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Abstract

Despite decades of extensive research, the application of cell-based bone tissue engineering in clinically relevant models remains

challenging. To improve effectiveness, a better understanding of how the technique should work is crucial. In the current study, we

investigated the onset time, rate, location and direction of bone formation in ectopically and orthotopically implanted clinically sized

tissue-engineered constructs to gain insight the mechanism behind it. Bone marrow stromal cells (BMSCs) were obtained from 10 goats,

culture expanded and cryopreserved. Porous biphasic calcium phosphate (BCP) disks of 17mm� 6mm were per-operatively seeded with

BMSCs or left empty. Both conditions were implanted intramuscularly and in bilateral critical-sized iliac wing defects. Fluorochromes

were administered at 3, 5 and 7 weeks and samples were retrieved after 9 weeks. Histology showed abundant and homogeneous bone

formation throughout the intramuscular BMSC samples and little bone in the controls. Histomorphometry and measurements of the

fluorochrome labels of the ectopical BMSC samples indicated that osteogenesis started at the periphery and subsequent osteoconduction

filled the whole scaffold within 7 weeks. In the orthotopically implanted disks, there was good integration with the surrounding bone, but

minimal bone in the center of the implants, in both conditions. Bone was only derived from the interface with the surrounding bone,

there was no early bone at the surfaces in contact to soft tissue as was seen in the ectopical samples. Apparently cell survival was minimal

and insufficient for relevant additional bone formation. However, the speed of integration with surrounding bone and subsequent bone

apposition on the BMSC-seeded orthotopic scaffolds were found to be significantly enhanced, which may be relevant especially in

challenging environments.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

For decades, bone tissue engineering (TE), by combining
bone marrow stromal cells (BMSCs) with porous scaffolds,
has been explored as an alternative for the autologous
bone graft. Despite considerable achievements in small
animal models, little progress has been made with
respect to clinical application. In fact, no randomized
clinical trials have been reported so far. One of the
e front matter r 2006 Elsevier Ltd. All rights reserved.
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main problems is the lack of understanding of how the
technique should work using clinically sized grafts.
Although some authors foresee the problem of impaired
cell survival for cell-derived osteogenesis, in grafts
exceeding the cubic millimeter scale [1,2], most scientists
ignore this dilemma and presume the mechanism to be cell-
derived osteogenesis, similarly to what is shown in small
implants in rodents [3,4]. Based on the scarce literature, the
acceptable distance for diffusion of oxygen and nutrients
ranges from 100 mm to 1mm [1,5], which is usually
exceeded by the larger size of clinically applied bone
grafts. Therefore, unless other mechanisms play a role in
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addition to the limited cell-derived osteogenesis, cell-based
bone TE may not be feasible for clinical application.
Such alternative mechanisms could be either osteoinduc-
tion or osteoconduction, which are already well-established
mechanisms of bone formation. Because at least some
reports do indicate an effect of BMSCs in clinically sized
implants both orthotopically and ectopically [6–9], these
alternative mechanisms may be enhanced or stimulated by
these cells. The hypothesis that BMSC-derived bone
formation relies not only on localized osteogenesis,
but is more complicated may also be supported by the
findings with 7mm diameter cubic constructs in our
intramuscular goat model. Although these constructs
required viable BMSCs at implantation in order to yield
bone, at the periphery where most cell survival would be
expected, actually less bone was observed than in the
interior [10].

In the previous studies on ectopic bone forma-
tion, constructs that were seeded per-operatively with
cryopreserved cells, scaffolds that were pre-incubated for
several hours and constructs that were 1-week pre-cultured
showed comparable bone yields [10,11]. Although pre-
culturing seems advantageous to stimulate osteogenic
differentiation, a dense cell layer forms on the outside that
may negatively influence diffusion and vascularization into
the construct. That could have been the reason why no
relevant effect of BMSCs was found in a study where we
investigated the effect of 1-week pre-cultured BMSC
constructs in an iliac wing defect model [8]. In the current
study, we therefore used per-operatively seeded constructs
to investigate bone formation both ectopically and
orthotopically.

To discriminate between the three different established
mechanisms of bone formation, the onset time of bone
formation in relation to the location is crucial. Osteogen-
esis (by surviving BMSCs) can be expected to occur early,
before 3 weeks after implantation [4,12]. Material-directed
osteoinduction, possibly by adhering factors, will start
later, as this phenomenon has not been reported before
4-week implantation [13–15]. Finally, osteoconduction
from surrounding host bone or already established
BMSC-derived bone inside the construct, will show
directional bone migration, i.e. spread over the scaffold
surface [16,17].

A well-known method to study the dynamics of
bone formation is sequential fluorochrome labeling.
These labels bind to free Ca2+ and are incorporated in
the mineralizing bone. The label is excreted rapidly and
unlabeled bone formation continues until the next label is
administered. By using different colors, the direction and
speed can be deduced [18–20]. In this study we investigated
bone formation, intramuscularly and in an iliac wing
defect, in per-operatively prepared constructs of porous
ceramics with or without undifferentiated BMSCs. Parti-
cular attention was given to the growth dynamics to
elucidate the underlying mechanisms of (cell-based) bone
formation.
2. Materials and methods

2.1. Experimental design

Institutional animal care committee approval was obtained for a study

in 10 adult Dutch milk goats. Bone marrow was harvested from each goat.

The BMSCs were culture expanded for two passages and then

cryopreserved. During surgery, thawed, autologous BMSCs were loaded

on two porous biphasic calcium phosphate (BCP) disks. Another two

disks were treated similarly but without BMSC administration. Per goat

one BMSC-loaded and one empty control were implanted into a bilateral

critical-sized iliac wing defect. The remaining two disks were implanted in

the paraspinal muscles. To monitor the bone formation in time,

fluorochrome markers were administered at 3, 5 and 7 weeks and the

animals were sacrificed after 9 weeks. Bone formation was investigated by

histology, fluorescence microscopy and histomorphometry.

2.2. Scaffolds

BCP scaffolds (IsoTis Orthobiologics, Irvine, USA), with an 80/20

weight percent ratio of hydroxyapatite (HA) to tricalcium phosphate

(TCP), sintered at 1200 1C, approximately 65% porous, and with a pore

size of 200–800mm were used. Previously, these scaffolds have been

characterized by X-ray diffraction and Fourier transform infrared

spectrometry and have shown to be osteoinductive without administration

of inductive factors. In contrast to pure HA scaffolds, these BCP scaffolds

have shown to be apt for cell-based bone TE in goats [10,21–23]. Disks of

+17� 6mm were cut, cleaned in ultrasonic baths and steam-sterilized.

2.3. BMSCs culture and seeding conditions

After approval of the local animal care committee, 10 adult female

Dutch milk goats (24–36 months) were obtained at least 4 weeks prior to

surgery. Bone marrow was aspirated (15ml per iliac wing) and analyzed

for the colony-forming unit efficiency (CFUE) as previously described

[24]. Simultaneously, 100ml venous blood for the preparation of

autologous serum (AS) was derived [10]. The BMSCs were culture

expanded for two passages and aliquots of 107 BMSCs were cryopreserved

in medium containing 30% fetal bovine serum (FBS, Gibco, Paisly,

Scotland) and 10% dimethylsulfoxide (DMSO, Sigma, The Netherlands).

At the day of surgery, two aliquots of cryopreserved cells per goat were

thawed on ice, thoroughly washed with AS and resuspended in 10ml iced

AS per aliquot. Cell viability was assessed by trypan blue exclusion.

During surgery, the cell suspensions were centrifuged at 300g, and the

BMSC pellets were resuspended in 1.3ml autologous plasma that had

been derived by ultracentrifugation (1200g) of 10ml peripheral blood [10].

Per goat, two disks were impregnated, each with a 1.3ml suspension

containing 107 autologous BMSCs (8� 106/cm3) that were seeded equally

on both sides of the disk. Another two disks were similarly impregnated

with 1.3ml plasma without cells (controls). After the plasma had

polymerized, the samples were implanted. Additional cell seeded disks

were prepared for in vitro analysis of cell distribution throughout the

construct by methylene blue staining and scanning electron microscopy

(SEM).

2.4. Animals and implantation

The surgical procedures were performed under standard conditions [8].

After shaving and disinfection of the dorsal thoracolumbar area, a central

skin incision T10-L5 was made to expose the muscle fascia. The muscles

were diathermally detached to expose the iliac wings. Under constant

saline cooling, central guide holes were drilled before +17mm critical-

sized trephine holes were made [25]. The implants were inserted press fit

into the bilateral defects. Then the soft tissue was resutured or sutured

back to the remaining fascia on the iliac crests. Bilateral intramuscular

pockets were created by blunt dissection after separate fascia incisions in
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the paraspinal muscles (T10–12). After insertion of the disks, the fascia

was closed with a non-resorbable suture to facilitate localization at

explantation. Additionally, the transverse processes L2–L4 were exposed

for a bone augmentation model that will not be discussed in this paper

[17]. The skin was closed in two layers. Postoperatively, pain relief was

given by buprenorphine only (Shering-Plough, The Netherlands). The

goats received sequential fluorochrome labels at 3 weeks (calcein green,

10mg/kg intravenously, Sigma), 5 weeks (oxyteracycline, 32mg/kg

intramuscular, Engemycine, Mycofarm, The Netherlands) and 7 weeks

(xylenol orange, 80mg/kg intravenously, Sigma) [18]. At 9 weeks the

animals were killed by an overdose of pentobarbital (Organon, The

Netherlands) and the implants were retrieved.
2.5. Post-mortem sample acquisition, histology and

histomorphometry

Explanted samples were fixated in 4% glutaraldehyde/5% paraformal-

dehyde, dehydrated by graded ethanol series and embedded in poly-

methylmethacrylate. The 6mm thick disks were divided with a section

2.5mm below and parallel to the circular surface and two semi-thin

sections (10mm) were made with a 300mm sawing blade microtome (Leica,

Nussloch, Germany) through the center. These slides demonstrated the

relation with the surrounding iliac bone in the orthotopic grafts most

favorably (Fig. 1). Then the remnants were joined with superglue to

reconstruct the original disks (missing the central 1mm). These were

sectioned in the mid-axial plane to create two half disks and sections were
Fig. 1. Images of the circular plane of the ectopical and orthotopical implan

magnification of the +17mm orthotopical disk without BMSCs, note the

orthotopical disk with BMSCs, note the absence of central bone formation. (c) H

is the result of the intrinsic osteoinductivity of the material (bar ¼ 50mm). (d) L

distribution of bone.
made to allow additional evaluation of the peripheral disk surfaces that

had been exposed to soft tissue (Fig. 2). Sections were either stained with

methylene blue and basic fuchsin for routine histology and histomorpho-

metry, or left unstained for epifluorescence microscopy with a light

microscope (E600 Nikon, Japan) equipped with a quadruple filter block

(XF57, dichroic mirror 400, 485, 558 and 640nm, Omega filters, The

Netherlands). For histomorphometry the central circular plane was used,

high-resolution (300 dpi), low-magnification (10� ) digital micrographs

were made and blinded for further analysis. Using Adobe Photoshop 7.0,

bone and scaffold were pseudocolored red and green, respectively. The

area of interest was defined by adjusting the radius of a circle to exactly fit

the explanted disk. Image analysis was performed using a PC-based

system equipped with the KS400 version 3.0 software (Zeiss, Oberkochen,

Germany). A custom-made program was used to measure the percentage

of available scaffold perimeter in contact to bone (contact% ¼ bone–scaf-

fold contact length/scaffold perimeter length� 100%). The contact% was

used because this is more sensitive for bone apposition, which has

relatively little volume and always occurs on the material surface [8].

Fluorescence microscopy was used to determine, where in the scaffold,

early ( ¼ 3 weeks) and late (5 and 7 weeks) mineralization occurred. These

data enabled to deduce the direction and speed of bone formation (order

and distance between the labels) [19]. In addition to the potential to

determine the dynamics of a distinct spot of bone, also the dynamics of

bone migration (osteoconduction) can be analyzed [17]. For example,

the maximum speed of migration can be determined by measuring

the maximum distance of the consecutive labels to the border with the

surrounding host bone, representing the maximal integration depth at the
ts after 9-week implantation. Bone is red, BCP scaffold is black. (a) Low

well integration by the surrounding bone. (b) Low magnification of the

igh magnification of bone in the ectopical BCP disk without BMSCs, that

ow magnification of the ectopical disk with BMSCs, note the homogeneous
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Fig. 2. Images of the mid-axial plane of the reconstructed original +17� 6mm disks. (a) Low magnification image of disk with BMSCs in the

orthotopical condition. (b) Low magnification image of disk with BMSCs intramuscularly. (c) Pseudocolored version of (a), to highlight the bone (red).

Note that there is no bone in the center of this disk. Arrow ( ¼ 4.6mm) represents the maximum distance of bone integration after 9 weeks from one of the

two outer surfaces in contact to the iliac bone. There is little bone close to the soft tissue surfaces. (d) Pseudocolored version of (b). Bone is distributed

homogeneously, although not on the outside of the scaffold.

Fig. 3. Fluorescence microscopy of BMSC construct in contact to

surrounding bone in the mid-axial plane. The horizontal line is the result

of reconstruction of the disk of two halves (see M&M). The arrows

indicate the maximal distance of the sequential labels to the scaffold bone

interface: Green given at 3 weeks 1.3mm, yellow at 5 weeks 1.8mm and

orange at 7 weeks 2.4mm. Note the absence of bone and autofluorescence

towards the center of the disk.
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time of fluorochrome administration. Theoretically, no directional

migration is expected in the case of BMSC-derived osteogenesis, because

the BMSCs are distributed throughout the whole scaffold. In this study we

focused on the bone migration dynamics in the mid-axial plane of the

disks. The maximal bone integration depth in time was the average of the

maximal distances of each label and the bone (representing the 9-week

situation) to the two opposite outer surfaces (Figs. 2 and 3). Measure-

ments were done with the microscope cross table connected to a digital

micrometer (Mitutoyo, Tokyo, Japan).

2.6. Statistics

Data were analyzed for normal (parametric) distribution and are shown

as mean7standard deviation (SD). Two-sided, paired student t-tests were

performed to analyze differences in bone apposition (contact%) between

tissue-engineered and control implants. Linear mixed models were used to

determine differences in the speed of bone integration. The level of

significance was set at p ¼ 0.05.

3. Results

3.1. In vitro

The bone marrow aspirates contained 5.671.5E6
nucleated cells per ml. Unexpectedly the bone marrow of
one goat did not show any adherent colonies with the CFU
essay. Because this goat was also scheduled for another
experiment without BMSCs, we could not take another
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aspirate and excluded this goat from the study. The colony-
forming efficiency of the remaining nine goats was 1.970.6
BMSCs per 105 cells. Histology and SEM of the withheld
constructs showed spherical cell aggregates as found
in previous studies [10], throughout the entire construct,
while cell densities where subjectively little higher on the
periphery.

3.2. In vivo

All goats tolerated the procedures well and there were no
signs of infection or other adverse reactions. The iliac wing
implants were well integrated and covered with a thick,
well-vascularized tissue layer. Histology of the intramus-
cular samples showed bone in all BMSC-seeded and
control implants. This confirmed our previous findings of
intrinsic osteoinductivity of the BCP material without the
addition of inductive factors [8,10,26]. However, in the cell-
seeded disks, much higher quantities of bone were present,
always in connection to the scaffold material, homoge-
neously distributed, but never on the exterior of the
scaffold (Figs. 1 and 2). All orthotopical samples were well
integrated. Bone had grown in from the host iliac bone at
various depths, reaching the center in one of nine in the
control, and two of nine in the BMSC conditions. No
enchondral bone formation was observed in any of the
samples. Histomorphometry of the mid-circular plane
showed an average macroporosity of 5174%. The
contact% bone showed a relatively high SD of about
30% of the mean, partially this was a result of considerable
inter-goat variability that could be excluded by the paired
comparisons setup. In the ectopical disks, an obvious effect
of BMSCs was found. The controls showed 1.771.2
(mean7SD) contact% bone, compared to 19.876.9 in
the BMSC condition (po0.01) (Fig. 4). Orthotopically
however, the BMSCs showed only marginally more bone
(25.1710.3 vs. 32.977.0, p ¼ 0.04).
0
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20

30

40

50

Ectopic Orthotopic

Control

BMSCs

Contact% bone after 9 weeks

Fig. 4. Bone apposition inside the ectopical and orthotopical disks after 9

weeks (contact%). The effect of BMSCs was obvious ectopically

(po0.01). Orthotopically, the effect was less pronounced, although paired

measurements indicated it to be significant (p ¼ 0.04). The fraction of

disks that was covered with bone in the center is indicated.
Fluorescence microscopy of both the circular and axial
slides of the ectopical controls occasionally showed the 7-
week label, indicating mineralization of bone occurred
after 5-week implantation as was expected for the
osteoinductive mechanism of bone formation. Within the
ectopical BMSC disks, all sequential labels were present.
The early label was only seen in the periphery at a
maximum depth of 1.470.6mm. The 5- and 7-week labels
were both found throughout the samples at the maximal
dept of 2.5mm (central 1mm was sectioned to provide the
circular slides). This suggests bone mineralization initiated
peripherally and covered the whole implant within 5 weeks.
The orthotopical disks showed a remarkable different
distribution of the labels. In both the control and BMSC
conditions, the early label was only found close to the
scaffold–bone interface and not near the interface with soft
tissue, as was seen in the ectopical disks (Fig. 3). The
sequential labels and bone (representing the 9 weeks) were
found more centrally in the disks. There was an almost
perfect linear relationship between label depth and time in
both conditions after 3-week implantation (R2

¼ 0.98,
po0.01). The slope of this line represents the bone
ingrowth speed, which appeared faster in the BMSC
condition at 0.72mm/week compared to 0.47mm/week in
the controls (po0.01, Fig. 5).

4. Discussion

In a previous study with similar constructs that had been
pre-cultured for 1 week prior to implantation into the same
iliac wing model, we found unsatisfactory results with
respect to the effect of BMSCs [8]. Based on the promising
results of others with constructs that had not been pre-
cultured [6,7,27], we hypothesized that the higher cell
density and dense extracellular matrix that we found on
the periphery of pre-cultured constructs may have been
0
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0 1 2 3 4 5 6 7 8 9 10

Control

BMSCs

Weeks

Bone depth in time (in mm)

Fig. 5. Line graph indicating the maximum depth of mineralizing bone at

3, 5, 7 and 9 weeks inside the orthotopical disks. The 3-week label was at

comparable depth in both the BMSC and control condition. After 3 weeks

there was a strong linear relationship (R2
¼ 0.98). In the BMSC condition,

bone conduction speed was at 0.72mm/week compared to 0.47mm/week

in the control (po0.01).
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disadvantageous. Therefore, we conducted the current
study with constructs that were per-operatively prepared
with BMSCs in autologous blood plasma that polymerized
after impregnation of the scaffold. This method has
previously shown to be at least as good as seeding BMSCs
that had not been cryopreserved or pre-culturing of the
constructs [10,11] and was expected to minimize the
immediate influx of host blood cells and therefore
diminished the number of cells in competition for survival
[1]. However, the results in the current study were almost
similar to those in the previous study, with respect to the
marginal effect of the BMSCs in the orthotopic location.
The functionality of the BMSC constructs, however, was
clearly shown by the 100% success rate and high bone
yields in the ectopically implanted identical constructs. The
homogeneous distribution of bone in these disks in
contrast to the orthotopical counterparts was most
remarkable, together with the finding that the onset of
osteogenesis was always confined to the peripheral 2mm.
Apparently, in the ectopical samples bone started at the
periphery and progressed to fill the entire disk within 5
weeks (Fig. 6). After 5 weeks, bone apposition continued
on the remaining scaffold surface and on itself, which could
be determined by the presence of the 7-week label and final
9-week histology. These observations may be explained by
cell survival and early osteogenesis restricted to the
peripheral zones, followed by osteoconduction towards
the center. However, it cannot be excluded that cells
survived throughout the entire scaffold. In that case,
delayed central bone formation could be the consequence
of delayed central vascularization. Although little is known
about vascularization of porous ceramics, some reports
indicate several weeks are indeed needed to vascularize
distances beyond 2mm [28–30]. In contrast to the ectopic
disks, however, none of the orthotopic implants showed
the 3- or 5-week label at the interface with soft tissue from
where blood vessels had obviously grown into disks that
were well vascularized after 9 weeks. If delayed vascular-
ization would be the only explanation for delayed bone
3 weeks

Ectopic Orthotopic

5 wee

Ectopic Or

Fig. 6. Schematic cartoon of the distribution of bone in time, in the ectopical a

represents the area and density of bone. Note in the ectopical samples bone is
formation, at least the 5-week label should have been
present here, inside bone generated by surviving BMSCs.
Apparently, in the orthotopical condition not enough
BMSCs survived for cell-based osteogenesis. This can
possibly be a result of hematoma formation between the
disk and overlying muscles, which increased the diffusion
distance and resulted in a potassium-rich environment
detrimental to cell survival [31]. However, it cannot be
excluded that in addition to a less favorable wound bed,
the fracture healing response itself is a negative factor as
compared to the ectopical wound healing response.
Despite the apparent lack of cell survival at the soft

tissue interface, there are strong indications for enhanced
osteoconduction in the BMSC condition from the interface
with bone. Starting after 3 weeks, the consecutive labels
indicated a higher velocity of bone ingrowth (Fig. 5). Also
the contact% bone after 9 weeks appeared higher. Possibly,
BMSCs near the surrounding bone did survive and resulted
in more early bone in the peripheral 2mm, which finally
resulted in more bone apposition after 9 weeks. However, it
is difficult to conclude this because in the controls the
distance of the 3-week label from the surrounding bone was
similar. Alternatively the initial presence of the BMSCs
stimulated bone formation later on by either stimulating
vascularization [28,32,33], that is required for osteocon-
duction [34], or as a consequence of the release of factors
[34], stimulating migration and induction of cells in the
surrounding bone [35,36]. Both these mechanisms are
different from the osteogenic mechanism of cell-based
tissue-engineered bone formation that is generally ex-
pected, it would therefore be very valuable if the exact
mechanism is investigated more routinely.

5. Conclusion

In the current study, we investigated the three main
mechanisms of bone formation (i.e., osteoconduction,
osteoinduction and osteogenesis), based on their onset
time and growth dynamics, in BMSC-seeded and control
ks

thotopic

7 weeks

Ectopic Orthotopic

nd orthotopical BMSC conditions. Slides as shown in Fig. 3. Dotted area

coming from the periphery and increases in time.
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scaffolds in the ectopic and orthotopic environment.
Ectopically, osteoinduction was observed in the control
scaffolds around 5-week implantation. In the BMSC
constructs, there were strong indications for earlier cell-
based osteogenesis on the implant periphery and subse-
quent osteoconduction towards the center. In the ortho-
topic constructs, cell-based osteogenesis appeared to be
nearly absent. Although BMSCs appeared to be favorable
in stimulating osteoconduction, the likelihood that insuffi-
cient cells survive for relevant osteogenesis in clinical
applications of the technique, should be recognized.
Therefore, the mechanism of cell-based tissue-engineered
bone formation should be elucidated in successful clinically
relevant models, where it may be less dependent on cell-
based osteogenesis than expected.
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