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Osteointegration technology
in long bone defect reconstruction:
experimental study
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Purpose: The purpose of this experimental study was to evaluate the osteointegration of a bioactive 3D-cylindrical titanium-alloy
implant (bone-graft substitute) for tibial shaft defect reconstruction. Methods: An experimental study was done in 7 mongrel dogs. Tibial
shaft defect was repaired using an original titanium-alloy (Ti6Al14V) cellular cylindrical implant. with a bioactive layer of hydroxyapatite
by anode microarc oxidation. Histological study (hematoxylin-eosin stain and immunohistological reaction using ostepontin polyclonal
antibodies) and scanning electron microscopy (electron probe X-ray microanalysis for calcium and phosphorus saturation in the tissue
matrix) were applied to assess bone tissue regeneration. Results: Experimental study revealed osteoconduction starting from the endos-
teum of bone fragments adjacent to the bone defect and developed to the central part of the implant. In 4 weeks, graft osteointegration
was achieved in all animals. Implant cells were filled with spongy bone tissue and the graft external surface was covered with a connec-
tive tissue structures similar to the periosteum ones. Conclusions: Cellular titanium bone-graft substitute with bioactive coatings placed

into bone defect stimulates reparative osteogenesis and graft osteointegration.
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1. Introduction

Materials for large bone defect reconstruction have
to fulfill large spectrum of requirements including
high resistance to mechanical load. Metallic biomate-
rials such as titanium in the form of porous implants
[1] have high mechanical load capacities and could
correspond to these requirements. On the other hand,
the ideal bone graft material for large diaphyseal de-
fect reconstruction is a scaffold promoting new bone
tissue formation and remodeling, and acting as a path-
way for bone regeneration [2]. Not degradable materi-
als provide only a replacement of the anatomical
function rather than bone regeneration. High stiffness
of metallic biomaterials results in a stress-shielding
effect leading to loss of additional bone tissue sur-
rounding implants [3]. The materials with an intrin-

sic microporosity and macropores are recommended
for enhanced new bone formation [4], but negative
effect of porosity on mechanical capacity of implants
is well-known and highly porous bone graft substitutes
are unsuitable for mechanically-loaded long bone re-
construction [5].

Biomaterials used in bone defect repairing should
provide osteoinductivity. But it is still limited com-
pared to the one of thBMP-2 [6]. The recombinant
human bone morphogenetic protein-2 has high bone
regeneration capability, stimulates the mesenchymal stem
cells to differentiate, transforms preosteoblasts into
osteoblasts, and acts as a trigger for migration of osteo-
blasts [7], but the release of rh-BMP-2 causes numer-
ous complications such as heterotopic ossifications,
osteolysis and cancer [7], [9].

Coating of surfaces with hydroxyapatite (HA)
improves bioactivity and osteointegration of metallic
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implants [10]. It was shown only for implants with
bioactive surfaces that primary implant stability is fa-
vored by HA-coating which results in an improved
contact between bone and implant [11]. The studies
demonstrated a sufficient osteointegration of HA-coated
hip implants [10]. HA is thought to be an osteocon-
ductive material that shows osseoinductive capacity
with ectopic bone formation [12], [13]. The osteoin-
ductive layer of HA on the implant can be achieved
using microarc oxidation in an electrolyte containing
calcium and phosphate or by composite coating in-
cluding fluorocarbon plastic (copolymer of tetrafluoro-
ethylene and vinylidenfluoride) filled with finely dis-
persed hydroxyapatite [12], [13].

On the other hand, a promising approach in limb
reconstructive surgery regardless of osteoinductive fea-
tures of implants is presented by of customized endo-
prostheses. This approach can reduce limb sparing sur-
gery time and associated risk of implant failure [14].

Currently, there are no morphological and histologi-
cal studies demonstrating osteointegration of implants
with both intrinsic microporosity and internal osteoin-
ductive layer in experimental, mechanically-loaded
long bone defect reconstruction. Thereby, the purpose
of this experimental study was to assess the osteointe-
gration of the 3D scaffold porous calcium phosphate-
coated cylindrical titanium implant placed into bone
defect of mechanically-loaded long bone.

2. Materials and methods

Seven scaffold porous calcium phosphate-coated
cylindrical titanium (Ti6Al 4V) implant was used in
this study of bone defect reconstruction (Fig. 1a). The
internal surface of the cylinder was divided into cells
of 1.5 mm in diameter and 0.5 mm in wall thickness.
The cells and pores in cylindrical external walls were
of 300500 um in diameter to enhance bone forma-
tion and the invasion of capillaries from the part of
periosteal structures and adjacent bone fragments.
Rims on the implant plane surface had orifices for
screw fixation to bone proximal and distal fragments
and small pores (100-300 pm) to provide bone and
vascular ingrowth from the periosteal part favorable
for implant osteointegration. The implants were made
and customized depending on the diameter and shape
of transversal section image of middle part of tibial
shaft reconstructed from the dog’s CT scans. Their
transverse dimension varied from 13 to 18 mm. The
length of 3D scaffold part corresponded to 15% of
operated tibia varying from 27 to 31 mm. The implant

external and internal, intracellular surfaces had a bio-
active layer using the technology of anode microarc
oxidation (MAO) in an electrolyte containing calcium
and phosphate compounds [13], [15].

Fig. 1. Tibial shaft defect reconstruction:
(a) schematic of cylindrical implant,
(b) cylindrical bone-graft substitute placed into the bone defect,
Ilizarov frame application

The experiment was conducted on 7 dogs aged
1-3 years. Their mean body mass was 20 + 2.9 kg.
The experimental surgeries were performed by one
surgical team. All the surgical interventions were per-
formed under general anesthesia with the sodium
thiopental 5% solution (10—15 mg/kg). Through ante-
rior approach, a total defect of 15% segment length
was done by subperiosteal resection in the middle
third of tibial shaft (Fig. 1b). Then, customized cylin-
drical implant was placed into the space between tibial
fragments and fixed with screws. A one third of cir-
cumference of anterior periosteum over the implant
was resected as well. When the wound sutured,
llizarov frame was applied. The fixators comprised
two distal and two proximal rings connected by three
threaded rods. Three stain steel 1.5-mm wires were
inserted in proximal tibial fragment and three wires of
the same diameter were inserted in the distal tibial
fragment. All wires were tensioned with 100 kg forces.
The external frame fixation lasted for two weeks in
each animal. In contrast to rigid half-pins, an external
fixator with wires provided biomechanical benefit
with the weight bearing on the bone regenerate during
walking and does not demonstrate stiffness with nega-
tive influence on bone remodelling [16], [17]. Cefazo-
lin was administered intramuscularly for 7 days after
the surgery (0.5 g twice a day). The wounds under-
went daily control.
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Fig. 2. Radiographic images of the tibia after the surgery, 3D scaffold placed into bone defect:
(a) llizarov frame application, (b) radiographic images after frame removal, in 4 weeks after surgery,
(c) — dissected bone sample with implant in 29 days after the surgery

AP and lateral X-rays were taken on the day of
surgery and then every two weeks (Figs. 2a, b). Upon
completion of euthanasia in 28 days after surgery,
4-cm-long full diaphyseal fragment was sawn out.

Histological sections, 20-24 mm thick, were ob-
tained with a sledge microtome (Reichard, Germany),
stained with hematoxylin and eosin and according to
Van Gieson. Histological bone tissue preparations
were studied with a large microscope (Carl Zeiss Op-
ton, Germany).

Immunohistological reaction using ostepontin poly-
clonal antibodies as per Abcam protocol (United King-
dom) were examined with AxioScope.Al stereomi-
croscope and AxioCam ICc 5, and completed with
Zen blue software («Carl Zeiss Microlmaging GmbH»,
Germany).

Bone-implant block dried using an original tech-
nology [18] was examined using an X-ray electron
probe microanalyzer (INCA-200) on the basis of JSM-
840 scanning electron microscope. The content of cal-
cium and phosphorus in the tissue matrix was deter-
mined inside the implant cells and on the implant
surface.

The study results were processed using non-para-
metric statistics. The statistical significance between
two samples was estimated with Wilcoxon W-criteria
for independent samples.

Longitudinal samples of the bone-implant block were
achieved using MECATOME T210 cutting (180 mm
diameter abrasive disc, 0.5 mm depth, 2000 rotations
per minute disk speed, 0.2 mm/s table translational
velocity machine; PRESI, France) (Fig. 2¢).

The data were analyzed using nonparametric sta-
tistics in AtteStat 10.8.8 version for Microsoft Excel.
The reliability of differences was determined with the
Wilcoxon W-test for independent samples.

The experiments were carried out in accordance
with the requirements of the European Convention for
the Protection of Vertebrates Used for Experimental
and Other Scientific Purposes (Strasbourg, 1986), in
accordance with the principles of laboratory practice
(NIH Publication no.85-23, revised 1985), and were
approved by the ethics board of our institution.

3. Results

The dogs were observed for 28 days after surgery
until euthanasia. No changes in animals’ general
health or food and water consumption were observed
during the study. There were no septic or neurological
complications. Animals started to walk with weight-
bearing on the operated limb since 2nd—3rd day post-
operatively. Weight-bearing function of the experi-
mental limb was maintained until the end of the study.

Radiological methods did not enable to show en-
dosteal bone formation since a titanium implant is not
transparent to X-rays, but limited periosteal reaction
was observed over the implant ends (Fig. 2b).

All of the animals survived during the healing pe-
riods without adverse effects, such as local or general
infection, inflammation, and specimen exposure at sur-
gical sites.
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Fig. 3. Morphology 29 days after surgery: (a) tibia, soft tissues removed,
a connective tissue thin layer (similar to periosteum) covers the implant surface,

(b) histological study of the covering layer (NT — nerve trunk, A — artery, V — vein),
hematoxylin-eosin staining, 400x magnification, (c) ostopontin expression in perivascular periosteal cells
formed on the surface of the implant proximal portion
(immunohistochemical staining with osteopontin polyclonal antibodies)

(b) i 200mKm &

Fig. 4. The bone-implantat block structure in 29 days after the surgery
a) ingrowth of the bone tissue into the implant cells, (b) microvascular invasion into the implant cells.
Combined maps of the X-ray electronic and probe microanalysis
obtained during characteristic radiation of Ca, P, Ti. Magnification: a — 20x; b — 200x.
Blue — Ti, light-green — a mixed overlapping of Ca and P
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28 days after surgery, histological study revealed
alveolar connective tissue formed on the surface of the
cylinder (Fig. 3a,b). Its structure was similar to the one
of the periosteum. Vessels and nervous tubes were
visualized. The newly formed periosteal tissue had
ostopontin-expressing cells found in perivascular and
adjacent areas (Fig. 3c).

The longitudinal section sample of the bone-implant
block has shown that by the 28th day after the sur-
gery, all implant cells were filled with bone substance
with density similar to the one of cancellous bone
(Fig. 2c) located in the medullary cavity in the prox-
imity of the implant. Osteointegration was almost totally
achieved when osseous tissue ingrowth was observed
into the implant pores and cells.

The maps of X-ray electron probe microanalysis
revealed bone tissue ingrowth into all implant cells
(Fig. 4), however, its highest mineralization was found
in the cells adjacent to the implant proximal end.

According to qualitative X-ray electron and probe
microanalysis, the most mineralized bone tissue was
found in proximal areas of implant. The bone tissue
was less mineralized in the implant central and distal
parts (Table 1).

In all assessed areas, Ca/P ratio in the tissue matrix
exceeded 2. Thus, crystalline hydroxyapatite predomi-
nated in the bone matrix. No mineral component out-
flow (Ca and P) from the bone fragments was ob-

served. Their content was statistically close to normal
values. The applied hydroxyapatite coating induced
osteogenesis over the implant surfaces. This was
demonstrated by the presence of osseous tissue and
was confirmed by the X-ray electron and probe analy-
sis (Table 1).

4. Discussion

The Ilizarov method is indicated for non-unions. It
ensures bone union and simultaneous lengthening and
deformity correction. However, its numerous incon-
veniences are well-known and recognized: long time
lasting external fixation (4 to 12 months, healing in-
dex over 40 days/cm), high risks of complications (pin
site infection, deep infection, secondary joints stiff-
ness) and strong psychological impact on the patient
due to long duration of external fixator wearing and
common complications [19].

That is why there is a large interest to apply bone
substitute implants for large defects of bones. These
bone graft substitutes should have sufficient load ca-
pacity for orthopedic applications [1], [20]. Unfortu-
nately, the implant design is usually focused on fast
tissue ingrowth and bone regeneration having porous
structure with an intrinsic microporosity [21] and gets

Table 1. Content of Ca and P in the cellular implant tissue matrix

) o Percent by weight [%]
Bone-implant block examination area
P Ca/P
Tlssue mgtrlx in the implant proximal cells, 36840 17* 164+ 0.03* 2944006
intermediary area
Tlssue m?trlx in the implant central cells, 3.04 4 0.13* 145 + 0.06* 214008
intermediary area
Tlssue mgtﬂx in the implant distal cells, 3654 0.11% 1.66 4 0.07* 224 0.001
intermediary area
Tlssue matrix in the implant proximal cells 6.55 - 0 24* 262+011* 255002
in the medullary canal zone
Tlssue matrix in the implant central cells 394012 1,52 2 0.04% 214003
in the medullary canal zone
Tlssue matrix in the implant distal cells 3204 0.11* 128 + 0.03% 2540026
in the medullary canal zone
The cortex of proximal bone fragment 21.57+0.8 9.71 £ 0.45 2.22+0.09
The cortex of distal bone fragment 20.60 + 0.7 87+22 2.37+0.02
The medullary canal of the proximal 9.95 £ 0.37* 454+ 021* 21940.02
bone fragment
The medullary canal of the distal 9.84 + 0.24% 3.9+0.18*% 2.52+£0.05
bone fragment
The cortex of intact tibia 2202409 10.11 +0.33 2.18+0.06
(normal control values)

* — The values are significantly different from the normal values (p < 0.05).
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unsuitable for mechanically-loaded orthopedic ap-
plication [5]. In our opinion, only metallic scaffold-
-structured biomaterials with capacity of fast osteoin-
tegration fulfill all demanding requirement for long
bone defect reconstruction.

Previous morphological studies revealed an os-
seoinduction effect related to hydroxyapatite coating
of intramedullary implants [22]. Rough surface with
pores enables microvascular and bone formation with
dense trabecular structure on the implant without a con-
nective tissue between implant and newly formed
bone tissue [22], [23].

In our study, 3D titanium implant with bioactive
external and internal surfaces induced the formation
of continuous connections between endosteal tissue
and implant surface filling in the medullary canal with
cancellous bone and making the implant osteointegration
complete. Formation of the osseous tissue is mainly
associated with the angiogenesis that ensures cellular
migration enhanced by pores in the implant.

We hypothesize that perivascular cells and mesen-
chymal osteoprogenitor cells activated by broken bone
integrity migrate toward the implant cells. In the pres-
ence of hydroxyapatite on the surface of both the ex-
ternal and internal implant structures, mesenchymal
osteoprogenitor cells during osteogenesis differentiate
into osteoblasts providing osseous trabeculae [24],
[25]. The mechanism revealed in our study was con-
firmed by osteopontin expression in perivascular cells,
bone matrix on the surface of microvessels growing
into the implant cells, osseous bone formation in the
cellular structures of the bone-substitute implant. Im-
plant covering tissue functions as a periosteum.

5. Conclusions

Experimental reconstruction of bone defects with
3D scaffold cylindrical implants ensuring osteoinduc-
tion by bioactive internal and external coating demon-
strated its effectiveness. In our study, this approach
provided primary stability and fast implant osteointe-
gration without any loosening of the implants. Devel-
opment of this type of customized bioactive osteosyn-
thesis seems to be promising for long bone defect
reconstruction in human.

Data availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.

Ethical approval

All applicable international, national, and/or institutional guide-
lines for the care and use of animals were followed.
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