
Abstract. Background: Three-dimensional (3-D) type I collagen
gel culture systems allow long-term growth of osteoblast-like cells,
in vitro. Whether the implantation of 3-D collagen systems can
stimulate new bone formation was assessed in male rabbits.
Materials and Methods: A 10-mm segmental diaphyseal defect
was surgically produced at the left and right limbs of 50 adult
male rabbits. The 3-D systems containing MG-63 osteoblast-like
cells were implanted at the right-limb defects of all 50 animals.
Twenty-five left-limb defects were implanted with 3-D collagen
gels containing no MG-63 cells, while the rest were left empty.
The bone repair process was serially assessed by radiography for
up to 8 weeks and by histological analysis for up to the week 32
post-surgery. Results: Ninety-four per cent (94%) of the right-limb
defects, presented radiographic evidence of complete bone-end
bridging within 8 weeks. None of the 50 left-limb defects
presented radiographic post-implantation evidence of bone-end
bridging. The radiographic evidence of the bone-end bridging was
corroborated with histological evidence of new bone formation,
while the medullar canals were filled with bone marrow elements.
Conclusion: Implants of the 3-D collagen gels containing
osteoblast-like cells can be used as stable scaffolds allowing the
migration/proliferation of the bone regenerating cells in male
rabbits.

Three-dimensional (3-D) type I collagen-based cell culture
systems composed of reconstituted collagen fibres have
been used as 3-D culture systems for studying aspects of the
biology of various cancer cell lines, endothelial cells,
endometrial cells, hepatocytes, osteoblasts and fibroblasts,
in vitro (1-8).

In addition, 3-D collagen cell culture systems have been
successfully employed for studying complex processes, such
as angiogenesis, wound healing, functional and architectural
integrity of various tissues under physiological and
pathophysiological conditions (9-13).

Osteoblast-like osteosarcoma cell lines, such as MG-63
cells, are useful models for the study of osteoblast biology, in
vitro (13-16). In addition, a 3-D collagen system containing
MG-63 cells was proven useful in in vitro models for analyzing
the cell-cell interactions between osteoblast-like and cancer
cells in the context of bone metastasis (17-22).

The impaired healing process, which follows bone
fractures, large developmental malformations, trauma and
pathological processes in skeleton can produce clinical
problems, where repetitive surgery is unable to resolve.
Whether implants of the 3-D collagen culture system
containing osteoblast-like cells can stimulate the bone repair
mechanism, resulting in bone-end bridging at the sites of the
surgically produced segmental diaphyseal defects of the
limbs in male rabbits was the subject of this investigation.

Materials and Methods

Preparation of the 3-D collagen gel system. Collagen was prepared
using native type I collagen extracted from rat-tail tendons, as
previously described (18). MG-63 human osteoblast-derived
osteosarcoma cells (from the American Type Cell Culture, ATCC,
Bethesda, MD, USA) were cultured in DMEM/FI2 medium
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containing 10% FBS in 75 cm3 flasks confluence (80-95%) was
reached. The cells were then trypsinized with trypsin-EDTA
(0.25%) and re-suspended 5 ml per flask DMEM/F12
supplemented with 10% FBS. The total number of cells was
measured and the cells were then centrifuged and resuspended at
a density of 6x106 cells/ml. Type I collagen in an aqueous solution
containing 0.002 M acetic acid in a density of 3.5 mg/ml was used.
Three-dimensional gels of native type I collagen were prepared in
24-well plates (6 each time) by rapidly mixing cells (in a final
density of 106 cells/ml of gel) with type I collagen in a mixture of
five-fold concentrated minimum essential medium (MEM)-sodium
hydroxide (0.1 M) and sodium bicarbonate (0.26 M), as described
previously (18). All the solutions were kept on ice. Gels were set
for 30 minutes at 37ÆC and then were incubated in a humidified
CO2-incubator in 1 ml Dulbecco’s MEM (DMEM) and F12
containing 10% fetal bovine serum (FBS). Cell culture medium was
replaced daily (18, 19). The gels were set in the 24-well plates for 1
week before being used for implantation.

Animals and anesthesia. Fifty adult male, New Zealand White
rabbits with a mean age 5.9 (4-8) months and a body weight of 4 kg,
approximately, were used for the study. The rabbits were
anesthetised with intramuscular injection of 100 mg/ml ketamine
hydrochloride (35 mg/kg) and 20 mg/ml Xylazine (5 mg/kg) given
intramuscularly as a muscle relaxant. The operation sites were
shaved and disinfected with iodine solution (povidone iodine) and
infiltrated with 1% lidocaine. Post-operatively, penicillin G 1.2 MU
was injected subcutaneously and the sutured incision covered with
local antibiotic ointment (gentamycin sulphate) as an anti-infective
prophylactic measure. Measuring 1 cm from the radiocarpal joint,
bilateral transverse radial osteotomies were made using a hand-held
saw of 1-mm width. The osteotomy was stopped short of cutting into
the very adherent ulna. In order to exclude any contribution to
healing from the periosteum and the bone marrow, the periosteum
of the segmental bone was removed and the medullary cavity was
flushed with sterile physiological saline (Figure 1).

Three-dimensional type I collagen gels containing MG-63
osteoblast-like cells were implanted in all 50 right limbs while 25/50
left limb defects were either left empty (without implantation with
3-D collagen gels) or were implanted with 3-D collagen gels
containing no MG-63 cells. The muscle and subcutaneous tissue was
closed over as a deep layer using 4-0 Dexon (Figure 1). The skin
was closed with 4-0 braided nylon. The rabbits were returned to
their cages where they fed well post-operation. Animals ambulated
freely after surgery and did not show any signs of pain. Three
rabbits died during the surgical procedure. The remaining 47 rabbits
were divided into three randomly selected groups. At 8, 16, and 32
weeks post-operatively, animals of groups A (n=33), B (n=6) and C
(n=8) were sacrificed and the experimental limbs (right and left)
underwent histological analysis. The protocol was pre-approved by
the local Ethics Committee Involving Animal Research.

Assessment of the healing process in the bony defects. The healing
process in the bony defects was studied by serial radiography and
histological analysis. 

a) Radiography. Weekly anteroposterior and lateral radiographs
of the bone defects were taken using a hospital mammography
machine type Siemens RG 125/100 and Kodak t-mad S/RA film
(Kodak Canada, Inc., Toronto, Ontario, Canada), giving high
resolution radiographs of identical magnification of both sides.

Comparable views were obtained and analyzed. The first
roentgenogram was taken on day 1, the second on day 6 and weekly
thereafter until week 8. The weekly roentgenograms for each pair
of bones were assessed in a blind fashion by 2 investigators. 

b) Histology. The rabbits were sacrificed and specimens for
descriptive histological analysis were obtained at 8 weeks (group
A: n=33), 16 weeks (group B: n=6) and at 24 weeks (group C:
n=8), post-operatively. Both radii were removed and cleaned from
soft tissues preserving the periosteum. The segment containing the
defect plus 0.6 cm of healthy bone on each end was fixed in 10%
buffered formaldehyde, dehydrated in ethanol and embedded in
methylmethacrylate. A series of 6-Ìm-thick sections were obtained
longitudinally to the shaft with a heavy duty microtome. Sections
were stained with hematoxylin-eosin and Toluidine Blue. Light
Microscope was used to observe the existence of malignant cells in
the bone gap. Images of individual fields of view were captured
digitally to illustrate the defect and healthy bone.

Results

Experimental limbs implanted with 3-D collagen gel containing
MG-63 cells. The 3-D collagen implants did not produce any
evidence of radiographic shadow until 3 weeks post-surgery. At
the third week, a nonhomogenous bone shadow was observed
within the bone-ends of the diaphyseal defects, which appeared
more mature at the 6th week post-implantation. At the 8th
week, clear radiographic evidence of complete bone-ends
bridging of the experimental defects was obtained (Figure 2).
Only 2 out of 47 (6%) of the experimental limbs implanted
with 3-D gels containing MG-63 cells failed to produce
radiographic evidence of bone shadow within 8 weeks. 

Control left limb defects (no 3-D implants or 3-D implants
without MG-63 cells). Throughout the 8-week period of
evaluation no evidence of radiographic shadow, which could
suggest the presence of active bone healing in the control
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Figure 1. A schematic presentation of the surgically-produced diaphyseal
limb defect in male rabbits. A) A 10 mm defect was produced in each
male rabbit radius by the removal of an intermediate bone cylinder in each
limb (left and right). B) Intra-operative photograph showing the surgically-
produced bone defect. C) Intra-operative photograph showing the
implantation of the 3-D type I collagen gel containing MG-63 cells. This
MG-63 cell-seeded 3-D system was previously cultivated for 1 week, in
vitro. Right limb defects were all implanted with the 3-D collagen gels
containing MG-63 cells, while the left limb defects were either implanted
with 3-D collagen gels containing no MG-63 cells (n=25) or were not
implanted at all with collagen gels (n=25).



left-limb defects was obtained. These defects remained
completely radiolucent. In addition, the radiographs
revealed that the bone-ends in the negative control animals
were rounded-off and sealed with sclerotic bone, resulting
in the configuration of a non-union often combined with
synostosis to the ulna after the fifth week (Figure 3).

Histological analysis. The experimental right-limbs of
sacrificed animals at the 8th, 16th and 24th week post-
implantation were analyzed and the defected areas as well
as the adjacent bone tissues, obtained en bloc, presented
clear evidence of an advanced bone healing process with the
formation of a secondary callus (Figure 4). In addition,
microscopic analysis revealed the histological evidence of
new bone formation with lamellar bone, foci of fibrous
tissue between the cortex and the presence of bone marrow
cells consisting of immature cells and fat (Figure 5).
Furthermore, at the sites of the experimental osteotomy,
there was clear evidence for the restoration of Haversian
canals, which were formed in continuity with the
experimental bone-ends of the cortex. The medullar canals
were re-canalized and contained bone marrow elements and
fatty cells with normal appearance. There was no
histological evidence for the presence of MG-63 cells,
locally (Figures 5 and 6). However, there was one case, in
which histological evidence of reactive fibrous tissue at the
implantation site was noted (data not shown).

Discussion

Between 5 and 20% of bone fractures are followed by
delayed or impaired healing process producing a number of
clinical problems. In addition, the failure of the healing
process, in bone defects produced by trauma, pathological
processes, malignant tissue resections, or developmental
malformations are still unresolved problems in clinical
orthopedics. It is important to state that bone fracture
healing problems are not always associated with specific
technical failures. Certainly, the surrounding soft-tissues
are, at least in part, implicated in certain anatomical and
functional derangements of the bone repair mechanism. To
prevent bone non-union from the ingrowth of the muscular
and fibrous tissue, several techniques have been extensively
investigated, but none of these procedures is free from
disadvantages. These techniques include synthetic osteo-
conductive bone substitutes and osteo-inductive compounds,
such as bone morphogenetic protein or demineralized bone
powder (23-26) and osteo-inductive calcium phosphate
materials (27). Consequently, intense investigation was
focused on the development of synthetic scaffolds of either
inorganic or polymer composition (28) to act as carriers or
inducers of the osteoprogenitor cells within the bone-ends
of a fractured area (29-33).
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Figure 2. Representative radiographs of the defected limbs implanted with
3-D collagen systems containing MG-63 cells. A) Radiograph at week 1;
B) Radiograph at week 3; C) Radiograph at week 4; D) Radiograph at
week 6; E) Radiograph at week 7; and F) Radiograph at week 8 post-
implantation. Note that after the third week, radiographic evidence of a
nonhomogenous shadow, which became more intense over time was
obtained, bridging the ends of the surgically produced right-limb defects at
the eighth week post-implantation.
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Figure 3. Representative radiographs of the negative control left-limb defects 8 weeks post-surgery. Left limb-defects were either implanted with 3-D
collagen systems containing no MG-63 cells (A) or were left empty (not implanted with 3-D collagen system (B).

Figure 4. Post-mortem photographs of the experimentally defected limbs of animals sacrificed 8 weeks post-surgery. A) Typical photograph of the defected
limb with 3-D collagen system containing no MG-63 cells. B) Typical photograph of defected limbs left empty (without implantation of the 3-D collagen
system). C) Typical photograph of the defected limb with the 3-D collagen system containing MG-63 cells. Note the anatomical restoration of the defected
limb, implanted with the 3-D collagen system containing MG-63 cells. 



Meanwhile, an extra effort was placed on the study of
bone matrix cell-cell interactions since bone repair
mechanism represents a sequential cellular process,
involving migration, proliferation, differentiation and
activation of several cell types, locally (34-36). 

The elucidation of the cell-cell interactions necessary
to accomplish a normal bone healing process requires the
development of the appropriate in vitro and in vivo
models. Osteosarcoma cell lines have been used for
studying the osteoblast biology/physiology and bone
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Figure 5. A, B, C) Histological appearance, 2 months post-surgery, of a radial defect that had been treated with 3-D collagen seeded by MG-63 cells
(toluidine blue staining, magnifications Ax2, Bx20, Cx20 Obj.). A, B) The bone defect is completely filled with lamellar bone and foci of fibrous tissue
between the cortex and the secondary callus. C) Marrow cells consisting mainly of immature cells and fat. D, E, F) Histological appearance, 4 months
post-surgery, of a radial defect that had been treated with 3-D collagen containing MG-63 cells. D) Marrow area. There is total absence of malignant cells,
(magnification x40). E) Remaining reactive fibrous tissue is observed, at the implant site (magnification x10 Obj.). F) Total bone healing is observed
providing evidence of new lamellar bone connecting the cut ends of the cortex, (magnification x2).

Figure 6. Macroscopical appearance, 4 months post-surgery. There is clear evidence of recanalization of the medullary canal.



metabolism, in vitro (13, 14). These cell lines have the
advantage of being ready available, having rapid doubling
rates and resulting in a rather homogeneous cell
populations, thereby being ideal models for isolating
genetic information (DNA, RNA), characterizing cellular
receptors and studying various secretory products (13).
Such studies have enriched medical research, notably.
McSheehy and Chambers used such systems to show for
the first time that rat osteoblast-like osteosarcoma cells
responded to parathyroid hormone (PTH) by secreting a
soluble factor, which stimulated osteoclastic bone
resorption, thereby substantiating the hypothesis for the
osteoblast-mediated regulation of osteoclast resorption
(14). In addition, Casser-Bette et al. (37) cultured the
clonal osteogenic cell line (MC3T3-E1 cells) onto a 3-D
matrix of denatured type I collagen for up to 8 weeks.
After 56 days, the MC3T3-E1 cells were arranged in a 3-
D network formation, resembling osteoid and
surrounding osteocyte-like cells, followed by the
calcification of the newly synthesized type I collagen
matrix. This 3-D cell culture system induced the
expression of osteocalcin and alkaline phosphatase
activity, in vitro. In addition, implanted 3-D collagen gel
systems, containing osteoblast-like cells, produced
histological evidence of mineralization, a phenomenon
which started from the inner region of the collagen
implant going outward, while the peripheral cells were
embedded in non-mineralized collagen-rich matrix and
collagen gels were invaded by vessels derived from the
host tissue in a nude mice model (13). 

Based on these data, we investigated whether these 3-D
collagen gels containing osteoblast-like cells could be
implanted into the microenvironment of a surgically
produced bone defect and stimulate new bone formation.
For this purpose, we used the established model of the
segmental diaphyseal limb-defects in rabbits, which do not
require stabilization (38-45). We showed that 3-D collagen
gel containing MG-63 cells produced radiographic and
histological evidence of limb-defect bridging and new bone
formation, which resulted in bone union. On the contrary,
the experimental-limbs, which were either implanted with
the 3-D system (containing no MG-63 cells) or left empty
(no 3-D implants), did not produce any evidence of bone
healing process.

Conceivably, human MG-63 cells undergo apoptosis
caused by the immune attack since they are engrafted in
immune-competent rabbits. Therefore, our hypothesis
postulates that MG-63 cells cultured in the 3-D collagen
system do not participate in the formation of new bone
formation and bone union, however, these cells may
preserve the 3-D collagen gel structure, early on after the
implantation, thereby permitting the collagen structure to
act as a substrate and allowing for the progressive migration

of adjacent bone regenerating cells into the collagen gel at
the defected area. The above hypothesis is corroborated by
the data showing that the collagen gels containing no MG-
63 cells failed to act as scaffolds to promote the bridging of
defected limbs in our model. Furthermore, the MG-63 cells
were not present locally as assessed by histological analysis
post-implantation.

Our preliminary data suggest that implants of cell-
seeded 3-D collagen gels can promote the bone healing
process, in vivo. Ongoing investigations in our laboratory
will confirm whether this cell-seeded 3-D collagen gel
system can serve as a useful model for elucidating the
cellular/molecular events participating in the healing
process, in vivo.

Conclusion

Implants of the 3-D collagen gels containing osteoblast-like
cells can be used as stable scaffolds, allowing for the
migration/proliferation of the bone regenerating cells at the
sites of the surgically produced segmental diaphyseal defects
in male rabbits.
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