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Osteoblastic Activity and Vascular Development of BMSCs and
TCP Constructs In Vivo Evaluated by Bone Scintigraphy
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Abstract: Osteogenic and vascular potential in bone regenerative therapy has been mainly examined in an animal-
implantation study. We have here evaluated the applicability of bone scintigraphy in imaging bone formation, especially
in its initial phase. The defect at the mid-portion of the double ulna in each canine was repaired with B-TCP cylinder
alone (control group n=8) or BMSCs and B-TCP cylinder compound (experimental group n=8). Bone formation in the
defects was compared between the two groups in the same ways. By radionuclide scintigraphy, significant difference
was observed between the two groups at month one and two, but no significant difference at month three. The result
showed osteoblastic activity persisted more in the defect repaired with BMSCs and B-TCP cylinder compound than with
B-TCP cylinders alone. In conclusion, the bone scintigraphic methodology, although exhibiting less quantitation and
resolution, could be applicable as a non-invasive, highly sensitive methodology in detecting the initial, microscopic
changes associated with mineralization in tissue-engineered bone.
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INTRODUCTION

Tissue engineering has been shown to be an
effective approach in bone regeneration. Many kinds of
material combined with bone marrow stem cell (BMSC)
have been developed to be appropriated bone graft for
different regions of skeleton. Regarding the application
of repairing long, weight-bearing bone, synthetic
calcium phosphate ceramics such as pB-tricalcium
phosphate are common used as bone substitutes for its
high tissue compatibility and rapid biodegradation
which has been demonstrated to be efficacious in
many large mammals, such as sheep and canine [1-4].

Foundation of bone formation, proposed by
Albrektsson [5], is the osseointegration between living
bone and the implant. Other author confirmed the
important of early and stably post-transplantative
vascularization of the implant for successful
osseointegration [6-9].

Several examinations were classic used to observe
the bone-healing process around implants, such as
histological examination, X-ray and computed
tomography. However, histological examination is not
suitable to observe the same site of implant in different
periods with noninterference to the healing process, so
it is not a suitable technique for observation in clinical
practice. X-ray examination is capable of determining
the level of mineralization, but with low sensitivity in the
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detection of early pathologic and/or bone remodelling
changes [10]. Computed tomography (CT) based on X-
ray has made it possible to evaluate small changes in
bone mass and structure, which has a high resolution
in um range and can own high sensitivity in the
detection, but it is impossible to display bone surviving
before 6 to 8 weeks [11, 12]. Most importantly, X-ray
and CT cannot monitor the details of vascularization
and osteogenic activity of the implant.

In contrast, bone scintigraphy is known to have a
high sensitivity in osteogenic activity and local
vascularization, which is based on the evidence that
Tc-99m MDP (gngc-hydroxymethyI diphosphonate) is
accumulated by local blood flow at the site of
mineralization in proportion to the level of newly formed
calcium phosphate crystals. So Tc-99m MDP is useful
for assessment of local tissue blood perfusion and for
detecting bone formation or bone infarction in clinical
practice [13-15].

In this study, we used bone scintigraphy to evaluate
the vascularization and osseointegration of porous B-
TCP combined with BMSCs, which was implanted to
heal the ulna defect in a canine model as tissue-
engineered bone.

MATERIAL AND METHODS

BMSCs Isolation and Culture

After anesthetization through intramuscular injection
of 10 mg/kg ketamine, autologous bone marrow (5 mL
in total volume) was harvested by iliac aspiration from
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each adult Canine. The iliac bone marrow was
separated by percoll (1.073 g/mL; Sigma, St. Louis,
MO) gradient centrifugation and the mononuclear cells
were plated in 100mm? dishes (Falcon, Franklin Lakes,
NJ) at a density of 1x10° cells/cm®. Cells were cultured
in osteogenic induction media (Dulbecco’'s modified
Eagle’s medium; Gibco, Grand Island, NY)
supplemented with 10% heated inactive fetal bovine
serum (Gibco), 10°mmol/L dexamethasone, 10 mmol/L
B-phosphoglycerol, and 50 mmol/L L-2-ascorbic acids
(all from Sigma) at 37°C with 5% CO,. The culture
medium was changed after 48 h and then every 3
days. When BMSCs reached at 80-90% confluence,
cells were detached with 0.25% trypsin/ethylenediamin-
etetraacetic acid (Gibco) and sub-cultured at a density
of 1x10° cells/cm, in 100mm dishes. Cells within three
passages were used in the following experiment.

Preparation of Cell- Porous B-TCP

Porous B-TCP were obtained from Mediterranean
university in Franc and used as the scaffold. The
scaffold was molded into a cylinder 20 mm high, and 8
mm in outer diameter, 5mm in inner diameter (Figure 1)
and a cube of 3x3x3 mm’.p-TCP implants were
sterilized by autoclaving, a process that does not affect
the B-TCP composition. Autologous BMSCs cultured in
vitro were detached from culture dishes by the
treatment of trypsin (0.25%) / EDTA (0.01%), after
which, they were centrifuged to remove media and then
resuspended in the media at a cellular density of
20x10°/ml. The cell suspension was slowly added to
the B-TCP by instillation (approximately 2.5ml per
cylinder and 0.4ml per cube). The cell-B-TCP construct
was then placed in an incubator for four hours.
Subsequently, 30 ml of induced medium were added

and the construct was completely submerged into the
medium and incubated at 37°C in 5%CO, followed by
medium change every two days. The cell-cube hybrids,
after incubation for one, three, five and seven days
respectively, were consecutively rinsed two times with
PBS and then fixed in 2% formalin for two hours.
Finally, the cubes were broken into two halves and the
broken surface was sprinkled with aurum powder and
processed for scanning electron microscopy (SEM XL-
30 Philips Holland) examination to evaluate cell
adhesion and cell penetration. Cell-cylinder hybrids
were co-cultured in vitro for a period of seven days
prior to surgery and were then implanted to the ulna
defect of the respective canines.

Animals Surgical Procedure

The experimental protocol was approved by the
Animal Care and Experiment Committee of Shanghai
Jiao Tong University School of Medicine. A total of 8
healthy adult canines with an average weight of 17.5kg
were included in this study. The animals were
anesthetized through intramuscular injection of 20
mg/kg ketamine. The aspect of the right ulna shaft was
exposed through a 5 cm longitudinal incision using a
standard lateral approach to the ulna. Then an
osteoperiosteal segmental cortical defect, 20mm long
and representing approximately 20 percent of the
ulna’s total length, was made at the mid-portion of the
diaphysis with an oscillating bone saw that was cooled
continuously through saline irrigation. Care was taken
to remove all bone debris and spilled marrow
particulates. The right ulna defects were filled with -
TCP cylinder plus induced BMSCs (Figure 2) as
experimental group. On the left ulna, the defect was as
the same as that on the right side, but filled by the

Figure 1: porous B-TCP with spherical holes (500um) structure and small opening (100pum) as anastomosing network (left) After
7days in vitro culture, the cells with an abundant surrounding matrix filled inside the apertures (right).
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cylinder alone without cells as the control group. The
subcutaneous and skin layers were closed in the
routine manner. Postoperatively, each of the animals
was given intramuscular penicillin injection for 3 days,
twice per day, 800,000 Unit for each time. Each of the
animals was housed in a 16m? pen and fed a
maintenance ration of hay plus free access to water for
the duration of the study.

Figure 2: Three months after operation, the diameter of ulnar
was still shorter in control group (right). The boundary of new
bone and remainder diaphysis of the ulna disappeared in all
animals. The new bone in experiment had been with red and
white color (left), while the new bone was of infirmity in
control group.

Radiographic, Gross Observation and Histological
Examination

Postoperatively, after one and three months,
radiographs of both sides of the ulars were obtained
under general anesthesia. Radiographs were evaluated
for evidence of new bone formation within the defect.

Animal were separately sacrificed with an overdose
of intravenously administered pentobarbital sodium
(one animal at one month after operation, and seven
animals at three months after the operation). The soft
tissue was stripped from the double ulnar. The defect
site of the double ulnar was assessed by gross
observation, including osteojuncture, length, color and
texture. Transected tissue from the middle portion of
the original defect area was fixed with 4%
paraformaldehyde for 72h and decalcified with 8% HCI
in PBS, 5% formic acid and 7% aluminum chloride in
PBS for another 48h. The tissues were then embedded

in paraffin and sectioned for hematoxylin and eosin
staining.

Bone Scintigraphy

In the three months after operation, bone
scintigraphies were taken every month. The canines
was anesthetized through intramuscular injection of 20
mg/kg ketamine to be general anesthesia state and
were fixed on sample table in prone position, and then
18MBqg/kg technetium 99m labelled methylene
diphosphonate (99mTcm-MDP) was given by femoral
vein. Immediately after injection, dynamic images were
continuously acquired for reference, and static images
obtained after two hours, radionuclide bone imaging of
parallel front legs of animals were obtained with a
Sopha media DS7 SPEC. For each delayed image,
256x256 matrix of data was acquired. Radioactive
gathered several T(ROI) (region of interest)was drawn
around each detected area on the scintigraphic
images. Another ROl (NT) was also drawn on the
sound part of ulnar. T/NT rates were calculated for
each animal. A paired T-test was carried out to find out
whether there were significant differences between the
left and the right implant sides and the significance
level was accepted as P < 0.05.

RESULTS

Scanning Electron Microscope Examination

Scanning electron microscope (SEM) examination
showed that the microstructure of a porous B-TCP was
homogeneously spherical holes (500um) structure with
small opening (100um) as anastomosing network. After
7days of induced in vitro culture, the cells were in
abundance and spread flat on the surface like
fibroblasts within an abundant surrounding matrix filled
inside the apertures that were interconnected to each
other (Figure 1). Accordingly, in this study, day 7 was
an appropriate time point to implant the constructs in
Vivo.

Gross Observation

All animals survived the surgical procedure with no
infection at the site of implantation. They were able to
move normally at the third day after operation. As to
the one animal sacrificed at one month after operation,
the diameter of ulnar was shorter in left than in right.
The implant in left was difficult to detach for the fibroid
tissue around it, but in right. There was much more
new bone with larger volume, and the surface was
rough. As to the six animals sacrificed at three months
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after operation, the diameter of ulnar was still shorter in
control group than in experimental group as before, but
the boundary of new bone and remainder diaphysis of
the ulna disappeared in all animals. The new bone in
experiment had been obviously remodeled with red and
white color, while the new bone was of infirmity in
volume and form in control group (Figure 2).

group, the implant was obviously deformed into
dissociated granule with non-uniform  density,
especially at the middle portion, but some new bone
formed at the interface (Figure 3-b). At three months
after operation, the defect was bridged by new bone
with osteodermatous cavum medullare ossium in
experiment group, while in the control group, the defect

was bridged by high density material without
osteodermatous cavum medullare ossium, the
diameter of the ular was obviously less than another
one (Figure 3-c).

Radiographic Analyses

No significant difference between the two ulnar
immediately after operation was observed by X-ray
after surgery (Figure 3-a). At one month after
operation, the defect was better bridged by the implant
with obscure edge in experimental group, new bone
formed at the canal and the interface, but in control

Histological Examination

Hematoxylin and Eosin (HE) staining of three
months in experimental group demonstrated that B-

b 0343z 2%

Figure 3: No significant difference between the two ulnar immediately after operation (a). At one month, new bone formed at the
canal and the interface in experimental group, while in control group, the implant was obviously deformed into dissociated
granule, especially at the middle portion, some new bone formed at the interface (b). At three months, the defect was bridged by
new bone with osteodermatous cavum medullare ossium in experiment group, while in the control group, the defect was bridged
by high density material without osteodermatous cavum medullare ossium (c).

Figure 4: HE at three months, B-TCP degraded into fine granule and new bone adhered to the surface on the core of 3-TCP in
experimental group (right). While in control group, the degradation percentage was more than that of experimental group,
osteoblasts arranged on the surface of 3-TCP holes, and osteoid was observed with much megacayocytes at the core.
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Figure 5: The phase delay bone imaging of each ulnar was taken by radionuclide scintigraph (left) and the T/NT rate was
calculated at month one, two and three. there were significant difference (P< 0.65) between the two groups at month one and
two, and there was no difference (P=0.65)at month three By the Wilcoxon’s signed rank test.

TCP degraded into fine granule with intrinsic porous
network structure, and new bone adhered to the
surface on the core of B-TCP in experimental group. In
control group, HE staining showed that the degradation
percentage was more than that of experimental group,
osteoblasts orderly arranged on the surface of B-TCP
holes, and osteoid was observed with much
megacayocytes at the core of 3-TCP in control group
(Figure 4). Moreover, in both groups, the interfaces
were observed the similar histologic expression.

Radionuclide Scintigraphy

The phase delay bone imaging of each ulnar was
taken by radionuclide scintigraph and the T/NT rate
was calculated (Figure 5) at month one, two and three.
By the Wilcoxon's signed rank test, there were
significant difference (P< 0.65) between the two groups
at month one and two, and there was no difference
(P = 0.65) at month three (Figure 5).

DISCUSSION

Bone marrow stem cell (BMSC) is the most
common-used seed cell in bone tissue engineering,
due to its known osteogenic potential, scarcely invasive
collection procedure and relatively simple culturing in
vitro [16, 17]. Tough the novel polymeric and polymer-
based composite scaffolds for bone tissue engineering
have good structure and affinity [18-20], B-TCP which
owns strong osteoconductivity and high biocompatibility
has been attracting widely attention as a scaffold in
bone regeneration. So in this study, TCP alone and
TCP/BMSC constructs were chosen to evaluate the
vascularization and osseointegration by scintigraphy,
and the results of histological examination and

radiography exactly showed that they were capable of
forming bone in vivo.

Vascularization is an essential prerequisite for the
engineered bone to survive and integrate with existing
host tissue. After vascularized, the engineered bone
can play an important role on bone formation through
the production of growth factors, survival of various
cells, transporting nutrition and eliminating the
degradation products derived from the implant material.
So the successful clinical graft derivate from tissue-
engineered bone is dependent on the establishment of
functional vascularization, and several strategies have
been proposed and tested to accelerate the onset of
neovascularization, such as seeding of mature and
progenitor ECs, addition of angiogenic growth factors
that elicit an angiogenic response in vivo, incorporation
of microcapillary-like structures into the scaffold design
that could provide the necessary physical cues for
cells, and combining microsurgery techniques with
tissue engineering concepts.

Different methods for assessing new-formed bone
in vivo have been suggested, such as histological
sections examination, radiography and CT. Those
conventional methods depend on the two dimensional
assessment of microvessel density without elaboration
of the vascular. Hence, an adequate assay system
should be found for the observation of angiogenic
response to tissue-engineered bone in vivo.

Requirements for an ideal assay of quantitative
angiogenesis have been described by Jain [21] as the
following: (1) the structure and function of the new
vasculature should be quantifiable; (2) newly formed
vessels can be distinguished from pre-existing host
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vessels; (3) tissue damage is avoided to prevent
inflammation and its resulting neovascularization; (4)
early noninvasive monitoring is possible; and (5) the
system is economical, quick, simple, reproducible, and
reliable. By comprehensive evaluation, bone
scintigraphy meets some of the requirements, which
has a high sensitivity and can demonstrate slight
changes in bone [22]. Distribution of radiotracer can be
shown and measured when accumulated and
metabolized by relative tissue, that is, they provide
information about the level of radiotracer activity [23].

Bone scintigraphy is a functional imaging technique
with Tc-99m-MDP to track the bone metabolism activity
[24]. The principle is that Tc-99m-MDP accumulates in
areas of active bone turnover [25], depending on the
degree of osteoblastic activity and vascularization [26,
27]. Bone scintigraphy can observe every type of
osteoblastic activity, and it also enables the
investigation of bone metabolism in per-implant zones
[28]. This may provide important information related to
the physiology and dynamic changes that occur during
the osseointegration period [29].

The results of our study showed that bone
scintigraphy may offer more information in the process
of different periods and be clearer. Most importantly, it
does not impact the animals and can be used in vivo
for clinical usage, because this technology has often
been used for diagnosis of carcinoma metastasis to
provide informative diagnostic images [30, 31].

Obviously, bone scintigraphy is a good diagnostic
tool in bone pathology. However, there are some
disadvantages, such as bone scintigraphy show a
pathological condition in less quantitation and
resolution. The anatomical details are rather low [32].

CONCLUSION

This study may provide insight of bone scintigraphy
into the clinical repair of long bone defect by tissue-
engineered bone. Bone scintigraphy, although
exhibiting less quantitation and resolution, would be
applicable as a non-invasive, highly sensitive
methodology in detecting the initial, microscopic
changes associated with mineralization.
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