactivity of Ti mesh after immersion in simulated body fluid (SBF) at 37 ◦C. Precalcified
nanotubular Ti mesh (CP-AT) showed large and dense aggregates of crystalline structures on the surface
(A,B) and hydroxyapatite (HA) and β-tricalcium phosphate (β-TCP) peaks on XRD analysis after three
days of immersion (C). Nanotubular Ti mesh (AT, anodized Ti mesh) showed small aggregates of
crystalline structures (D,E) after 14 days of immersion; none of the HA peaks were observed on XRD
analysis (F).

The bioactivity of biphasic ceramic (BC) also was checked by SBF immersion tests (Figure 3).
After three days of immersion, cyclic precalcified biphasic ceramic (CP-BC) samples were densely
covered in HA protuberances over the entire surface; this phenomenon was not observed in untreated
biphasic ceramic, suggesting that cyclic precalcification not only affected the Ti substrate but also the
biphasic ceramic surface.
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The UTT mesh tended to collapse into the defect, which did not occur in the CP-AT group. 
Additionally, the UTT mesh seemed to be covered mostly by soft tissue intervention, and a thin layer 
of new bone formed separately underneath this soft tissue. Another new bone layer was observed in 
contact with CP-AT mesh, even in the center of the mesh. In both two groups, over-growth of bone 
formed on the Ti meshes. Bone grew on the UTT mesh as small pieces and was invaded by connective 
tissue. In the CP-AT group, a trabecular laminate covered partly on the mesh surface at four weeks, 
and completely at eight weeks. 

Figure 3. Bioactivity of biphasic ceramic immersed in SBF at 37 ◦C for three days. Precalcified biphasic
ceramic (CP-BC) showed large, dense aggregates of crystalline structures on the surface (A,B); untreated
biphasic ceramic (BC) did not show any changes on the surface (C,D).

2.2. Effects of Cyclic Precalcification on the Flexural Properties of Ti Mesh

To evaluate the effects of cyclic precalcification on the flexural strength of Ti mesh, three-point
bending tests were performed for the samples of each Ti mesh group (n = 3). Figure 4 shows the
load deflection curves and mean flexural strength of each group. The mean flexural strength values
were 4.15 ± 0.24 kgf/mm2 in the untreated Ti mesh (UTT) group, and 3.69 ± 0.55 kgf/mm2 in the
precalcified anodized Ti mesh (CP-AT) group. There was no significant difference between the two
groups (p > 0.05).
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2.3. Effects of Cyclic Precalcification on Bone Apposition on Ti Mesh

To observe the bone apposition on Ti mesh, Ti mesh-defect biopsies were perpendicularly
sectioned to the plane of the Ti mesh through the center point. Figure 5 represents the histological
images of these sections of UTT and CP-AT groups at four and eight weeks post-operation. As shown
in the image, the UTT group exhibited deformation of the Ti mesh at both time points (red arrows).
The UTT mesh tended to collapse into the defect, which did not occur in the CP-AT group. Additionally,
the UTT mesh seemed to be covered mostly by soft tissue intervention, and a thin layer of new bone
formed separately underneath this soft tissue. Another new bone layer was observed in contact with
CP-AT mesh, even in the center of the mesh. In both two groups, over-growth of bone formed on the
Ti meshes. Bone grew on the UTT mesh as small pieces and was invaded by connective tissue. In the
CP-AT group, a trabecular laminate covered partly on the mesh surface at four weeks, and completely
at eight weeks.Int. J. Mol. Sci. 2017, 18, 1462  5 of 13 
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Figure 5. Bone healing pattern of the acetabular defects at four and eight weeks post-operation.
Cross-section images (10×, Villanueva bone staining) through the center points of untreated Ti meshes
and cyclic precalcified-Ti mesh. Red arrows: Ti mesh deformations; asterisks: soft tissue intervention
under Ti mesh; black arrows: new bone in contact with Ti mesh.

Figure 6 showed high-magnification images of bone regeneration under untreated and treated Ti
meshes. The images confirmed that new bone formation was increased, and the new bone had better
contact (arrows) with treated Ti meshes than with untreated meshes. The new bone nearly filled the
holes of CP-AT meshes. On Villanueva-stained images, osteoids were stained green or jade green,
whereas the mineralized bone matrix was unstained (white) or light green [11]. The newly-formed
bone layers under CP-AT meshes were superior with regard to the mineralized area at both four and
eight weeks, as compared with those under untreated Ti meshes. Moreover, to observe the de novo
bone dynamics under Ti meshes, these specimens were studied by fluorochrome labeling, two weeks
prior to sacrifice. In animals sacrificed at four weeks a stronger stained bone staining was observed in
the CP-AT group compared with that in the UTT groups. However, these labeling patterns were no
different in animals sacrificed at eight weeks, suggesting that the mode of ossification did not differ
between groups at later healing times.
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Figure 6. Representative images of bone tissue regeneration under untreated and treated Ti meshes at
four and eight weeks by conventional histological staining (left, 100×, Villanueva bone staining,
light microscopy). The newly-formed bone was in direct contact with the grafting materials in
some positions (arrows). Mineralized bone (unstained) and seams of osteoids (yellowish green)
are distinguished. Asterisks: hole of Ti meshes; black arrows: new bone in contact with Ti meshes.
Calcein (green), which was injected two weeks before sacrifice, was also observed by confocal laser
scanning microscopy in the same sections (right).

2.4. Effects of Cyclic Precalcification on the Bone Regeneration Ability of Biphasic Ceramic

Figure 7 showed the bone formation pattern inside defects treated by biphasic grafting materials
(6:4 HA:βTCP). As shown by the Villanueva staining images, all groups exhibited the same ossification
mode, with newly-formed bone between grafting materials, partly integrated with materials.
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Figure 7. Representative images of bone tissue regeneration inside defects with untreated (BC) and
treated (CP-BC) biphasic grafting materials at four and eight weeks by conventional histological
staining (left, 100×, Villanueva bone staining, light microscopy). The newly-formed bone was in direct
contact with the grafting materials in some positions (arrows). Mineralized bone (unstained) and seams
of osteoids (yellowish green) are shown. G indicates grafting materials. Calcein (green), which was
injected two weeks before sacrifice were also observed by confocal laser scanning microscopy in the
same sections (right).



Int. J. Mol. Sci. 2017, 18, 1462 7 of 13

Calcein staining at two weeks prior to sacrifice showed the mineralization inside the grafting
materials. Based on these calcein labels, we determined the percent mineralized area in relation to
the determined area for different period: 2–4 and 6–8 weeks (Figure 8). Active bone regeneration
at 2–4 weeks was stronger than at 6–8 weeks, particularly with treated biphasic ceramic (p < 0.05).
However, the differences between the two groups was not significant (p > 0.05).
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At eight weeks, both groups showed the formation of a bony bridge from below the cortical
bone layer to the grafting materials (Figure S1). Calcein labeling and Villanueva staining illustrated
that bone formation occurred outward; the first formed bone was replaced by mature bone and new
osteoids developed on this bone.

3. Discussion

The reconstruction of large acetabular bone defects is a challenge in revision total hip
arthroplasty [12]. Flexible reconstruction meshes can be used to convert uncontained defects into
contained defects, thus providing a stable cavity for impaction bone grafting reconstruction and
cemented cup fixation. Alternatives include impaction allografting with cement with containment
created by the use of rim meshes, the use of bulk allografts, bilobed acetabular components, jumbo
acetabular components, high placement of the hip center of rotation, or a reconstruction cage [13,14].

This present study was undertaken to assess the effects of cyclic precalcification treatment on
titanium mesh and grafting material for acetabular reconstruction in vitro and in vivo. This study is
the first to investigate surface-modified titanium mesh of acetabular defects in an animal model.

Cyclic precalcification is the repeated process of loading Ca and P on materials in order to improve
the substrate’s bioactivity, providing a better environment for osteoblastic cell attachment, proliferation,
and differentiation in vitro, as well as bone regeneration in vivo [9,15]. Since this treatment is based on
the precipitation of Ca and P, porous surfaces would be suitable to be used as a substrate to improve
the loading of these elements. Nanotubular Ti mesh surfaces and porous biphasic grafting materials
possess many empty spaces, which could become potential bioactive material carriers.

From SBF immersion tests, we concluded that precalcification increased the bioactivity of treated
Ti meshes as previously reported [8,15]. Moreover, the application of cyclic precalcification on
biphasic grafting materials also increased HA precipitation on treated materials during early healing.
This phenomenon can be explained by the observation that local Ca–P supersaturation of the cyclic
precalcified surface stimulates Ca–P nucleation and apatite-crystallization from SBF [8]. Thus, based on
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these investigations, cyclic precalcification improves the bioactivities of Ti meshes and biphasic grafting
materials, implying that such modified materials may be suitable for acetabular reconstruction.

The titanium meshes used in this study were designed as perforated round plates with two wings
for miniscrew fixation. This design keeps the specimen stable during healing in animal experiments
and may allow diffusion of extracellular nutrients for bone regeneration [16]. However, the perforated
meshes with multiple pores may permit soft tissue penetration and weaken the stability of the Ti
meshes, resulting in membrane collapse [12,16]. In this current study, the untreated Ti mesh at both 4
and 8 weeks were found to be localized within the defects. However, the cyclic precalcification-treated
nanotubular surface showed no deformation. Thus, we performed three-point flexural testing of Ti
meshes with untreated and treated surfaces. The results clarified that this surface treatment did not
affect the mechanical strength of the Ti meshes. Thus, the cause of deformation of the untreated Ti
mesh was a lack of bony support underneath the mesh. During healing, UTT meshes were covered
mostly by soft tissue intervention. A thin bone layer also was formed under the mesh, but was not in
close contact with the mesh. Additionally, new bone layers grew along the TI meshes in the CP-AT
groups with good bonding, supporting the Ti meshes from the pressure and invasion of the soft tissues.
Moreover, a continuous bone layer also was found above treated meshes at eight weeks, separating
the muscular layer from the defect and protecting the Ti meshes from collapsing. Therefore, the shape
and structure of acetabular bone could be fully reconstructed during healing.

In order to evaluate bone regeneration under Ti meshes, calcein labeling was performed two
weeks prior to sacrifice. This fluorochrome label binds with calcium, which remains available in the
osteoid matrix and is then incorporated at sites of mineralization with HA crystals [17]. The label area
shows mineralization during healing [17]. Thus, we estimated the mineralization area by labeling with
calcein. Our findings showed that, the ossification activity was strong during the first four weeks of
healing and slowed down during later stages of healing. This process was not affected by treatment
of grafting materials. Although the treated biphasic ceramic showed higher bioactivity in only three
days in vitro compared with untreated samples, in vivo bone regeneration on treated surfaces was not
induced after four and eight weeks of healing. This result was consistent with the fact that the cyclic
precalcification process improves the bioactivity of bioceramics during the early treatment phase.

Biphasic calcium phosphate (BC), a mixture of either β-TCP + HA or α-TCP + HA, is produced by
balancing the more stable phase of HA and the more soluble molecule TCP [18]. In this current study,
the biphasic bioceramic of 6HA:4β-TCP was used. During cyclic precalcification treatment, a layer of
Ca–P containing both amorphous and crystalline phases (octacalcium phosphate—OCP) was coated
onto this bioceramic [8]. The OCP crystal is a required precursor to biological apatite crystals [8,19].
Moreover, in a comparative study, β-TCP and HA bioceramics showed poor apatite precipitation
both in vitro and in vivo. OCP formation ubiquitously occurred on all types of bioceramic surfaces,
except on β-TCP [20]. Notably, this precipitation of calcium orthophosphates on bioceramic surface is
more difficult in vivo than in vitro [20]. In vivo continuous solubilization of the precalcificated surface
occurs during implanting until equilibrium between the physiological solutions and the modified
surface of HA has been reached [18]. Intrinsic osteoinduction by calcium orthophosphate bioceramics
is a result of adsorption of osteoinductive substances on their surface [21]. Thus, the bioactive surface
may not be as effective during later healing stage, as supported by the similar ossification patterns
of untreated and treated biphasic ceramics at four and eight weeks. Additional studies with larger
sample sizes and shorter experimental periods are needed to clarify this hypothesis.

In this study, the critical size defects of 8 mm were used to investigate the bone regeneration
treated by the Ti meshes and grafting materials. This is the smallest-sized tissue defect that will not
heal spontaneously [22]. In the clinical setting the bone defects might be much larger than this size,
thus, further studies with larger sample sizes and larger models should be conducted to translate these
preliminary results into clinical applications.
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4. Materials and Methods

4.1. Titanium Mesh Preparation

Experimental Ti-mesh consisted of custom-made, round plates (10 mm in diameter) with two
wings in two sides for miniscrew fixation (Figure 9A). The mesh were cut from Neo Titanium mesh
(Neobiotech Co., Ltd., Los Angeles, CA, USA) with a thickness of 90 µm. Ti mesh was perforated with
multiple holes (40 µm in diameter; Figure 1B). Prior to cyclic precalcification, a fresh oxide layer was
obtained by acid-etching with a mixture (HNO3:HF:H2O = 12:7:81) for 10 s, and a nanotube layer was
then prepared on the Ti substrate by an anodizing process in glycerol solution at 20 V for 1 h [8].Int. J. Mol. Sci. 2017, 18, 1462  9 of 13 
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Figure 9. Characterization of pristine Ti mesh. (A) Technical drawing; (B) Field emission scanning
electron microscopy (FE-SEM) images: perforated Ti mesh with multiple holes; (C) EDS analysis of the
chemical composition of the Ti mesh.

4.2. Porous Biphasic (6HA:4β-TCP) Bioceramic Manufacturing

A mixture of HA (Sigma-Aldrich, St. Louis, MO, USA) and β-TCP (Sigma-Aldrich) with an
additional amount of silica (SiO2; 1 wt %) was prepared to yield a biphasic ceramic with an HA/β-TCP
ratio of 6:4 by the sintering method. Silica dioxide was used to form the interfacial bonding between
components because silica tends to form low melting compounds at the sintering temperatures used
in this study (1300 ◦C). To make a biphasic ceramic with a 6:4 ratio, 6:4 powder containing 30 wt %
carbon powder (Indocarb Corporation Inc., Pittsburgh, PA, USA) was die-pressed in a cylindrical
mold (diameter: 15 mm) under a pressure of 1 MPa at ambient temperature. The obtained pellets
were calcinated at 600 ◦C for 6 h, following by sintering in air at 1300 ◦C for 4.5 h. After sintering,
the ceramic pellets were ball milled and sieved through a 400 µm metal sieve mesh.

4.3. Cyclic Precalcification

As has been described in previous studies [8,9], cyclic precalcification of the anodized Ti mesh
and the biphasic bioceramic was conducted in soaking the specimens in turn for 1 min with 0.05 M
NaH2PO4 solution at 80 ◦C and saturated Ca(OH)2 solution at 100 ◦C. This process was repeated for
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30 cycles. Finally, to stabilize the formed structure and remove any remaining impurities, the cyclic
precalcification-treated samples were heated at 500 ◦C for 2 h.

4.4. Surface Characterization

The morphology and chemical composition of the sample surface was observed by field emission
scanning electron microscopy (FE-SEM, S-4700, Hitachi, Tokyo, Japan) equipped with EDS. The phase
composition was analyzed by XRD (Multi-Purpose High-Performance X-ray Diffractometer, X’pert
Power, PANalytical Co., Tokyo, Japan), with a scanning rate of 4◦/min in the range of 20–80◦.

4.5. Bioactivity Test

The in vitro bioactivity of the cyclic precalcification-treated Ti mesh and biphasic ceramic was
evaluated by immersing the specimens in SBF at 37.5 ◦C and daily checking the apatite crystal
formation by FE-SEM up to 14 days. SBF with ionic concentrations similar to human blood plasma
were prepared by mixing 0.185 g/L CaCl2·2H2O, 0.09767 g/L MgSO4, 0.35 g/L NaHCO3, and Hank’s
balanced solution (H2387; Sigma Chemical Co., Saint Louis, MO, USA) and buffering the solution at
pH 7.4. HA formation on the surface of specimens was investigated by XRD.

4.6. Three-Point Flexural Testing on Ti Mesh

Three-point bending tests were conducted using an INSTRON universal testing machine
(Instron 4201, Instron Corporation, Norwood, MA, USA) at a crosshead speed of 2 mm/min. The Ti
meshes with untreated and treated surfaces were prepared with a thickness of 90 µm and then cut to
a size of 23 mm × 3 mm. Six samples for each group were tested at room temperature and the load
deflection curve of each sample was recorded. The flexural strength σ (kgf/mm2) was calculated by
using the following equation:

σ =
3pL
2bh2 (1)

where p is the load in kgf, L is the distance between supports (20 mm), b is the width (3.0 ± 0.1 mm)
and h is thickness (90 ± 5 µm).

4.7. Animals

Prior to in vivo tests, all specimens were sterilized using ethylene oxide gas. To evaluate the
effects of cyclic precalcification on Ti mesh and biphasic ceramic materials, four in vivo experimental
groups were set up (Table 1). In groups 1 and 2, to assess the effects of the cyclic precalcification
process on Ti meshes, cyclic precalcified Ti anodized Ti mesh (CP-AT) and untreated Ti mesh (UTT)
were used to treat the defect with a commercial porous bone substitute product (U-bone, granule
type; Biorigin, Korea). The grafting material consisted of the β-TCP granule (size: 1.0 mm × 1.5 mm).
In groups 3 and 4, in order to compare between untreated (BC) and treated biphasic ceramics (CP-BC),
treated Ti-meshes (CP-AT) was used.

Table 1. Groups for in vivo experiments.

Groups Mesh Types Grafting Materials

1 UTT: Untreated Ti mesh Commercial β-TCP (U bone)
2 CP-AT: cyclic precalcified anodized Ti mesh Commercial β-TCP (U bone)
3 CP-AT: cyclic precalcified anodized Ti mesh BC: biphasic ceramic
4 CP-AT: cyclic precalcified anodized Ti mesh CP-BC: cyclic precalcified biphasic ceramic

Eight adult male New Zealand White rabbits (12–13 weeks of age, weighing ~3 kg) were used
(two control, with 16 acetabular defects and two defects/group/period). One rabbit randomly received
two different treatment groups on each acetabular defect. This study was conducted in compliance
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with the principles of the Declaration of Helsinki. The study protocol was approved by the Institutional
Animal Care and Use Committee of the Chonbuk National University Laboratory Animal Center,
Jeonju, Korea (Approved Number: CBU 2014-00050, 1 July 2014).

4.8. Operation Process

Prior to bilateral acetabular defect surgery, general anesthesia was induced by injection of
ketamine hydrochloride (ketamine; Yuhan Corporation, Seoul, Korea; 35 mg/kg) and xylazine
hydrochloride (Rompun, Bayer, Korea; 5 mg/kg) via an ear vein. Hindquarters were shaved, draped,
and disinfected with betadine scrubs. Additional local anesthesia was given at the surgical site using
1% lidocaine with epinephrine (1:100,000) to reduce bleeding under the skin. Bilateral acetabular
defects were made to mimic bone defects of revision total hip arthroplasty, as previously described [23].
A skin and fascia incision was made over the iliac crest, and the dissection was carried out along the
ilium toward the hip joint, exposing the superior dome of the acetabulum to create defect. An 8 mm
diameter defect through the cortical layer and trabecular bone layer was then created on this area
using a trephine bur connected to an endodontic motor (X-SMART; Densply, Tokyo, Japan) under
irrigation with sterile saline. The opposite cortical layer was carefully preserved to prevent perforation
into the pelvic cavity. The periphery of the defect was assessed and washed to remove the remaining
bone fragments or bone chips. The defects were completely filled with grafting materials. The meshes
were placed to completely cover the bone defects, extending onto the surrounding bone margins at
least 1 mm. Then, two screws were used to secure the mesh through its wings. The iliac muscle was
replaced and sutured with bioabsorbable silk (4-0 Polyglactin 910 [Vicryl], Ethicon, Livingston, UK.).
Finally, a 4/0 suture silk (4/0 Black silk, Ailee Co., Busan, Korea) was used to approximate the skin.
In order to prevent infection and control pain, antibiotics (Amikacin; Samu Median, Yesan, Korea)
(0.15 mL/kg) and analgesics (Nobin, Bayer, Seoul, Korea) were administrated intramuscularly for
three days at 0, 24, and 48 h, postoperatively.

To clarify the bone formation activity inside the defects, all animals were injected intraperitoneally
with calcein (Sigma-Aldrich) at 1.25 mg/kg body weight two weeks prior to sacrifice.

The animals were sacrificed at four or eight weeks by an overdose of thiopental (thiopental sodium;
ChoongWae Pharma, Seoul, Korea). The hemipelvis with the experimental defects and materials were
dissected, cut to 2 × 2 cm blocks, and fixed with 10% neutral buffered formalin.

4.9. Histological and Fluorescent Analysis

The specimens were stained with Villanueva solution (Polysciences, Inc., Hirschberg, Germany),
dehydrated in a series of increasing concentrations of ethanol (80%, 90%, 95%, and 100%),
and embedded in methyl methacrylate (MMA monomer, Yaruki Pure Chemicals Co., Ltd., Kyoto,
Japan). Resin blocks containing samples were perpendicularly sectioned to the plane of the Ti
membrane through the center point using a low-speed diamond cutter to a thickness of 0.5 mm.
Finally, the specimens were ground to 40 µm thickness to prepare for hard tissue examination.
The prepared specimens were examined using low-magnification optical microscopy (EZ4D, Leica
Microsystem, Wetzlar, Germany) at 10×, and 30×, and a high-magnification optical microscopy
(DM2500, Leica Microsystem) at 100×.

The calcein green labels on these histological sections also were visualized using a confocal laser
scanning microscope (CLSM 510 Meta, Zeiss, München, Germany) at a magnification of 100× with
excitation of 488 nm and emission at over 560 nm.

Fluorochrome staining was initiated to detect new bone formation and mineralization two
weeks prior to sacrifice. Three random images obtained inside the defect sites by CLSM at
100× magnification (513 × 513 pixels). The percentage of pixels labeled with calcein green was
evaluated on each image using an image-analysis computer program (ImageJ 1.46; National Institutes
of Health, Bethesda, MD, USA). The mean value of the six measurements was calculated per group
(three measurements/defect, two defects/group) [24].
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4.10. Statistic Analysis

The flexural strength (kgf/mm2) and the relative mineralized area (%) data were expressed as
means ± standard deviations. Statistical analysis was performed using one way ANOVA with Tukey’s
post-hoc test in SPSS software (version 12.0; SPSS, Chicago, IL, USA). Differences with p values of less
than 0.05 were considered as statistically significant.

5. Conclusions

Despite the limitations of this study, we concluded that cyclic precalcification improved the
bioactivity of Ti meshes and biphasic grafting materials. Moreover, the precalcified nanotubular Ti
meshes could enhance early contact bone formation on the mesh and, therefore, may reduce the collapse
of Ti meshes into the defect, increasing the sufficiency of acetabular reconstruction. Finally, cyclic
precalcification did not affect bone regeneration by biphasic grafting materials in vivo.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/18/7/1462/s1.
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UTT Untreated Ti mesh
CLSM Confocal laser scanning microscopy

References

1. Bostrom, M.P.; Lehman, A.P.; Buly, R.L.; Lyman, S.; Nestor, B.J. Acetabular revision with the Contour
antiprotrusio cage: 2- to 5-year followup. Clin. Orthop. 2006, 453, 188–194. [CrossRef] [PubMed]

2. Issack, P.S.; Nousiainen, M.; Beksac, B.; Helfet, D.L.; Sculco, T.P.; Buly, R.L. Acetabular component revision in
total hip arthroplasty. Part II: Management of major bone loss and pelvic discontinuity. Am. J. Orthop. 2009,
38, 550–556. [PubMed]

3. Weeden, S.H.; Schmidt, R.H. The use of tantalum porous metal implants for Paprosky 3A and 3B defects.
J. Arthroplast. 2007, 22, 151–155. [CrossRef] [PubMed]

4. Sporer, S.M. How to do a revision total hip arthroplasty: Revision of the acetabulum. Inst. Course Lect. 2012,
61, 303–311. [CrossRef] [PubMed]

5. Feng, B.; Chu, X.; Chen, J.; Wang, J.; Lu, X.; Weng, J. Hydroxyapatite coating on titanium surface with titania
nanotube layer and its bond strength to substrate. J. Porous Mater. 2010, 17, 453–458. [CrossRef]

www.mdpi.com/1422-0067/18/7/1462/s1
http://dx.doi.org/10.1097/01.blo.0000246533.37006.b0
http://www.ncbi.nlm.nih.gov/pubmed/17016217
http://www.ncbi.nlm.nih.gov/pubmed/20049349
http://dx.doi.org/10.1016/j.arth.2007.04.024
http://www.ncbi.nlm.nih.gov/pubmed/17823035
http://dx.doi.org/10.2106/JBJS.9314ICL
http://www.ncbi.nlm.nih.gov/pubmed/21792504
http://dx.doi.org/10.1007/s10934-009-9307-2


Int. J. Mol. Sci. 2017, 18, 1462 13 of 13

6. Hirota, M.; Hayakawa, T.; Yoshinari, M.; Ametani, A.; Shima, T.; Monden, Y.; Ozawa, T.; Sato, M.; Koyama, C.;
Tamai, N.; et al. Hydroxyapatite coating for titanium fibre mesh scaffold enhances osteoblast activity and
bone tissue formation. Int. J. Oral Maxillofac. Surg. 2012, 41, 1304–1309. [CrossRef] [PubMed]

7. Wang, X.; Zakaria, O.; Madi, M.; Hao, J.; Chou, J.; Kasugai, S. Vertical bone augmentation induced by
ultrathin hydroxyapatite sputtered coated mini titanium implants in a rabbit calvaria model. J. Biomed. Mater.
Res. B Appl. Biomater. 2015, 103, 1700–1708. [CrossRef] [PubMed]

8. Nguyen, T.D.T.; Park, I.S.; Lee, M.H.; Bae, T.S. Enhanced biocompatibility of a pre-calcified nanotubular TiO2

layer on Ti-6Al-7Nb alloy. Surf. Coat. Technol. 2013, 236, 127–134. [CrossRef]
9. Nguyen, T.-D.T.; Moon, S.-H.; Oh, T.-J.; Park, I.-S.; Lee, M.-H.; Bae, T.-S. The effect of APH treatment on

surface bonding and osseointegration of Ti–6Al–7Nb implants: An in vitro and in vivo study. J. Biomed.
Mater. Res. B Appl. Biomater. 2015, 103, 641–648. [CrossRef] [PubMed]

10. Nguyen, T.-D.T.; Moon, S.-H.; Oh, T.-J.; Seok, J.-J.; Lee, M.-H.; Bae, T.-S. Comparison of guided bone
regeneration between a surface-modified and a pristine titanium membrane in a rat calvarial model. Int. J.
Oral Maxillofac. Implants 2016, 31, 581–590. [CrossRef] [PubMed]

11. Villanueva, A.R.; Lundin, K.D. A versatile new mineralized bone stain for simultaneous assessment of
tetracycline and osteoid seams. Stain Technol. 1989, 64, 129–138. [CrossRef] [PubMed]

12. Lundgren, A.; Lundgren, D.; Taylor, A. Influence of barrier occlusiveness on guided bone augmentation. An
experimental study in the rat. Clin. Oral Implants Res. 1998, 9, 251–260. [CrossRef] [PubMed]

13. Gie, G.A.; Linder, L.; Ling, R.S.; Simon, J.P.; Slooff, T.J.; Timperley, A.J. Impacted cancellous allografts and
cement for revision total hip arthroplasty. J. Bone Jt. Surg. Br. 1993, 75, 14–21.

14. Gross, A.E.; Garbuz, D.; Morsi, E.S. Revision arthroplasty of the acetabulum with restoration of bone stock.
In Orthopaedic Allograft Surgery; Czitrom, A.A., Winkler, H., Eds.; Springer: Vienna, Austria, 1996.

15. Oh, E.-J.; Nguyen, T.-D. T.; Lee, S.-Y.; Jeon, Y.-M.; Bae, T.-S.; Kim, J.-G. Enhanced compatibility and initial
stability of Ti6Al4V alloy orthodontic miniscrews subjected to anodization, cyclic precalcification, and heat
treatment. Korean J. Orthod. 2014, 44, 246–253. [CrossRef] [PubMed]

16. Rakhmatia, Y.D.; Ayukawa, Y.; Furuhashi, A.; Koyano, K. Current barrier membranes: Titanium mesh and
other membranes for guided bone regeneration in dental applications. J. Prosthodont. Res. 2013, 57, 3–14.
[CrossRef] [PubMed]

17. Van Gaalen, S.M.; Kruyt, M.C.; Geuze, R.E.; de Bruijn, J.D.; Alblas, J.; Dhert, W.J.A. Use of fluorochrome
labels in in vivo bone tissue engineering research. Tissue Eng. Part B Rev. 2010, 16, 209–217. [CrossRef]
[PubMed]

18. Dorozhkin, S.V. Calcium orthophosphates as bioceramics: State of the art. J. Funct. Biomater. 2010, 1, 22–107.
[CrossRef] [PubMed]

19. Ma, Q.; Li, M.; Hu, Z.; Chen, Q.; Hu, W. Enhancement of the bioactivity of titanium oxide nanotubes by
precalcification. Mater. Lett. 2008, 62, 3035–3038. [CrossRef]

20. Xin, R.; Leng, Y.; Chen, J.; Zhang, Q. A comparative study of calcium phosphate formation on bioceramics
in vitro and in vivo. Biomaterials 2005, 26, 6477–6486. [CrossRef] [PubMed]

21. Okumura, M.; Ohgushi, H.; Dohi, Y.; Katuda, T.; Tamai, S.; Koerten, H.K.; Tabata, S. Osteoblastic phenotype
expression on the surface of hydroxyapatite ceramics. J. Biomed. Mater. Res. 1997, 37, 122–129. [CrossRef]

22. Spicer, P.P.; Kretlow, J.D.; Young, S.; Jansen, J.A.; Kasper, F.K.; Mikos, A.G. Evaluation of bone regeneration
using the rat critical size calvarial defect. Nat. Protocols 2012, 7, 1918–1929. [CrossRef] [PubMed]

23. Rumi, M.N.; Deol, G.S.; Bergandi, J.A.; Singapuri, K.P.; Pellegrini, V.D. Optimal timing of preoperative
radiation for prophylaxis against heterotopic ossification. A rabbit hip model. J. Bone Jt. Surg. Am. 2005, 87,
366–373. [CrossRef]

24. Lin, K.; Xia, L.; Li, H.; Jiang, X.; Pan, H.; Xu, Y.; Lu, W.W.; Zhang, Z.; Chang, J. Enhanced osteoporotic bone
regeneration by strontium-substituted calcium silicate bioactive ceramics. Biomaterials 2013, 34, 10028–10042.
[CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.ijom.2011.12.035
http://www.ncbi.nlm.nih.gov/pubmed/22513355
http://dx.doi.org/10.1002/jbm.b.33347
http://www.ncbi.nlm.nih.gov/pubmed/25533173
http://dx.doi.org/10.1016/j.surfcoat.2013.09.038
http://dx.doi.org/10.1002/jbm.b.33210
http://www.ncbi.nlm.nih.gov/pubmed/24976109
http://dx.doi.org/10.11607/jomi.4317
http://www.ncbi.nlm.nih.gov/pubmed/27183067
http://dx.doi.org/10.3109/10520298909106985
http://www.ncbi.nlm.nih.gov/pubmed/2480003
http://dx.doi.org/10.1034/j.1600-0501.1998.090406.x
http://www.ncbi.nlm.nih.gov/pubmed/9760900
http://dx.doi.org/10.4041/kjod.2014.44.5.246
http://www.ncbi.nlm.nih.gov/pubmed/25309864
http://dx.doi.org/10.1016/j.jpor.2012.12.001
http://www.ncbi.nlm.nih.gov/pubmed/23347794
http://dx.doi.org/10.1089/ten.teb.2009.0503
http://www.ncbi.nlm.nih.gov/pubmed/19857045
http://dx.doi.org/10.3390/jfb1010022
http://www.ncbi.nlm.nih.gov/pubmed/24955932
http://dx.doi.org/10.1016/j.matlet.2008.01.121
http://dx.doi.org/10.1016/j.biomaterials.2005.04.028
http://www.ncbi.nlm.nih.gov/pubmed/15992923
http://dx.doi.org/10.1002/(SICI)1097-4636(199710)37:1&lt;122::AID-JBM15&gt;3.0.CO;2-I
http://dx.doi.org/10.1038/nprot.2012.113
http://www.ncbi.nlm.nih.gov/pubmed/23018195
http://dx.doi.org/10.2106/00004623-200502000-00020
http://dx.doi.org/10.1016/j.biomaterials.2013.09.056
http://www.ncbi.nlm.nih.gov/pubmed/24095251
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Effects of Cyclic Precalcifcation on the Bioactivity of Ti Mesh 
	Effects of Cyclic Precalcification on the Flexural Properties of Ti Mesh 
	Effects of Cyclic Precalcification on Bone Apposition on Ti Mesh 
	Effects of Cyclic Precalcification on the Bone Regeneration Ability of Biphasic Ceramic 

	Discussion 
	Materials and Methods 
	Titanium Mesh Preparation 
	Porous Biphasic (6HA:4-TCP) Bioceramic Manufacturing 
	Cyclic Precalcification 
	Surface Characterization 
	Bioactivity Test 
	Three-Point Flexural Testing on Ti Mesh 
	Animals 
	Operation Process 
	Histological and Fluorescent Analysis 
	Statistic Analysis 

	Conclusions 

